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Foreword
On the First New York Academy of Sciences

Conference in Japan

It is said that the New York Academy of Sciences has such a long history and
authority that a conference published as an Annals of the Academy is referred to as
a "bible" by researchers. That such a conference could be held in Japan serves as proof
that the academic level of the life sciences in Japan has progressed and that the number
of Japanese researchers in this field has increased. As an official in charge of the
promotion of science in Japan. I am quite pleased by such developments,

Needless to say, science has no national boundaries. Scientific truth is common
property to all mankind and should be shared by everybody. It is also true that for
stimulating academic creativity international conferences are extremely important, as
researchers of different cultural backgrounds discuss relevant matters and challenge
one another intellectually.

Molecular research of ion channels and receptors is one of the key topics in under-
standing the functions of living organs including the nervous system. This field has
grown in importance and many Japanese researchers are now actively involved in
related studies. The late Professor Shosaku Numa of Kyoto University contributed
much to this field. Unfortunately, he passed away last February. Here, I would like
to pay my respects to Professor Numa, and express my hope that many youngJapanese
researchers will follow in his footsteps and continue research in this field.

To our participants from abroad, I welcome you to Japan. Please make the most
of this occasion to understand even a fragment of our culture and society. I heartily
hope your stay in Japan will be comfortable and fruitful.

Last but not least, I would like to express my gratitude for the strenuous efforts
of those people who have made this conference possible, and I sincerely hope the
conference bears much fruit and contributes to scientific development.

YOSHIKAZU HASEGAWA

Director-General
Science and International Affairs Bureau
Ministry of Education, Science and

Culture of Japan

xiii
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This volume contains the proceedings of the first conference of the New York
Academy of Sciences to be held in Japan. This conference took place at the lbuka
Memorial Hail of Waseda University, one of the oldest universities in Tokyo, and
was organized in part by a group of researchers who were supported by the Grant-in-Aid
(No. 03225102) for Scientific Research in the Priority Area of "Impulse signaling."
from the Japanese Ministry of Education, Science and Culture.

The aim of the conference was to summarize recent advances in our understanding
of signal transduction, from the receptors and effectors, in this case the various ion
channels of neurons, smooth or striated muscle cells, endocrine cells and other tissues.
The 250 participants exposed to the latest work on structure-function relationships
of voltage-dependent Na', Ca2*, K and C1- channels, ligand-gated channels, cGMP-
gated channels, intracellular Ca2' channels such as inositol-l,4,5-trisphosphate and
ryanodine receptors, and muscarinic and glutamate receptors. The presentations also
encompassed diseases causally linked to altered ion channels and receptors, for example
muscular dystrophy (linked to the nifedipine-binding Ca2' channel), cystic fibrosis
(Cl - channel), malignant hyperthermia (ryanodine-sensitive Ca" -- release channel), and
hyperkalemic periodic paralysis (Na" channel). In addition, the characteristics of ion
channels and transmitter receptors that underlie their roles in processes as diverse as
membrane excitability, memory process, mind, muscle contraction, secretion, and
gene expression were also discussed. It is our hope that this volume, which presents

xiv
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the golden fruits of the application of molecular biological techniques to the study of
membrane proteins and of signal transduction pathways will provide a valuable resource
in which readers may find clues to problems as lofty as the decoding of higher brain
function.

The rapid developments in biomedical research during the past 15 years have
brought major advances in ligand binding techniques for monitoring receptor sites,
and in biophysical techniques and gene engineering for evaluating structure/function
relationships of receptors of ion channels. The invention of the patch-clamp technique
by Profs. E. Neher and B. Sakmann, for which they were awarded the 1991 Nobel
Prize, was revolutionary not merely in the narrow field of classical electrophysiology
but also in practically every branch of medical and biological science, Their technique
made possible detailed observations of the behavior of single molecules, in the form
of ion currents in their natural environment and in real time, a remarkable achievement.
The subsequent cloning and sequencing of the DNAs and hence determination of the
primary sequence of amino acids in ion channel molecules has likewise had an enormous
impact on the way we view single ion channels.

The molecular constituents of ion channels and of receptor/ion channel complexes
were first identified by the protein purification techniques of Prof.Jean Pierre-Changeux
of the Pasteur Institute and Prof. William Catterall of Washington University.
Changeux began the characterization of the nicotinic acetylcholine receptor a long
time ago in connection with his and J. Monod's examination of allosteric interactions
in protein molecules. Catterall's interest in Na' ion channels dates back to his study
of neuroblastoma cell lines when he was in Marshall Nirenberg's laboratory at NIH.
Subsequently, based on the information gathered from these purified proteins, Prof.
Shosaku Numa of Kyoto University and his colleagues succeeded in isolating and
expressing complementary DNAs coding for nicotinic ACh receptors and for Na-
ion channels.

Numa's crystal clear studies have since then been extended to many other channels
and receptors. Numa was successful in isolating cDNA clones for nifedipine-binding
Ca2 ion channels, ryanodine-binding Ca2 -- release channels, cyclic nucleotide-gated
cation channels, and muscarinic acetylcholine receptors. FIGURE 1 is taken from his
Harvey Lecture at the Rockefeller University in 1989' and his Rita Levi-Montalcini
Lecture at Georgetown University in 199 1.2 FIGURE 1 shows schematically the two-
dimensional topology of ion channel molecules and of GTP binding protein-coupled
receptors in lipid bilayers. This volume covers mainly the molecules illustrated in
FIGURE 1. Additional topics covered at the conference are various Cl ion channels
and the ion channel-related diseases.

Although we initially planned this symposium to honor Numa's seminal contribu-
tions towards our understanding of muscle and brain at the molecular biological level
and to celebrate his retirement at the age of 63 from his position as the chairman of the
Departments of Medical Chemistry and Molecular Genetics in the Kyoto University
Faculty of Medicine, sadly he passed away on February 15, 1992 (one month before
his planned retirement) after battling colon cancer for nearly three years.

Therefore, this symposium and the resulting Annals provide a fitting tribute to his
memory. Further information on the late Shosaku Numa can be found in his obituary.

FIGURF. 2 shows Shosaku Numa relaxing at Cold Spring Harbor, New York, in
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I Voltage-gated channels

II Neurotransmitter-gated channels

III Intracellular channels

IV Cyclic nucleotide-gated channels

I 111l ( I 111 Hi m-I Ill

V G-protein-coupled receptors

FIGURE 1. Schematic representations of members of five different families of neurotransmnitier
receptors and ion channels. Modified from Numan

the summer of 1988 where he, Prof. David A. Brown of University College London,
and Haruhiro Higashida all attended a symposium on signai transduction." Probably.
this was the last time that he was in good health because at the end of 1988 his health
began to deteriorate.

We would like to acknowledge the advice and encouragement of Professor Emeritus
Setsuro Ebashi of the University of Tokyo, Prof. David Gadsby of The Rockefeller
University, and Prof. Olaf Andersen of Cornell University Medical College. We greatly
appreciate the efficient organizational and editorial work by staff of the New York
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FIGURE 2. A snapshot taken at Cold Spring Harbor, New York in 1988. From left, H. Higashida,
S. Numa, and D. A. Brown.

Academy of Sciences, especially Ms. Geraldine Busacco, Ren~e Wilkerson, and Mary
K. Brennan. We thank the more than 20 sponsors, including the Tokyo and Osaka
Pharmaceutical Manufacturers Associations and the Japanese Ministry of Education,
Science and Culture, for their financial support. We thank Ms. Yuhki and Ms. Naka-
jima of Waseda University and Ms. Yamashita and Ms. Ozasa ofKanazawa University
for their secretarial assistance. Finally, we are grateful to all ot the domestic and overseas
speakers and poster presenters for their scientific contributions to conference.
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Preface

SETSURO EBASHI
National Institute for Physiological Sciences

Okazaki, Aicbi 444 Japan

This symposium is dedicated to the memory of the late Professor Shosaku Numa,
who not only pioneered the field expressed by the title of this symposium, but whose
accomplishments represent the most important part of that field.

I became acquainted with him when he was working with the late Professor F.
Lynen in Munich early in 1960. At that time, I was in a state of excitement because
of the success I had achieved in the exploration of the role of Ca2" in muscle contraction.
This helped me to overcome my initial hesitation in making a new friend.

Thereafter I always found him gentle, polite, and cooperative-a man who spoke
and acted with sincerity and honesty. To me he was a person very different from the"iron man" that some perceived in his last years. I do not deny that his incredible
effort to advance scientific knowledge was motivated by his strong competitive mind
and his zeal for victory. But he was a devoted missionary of a religion called "science."

I am an old-timer and am ignorant about the recent findings concerning channels
and receptors that underlie the signal transduction across the membrane. Therefore I
am not really qualified to offer introductory remarks at the beginning of this memorable
symposium. What I can do is give a bit of a historical overview of chemical transmitter
research. Since this is the first time that the New York Academy of Sciences has held
a meeting in Japan, it may not be unreasonable if my talk places emphasis on the
accomplishments of Japanese scientists.

The most well-known work accomplished in early days by a Japanese was the
chemical identification of adrenaline byJokichi Takamine in 1901. Takamine's finding
was made at a particularly good time. Despite the fact that he conducted his research
in the United States, English researchers immediately took up adrenaline as the core of
the chemical transmission concept. Prior to Takamine's work, J. J. Abel, a distinguished
American chemical physiologist, had isolated a substance he called epinephrine in
1898. Unfortunately, it was not epinephrine but still conjugated with benzoic acid.

J. N. Langley was the key person at the dawn of chemical transmitter theory. He
became aware of similarities between the effect of the extract of adrenal gland, now
identified as adrenaline, and sympathetic stimulation, thus approaching the concept
of chemical transmission. Subsequently, J. R. Elliott in 1904 proposed that adrenaline
was the transmitter of sympathetic nerves. In 192 1, Langley wrote "Autonomic Ner-
vous System," in which he set forth the magnificant view of this system-essentially
the same view we embrace today.

As is well known, the role of acetylcholine in the neuromuscular junction of skeletal
muscle was finally established by Dale and his colleagues in 1936, but prior to that
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a farsighted view was presented by W. R. Hess in Zurich in 1923, and by Kenmatsu
Shimizu, working in Hess' laboratory in 1926. A large part of the work subsequently
reported by Dale et al. in 1936 was described in Shimizu's earlier paper, though the
latter was somewhat more preliminary. However, Shimizu became a clinician and
never returned to the laboratory after returning to Japan.

There are a few scientific anedcotes related to acetylcholine worthy of mention.
Even after Dale received the Nobel Prize in 1 937, there were quite a few physiologists
who did not accept the role of acetylcholine at the neuromuscular junction, but
insisted on the electrical transmission theory. This situation continued until the elegant
electrophysiological work of P. Fatt and B. Katz in 1951. It seems to me some
symbolism could be found in this story in the difference between a chemical and a
physical approach, or between a biochemical and a physiological mind set. In this
particular case the former won, but this might not be a general principle.

Another instance was the work of E. M. Keil and E. J. M. Sichel in 1936. They
showed that a vigorous contraction of a frog skeletal muscle fiber could be induced
by application of a minute amount of acetylcholine on its outer surface, but no response
at all occurred when even an enormous amount of acetylcholine was injected into
the interior of the muscle cell by a micropipette. This was the first indication of the
position of a receptor in the process of signal transduction across the membrane.
Sichel, a unique biologist with an original mind, described his remarkable findings
only in brief abstracts and did not publish any regular papers.

The works of the Japanese referred to above were carried out in laboratories outside
Japan, but work on glutamate and GABA were entirely domestic efforts.

The excitatory effect of glutamate and the inhibitory effect of GABA on the brain
were first noted by Takashi Hayashi in 1954 and 1956, respectively. His observations
with glutamate preceded those of other researchers and his findings with GABA
coincided with observations by K. Florey's group.

Frankly speaking, however, his experiments were not refined from the viewpoint
of modern science, so some people hesitated to accept him as a true pioneer. He was
also a famous mystery writer, and this did not add to his reputation, but detracted
from it. Nevertheless, his foresight in sensing two important neurotransmitters is really
deserving of higher evaluation-perhaps we have been unfair to him.

Since 1960, there have been many Japanese who have greatly contributed to the
neurotransmitter research, but since they carried out their research in the international
arena, I shall not enumerate them here.

As we shall see in this symposium, the revolutionary progress of cell and molecular
biology has revealed fundamental molecular processes common to various kinds of
cells, irrespective of their origin. Our new task is to apply this fundamental knowledge
to our understanding of organs and tissues.
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INTRODUCTION

The voltage-sensitive sodium channel is responsible for the increase in sodium
permeability during the initial rapidly rising phase of the action potential in neurons.
Upon depolarization, sodium permeability first increases dramatically and then after
approximately one millisecond decreases to the baseline level. This biphasic behavior
is described in terms of two experimentally separable processes that control sodium
channel function: activation, which controls the rate and voltage dependence of sodium
permeability increase after depolarization, and inactivation, which controls the rate
and voltage dependence of the subsequent return of sodium permeability to the resting
level during a maintained depolarization. The sodium channel can therefore exist in
three functionally distinct states or groups of states: resting, active, and inactivated.
Both resting and inactivated states are nonconducting, but channels that have been
inactivated by prolonged depolarization are refractory unless the cell is repolarized to
allow them to return to the resting state.

Depolarization of neurons by the sodium current activates voltage-gated calcium
channels. CJcium ions moving into the cell cause a plateau depolarization prolonging
the action potential and serve as an intracellular second messenger to initiate exocytosis
of neurotransmitters and intracellular biochemical events including protein phosphor,-
lation and gene expression. This chapter reviews some of the basic structural features
of sodium and calcium channels using the sodium channel from rat brain and the
L-type calcium channel from rabbit skeletal muscle as primary examples and focuses
on recent advances on two aspects of the cell and molecular biology of the sodium
channels that may be critical determinants of neuronal excitability: the molecular
mechanism of sodium channel inactivation and mechanisms of modulation of sodium

channel function by protein phosphorylation.

ION CHANNEL SUBUNITS

Structures of Sodium Channel Subunits

The purified sodium channel from rat brain consists of three polypeptides: a of
260 kD, 131 of 36 kD, and 132 of 33 kD (Fic. 1).' The 132 subunit is covalentlv
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FIGURE I. Subunit structure of the brain sodium channel A s.,lw ota cro section ofa hypothcticaI
sodium channel consisting of a single transmembrane a subunit of 260 kD in LSso1ation such a f I
subunit of 36 kD and a 02 subunit of 33 kD The 13 subunit is associated noncos alenthi %s hbe the
132 subunit is linked through disulfide bonds. All three subunits are heasilsv uzscosylatctd (n their
extracellular surfaces and the a subunit has receptor sites for a-scorpion toxins (Scl x) and tetrodotoxin
('ITX), The intracellular surtace of the a subunit is phosphorylated by multiple protein kinase, (P)

attached to the a subunit by disulfide bonds while the D I subunit is associated noncova-
lently. The subunits are present in a 1 1:1 stoichiometrv and the sum of their molecular
weights (329,000) agrees closely with the oligomeric molecular weight of the solubiliied
sodium channel. Antibodies against either the 0 1 or 32 subunits immunoprecipitatc
nearly all brain sodium channels indicating that they all have a heterotrimeric struc-
ture.2? Sodium channels from eel electroplax contain only a single a subunit while
sodium channels from rat skeletal muscle have a and 011 subunits.' Reagents derived
from studies of purified sodium channels led directly to cloning of their genes.'"

Identification of the genes encoding the sodium channel subunits and the determina-
tion of their primary structures by Professor Shosaku Numa and his colleagues in
1984, was a major advance in studies of the molecular properties of the voltage-gated
ion channels. Oligonucleotides encoding short segments of the electric eel electroplax
sodium channel and the antibodies directed against it were used to isolate cDNAs
encoding the entire polypeptide from expression libraries of electroplax mRNA' The
deduced amino acid sequence revealed a protein with four internally homologous
domains, each containing multiple potential alpha-helical transmembrane scci.cnts
(FiG. 2). The wealth of information contained in this deduced primary structure has
revolutionized research on voltage-gated ion channels.

The cDNAs encoding the electroplax sodium channel were used to isolate cI)NAs
encoding three distinct, but highly homologous, rat brain sodium channels (lypcs I.
II, and III"). cDNAs encoding the alternatively spliced Type IlA sodium channel
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were isolated independently by screening expression libraries with antibodies agai...t
the rat brain sodium channel ct subunit. "These sodium channels have a close structural
relationship. In general, the similarity in amino acid sequence is greatest in the homolo-
gous domains from transmembrane segment SI through S6 while the intracellular
connecting loops are not highly conserved.

The primary structures of sodium channel 131 subunits have been determined only
recently.' The 131 subunit cloned from rat brain is a small protein of 218 amino acids
(22,821 d'altons) with a substantial extracellular domain having four potential sites of
N-linked gOycosylation, a single alpha-helical membrane-spanning segment, and a very
small intracellular domain (FiG. 2). Distinct 3 1 subunits may form specific associations
with different at subunits and contribute to the diversity of sodium channel structure
and function. Beta-2 subunits have not yet been cloned, but it may be anticipated
that they also add to the potential diversity of sodium channel structure and function

Functional Expression of Sodium Channel Subunits

Alpha subunit mRNAs isolated from rat brain by specific hybrid selection with
Type IIA cDNAs" and RNAs transcribed from cloned cDNAs encoding at subunits
of rat brain sodium channels` ' ' , are sufficient to direct the synthesis of functional
sodium channels when injected into Xenopus oocvtes. These results establish that the
protein structures necessary for voltage-dependent gating and ion conductance are
contained within the a subunit itself.

Although a subunits alone are sufficient to encode functional sodium channels.
their properties are not normal. Inactivation is slow relative to that observed in intact
neurons and its voltage dependence is shifted to more positive membrane potentials.
Co-expression of low molecular weight RNA from brain can accelerate inactivation.
shift its voltage dependence to more negative membrane potentials, and increase the
level of expressed sodium current. T'hese results suggested that the low molecular
weight 131 and 132 subunits may modulate functional expression of the ct subunit
Co-expression of RNA transcribed from cloned 131 subunits directly demonstrates this
modulation."' Co-expression of 131 subunits in Xenopus oocytes accelerates the decay
of the sodium current fivefold, shifts the voltage-dependence ofsodium channel inactiva-
tion 20 mV in the negative direction, and increases the level of sodium current 2.5-fold.
Evidently, 131 subunits are essential for normal functional expression of rat brain
sodium channels.

Sodium channel at subunits can also be functionally expressed in mammalian cells
in culture. Stabie lines of Chinese hamster ovary (0IO) cells expressing the Type
IIA sodium channel generate sodium currents with normal time course and voltage
dependence, even though there is no evidence that these cells express an endogenous
131 subunit to form a complex with the transfected o. subunit.' " Evidently, 131 subunits
do not have as important a functional impact when the a subunit is expressed in the
genetic background of a mammalian somatic cell.

The a subunits expressed in CHO cells have nomial pharmacological properties as
well. They have high affinity receptor sites for saxitoxin and tetrodotoxin and arc inhibited
by low concentrations of tetrodotoxin." ". The voltage dependence of their activation is
shifted in the negative direction and they are persistently activated by veratridinec in a
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stimulus-dependent manner.' Their inactivation is slowed by a-scorpion toxins. 4 In
addition, they are inhibited in a strongly frequency- and voltage-dependent manner
by local anesthetic, antiarrhythmic, and anticonvulsant drugs." Thus, the receptor
sites for all of these diverse pharmacological agents are located on the a subunits.

L-type Calcium Channels

Four physiological classes of voltage-gated calcium channels have been defined
based on electrophysiological and pharmacological properties."• Members of all four
physiological classes of calcium channels are expressed in neurons. L-type, dihydropyri-
dine-sensitive calcium channels mediate long-lasting calcium currents and are the most
abundant calcium channels in muscle tissues where they initiate excitation-contraction
coupling. The major form of the skeletal muscle L-type calcium channel is a complex
of five subunits'17-1: ao1 (165-190 kD), a2 (143 kD), I0 (55 kD), y (30 kD). and 8
(24-27 kD). The a I subunit alone can function as a voltage-gated ion channel when
expressed in Xenopus oocytes2" or mammalian cells."' The eDNA sequence of the a I
subunit predicts a protein of 1,873 amino acids, whose structure is similar to the
sodium channel a subunit. 2 Two size forms of this subunit are present in skeletal
muscle: a major form of about 1,700 amino acids (190 kD) and a full-length form
of 212 kD.2' 1

The dihydropyridine-sensitive L-type calcium channels from brain are multisubunit
complexes that include a 1, a28, and 0 subunits analogous to the skeletal muscle
L-type Ca channel. 2

1 Monoclonal antibody MANCI against the a226 subunits immu-
noprecipitates up to 82% of dihydropyridine-sensitive L-type calcium channels from
different brain regions.2 '2 Molecular cloningexperiments show that rat brain expresses
at least four major classes of Ca channel a 1 subunit (designated rbA, rbB, rbC. and
rbD27). The rbC and rbD isoforms are most closely related to DHP-sensitive Ca
channels from various tissues, are specifically labeled by dihydropyridines,-' and direct
the synthesis of functional dihydropyridine-sensitive calcium channels when expressed
in heterologous cells,29 indicating that the brain expresses two distinct forms of L-tvpe
Ca channel.

N-type Calcium Channels

N-type Ca channels are distinct in that they have only been described in neurons
and are blocked by the peptide neurotoxin, .0-conotoxin GVIA (wo-CgTx '"). [The
presence of (o-CgTx-sensitive calcium channels at the neuromuscular junction and
the correlation between (o-CgTx-sensitive N-type Ca channels and the sensitivity of
neurotransmitter release to 0o-CgTx`- "4 has led to the proposal that N-type Ca channels
are concentrated at presynaptic nerve termini and that they play a major role In
mediating chemical synaptic transmission, Omega-CgTx-sensitive N-type Ca channels
are a target for modulation by neurotransmitters and neuropeptides." The (0-Cg(lx-
sensitive calcium channels purified from brain contain subunits analogous to those
of neuronal L-type calcium channels: al, a26, and 0." '" They are substrates tbr
phosphorylation by cAMP-dependent protein kinase and protein kinase C"
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Recent work has led to molecular cloning of a gene encoding a o-CgTx-sensitive
calcium channel and determination of the primary structure of this protein."• 4 In
contrast to the rbC and rbD calcium channels, the rbA and rbB isoforms are only
moderately related to L-type Ca channels and are, therefore, of particular interest
with respect to identifying Ca channels that mediate specific functions in neurons.
The rbB gene encodes a calcium channel al subunit of 2,336 amino acid residues.
Anti-peptide antibodies directed against a unique sequence in this a I subunit immuno-
precipitate w-CgTx-labeled N-type calcium channels specifically, identifying the pro-
tein product of this gene as an N-type calcium channel.28 Its ion conductance activity
is blocked by o0-Cg-Tx when expressed in mammalian cells.' CNB I antibodies immu-
noprecipitated up to 50% of the total N-type calcium channels labeled with 1'2 •]o-
CgTx. These results suggest that there may be multiple subtypes of o0-conotoxin-
sensitive N-type calcium channels that are differentially recognized by this antibody.
Immunoblotting with CNBI revealed proteins of 210 and 240 kD that precisely
co-migrated with Co-conotoxin-binding activity on sucrose gradient sedimentation."
These two size forms of the a il subunit of an N-type calcium channel may reflect
differential posttranscriptional or posttranslational processing of the carboxyl terminal
region as has been described for the a I subunit of skeletal muscle calcium channels.

STRUCTURE AND FUNCTION OF ION CHANNELS:

THE SODIUM CHANNEL AS AN EXAMPLE

A Functional Map of the Sodium Channel Alpha Subunits

A major goal of current research on the voltage-gated ion channels is to define
the structural components responsible for specific aspects of channel function. Two
main experimental approaches have proven valuable in these studies. Antibodies against
short, approximately 20-residue peptide segments of the principal a subunits of the
sodium channels have been used to probe domains that are required for specific channel
functions or that can be covalently labeled by neurotoxins or protein phosphorylation.
Mutations have been introduced into cDNAs encoding the principal a subunits by
oligonucleotide-directed mutagenesis, expressed in recipient cells, and analyzed by
electrophysiological recording. Work applying these methods to sodium channels is
described below.

Voltage-dependent Activation

The steep voltage dependence of activation of the voltage-sensitive ion channels
is their unique characteristic. It requires that they have charged amino acid residues
or strongly oriented dipoles within the membrane electric field of the phospholipid
bilayer.4 The movement of these gating charges or voltage sensors under the force
of the electric field is believed to initiate a conformational change in the channel
protein resulting in activation. The requirement for transmembrane movement of
multiple charges during Na* channel activation has focused attention on the S4 seg-
ments of the voltage-sensitive ion channels, which are both positively charged and
hydrophobic. These unique structures, consisting of repeated motifs of a positively
charged amino acid residue, usually arginine, followed by two hydrophobic residues,
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were first noted in the amino acid sequence of the electroplax Na* channel.' Conserva-
tion of this amino acid sequence among different voltage-sensitive ion channels, first
noted for Na* channels from electroplax and brain, is striking across this broad range
of ion channels from diverse species.

Several authors have independently proposed that these S4 segments have a trans-
membrane orientation and are the gating charges or voltage sensors of the Na'
channel. t 

1.42-4' Direct experimental support for designation of the S4 segments as the
voltage sensors for activation of the voltage-gated ion channels has been provided by
site-directed mutagenesis experiments on both Na* channels9 4

' and K' channels."
Neutralization of one to three positively charged amino acid residues in the S4 segmentF
causes a progressive reduction in the steepness of the voltage-dependent qctivation of
sodium channels as expected if these positively charged amino acid residues serve as
gating charges. The effect of neutralization of different charged residues is not equiva-
lent, indicating that they do not all move through a comparable fraction of the mem-
brane electric field. Since the electric field is not expected to be strictly uniform through
the membrane, the relative distance moved by the gating charges cannot be directly
inferred from the fraction of the field through which they move so this value cannot
be used to define a detailed molecular mechanism.

If the S4 helices must move through the protein structure of the sodium channel
as the channel activates, the size and shape of the amino acid side chains might affect
the voltage dependence of gating making it easier or more difficult for the gating
segments to move. In fact, mutation of a hydrophobic residue in an S4 segment from
leucine to phenylalanine causes a 20 mV shift in the voltage dependence of gating to
more positive membrane potentials.9 Moreover, mutation of positively charged amino
acid residues in S4 helices from arginine to lysine, which retains positive charge, can
cause a large shift in the voltage dependence of channel activation, and the shifts in
voltage dependence of activation caused by mutation of arginine residues to uncharged
gtutamine residues are not exactly correlated with the number of charges neutralized,
suggesting that size and shape of the residues may also be important." Overall, these
mutational analyses provide strong evidence that the S4 segments are indeed the voltage
sensors of the voltage-gated ion channels.

The Transmembrane Pore

Tetrodotoxin inhibits sodium channels by binding to a receptor site on the ct
subunit. This receptor site is widely considered to be located near the extracellular
end of the transmembrane pore of the sodium channel such that binding of the cationic
toxins at that site impedes access of transported monovalent cations to the pore.'"
Neutralization of glutamine-387 by site-directed mutagenesis and expression of the
modified channels in Xenopus oocytes cause a complete loss of tetrodotoxin inhibition
of the expressed sodium channels.") This residue is located just outside transmembrane
segment S6 in domain I of the sodium channel (Fi;. 2). The corresponding residues in
the other domains are also negatively charged and neutralization of them by site-directed
mutagenesis also dramatically reduces tetrodotoxin binding." In addition, tyrosine- 374
in skeletal muscle sodium channels is also required for the high affinity binding of
tetrodotoxin.i It is located two residues from the required negatively charged residues
in the first domain. This residue is changed to cysteine in cardiac (hi) sodium
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channels causing them to have 200-fold reduced affinity for tetrodotoxin compared
to muscle sodium channels." Evidently, these residues in analogous positions in each
domain form a single binding site for tetrodotoxin in or near the extracellular end of the
transmembrane pore of the sodium channel. This region may contribute to formation of
both the tetrodotoxin receptor site and the extracellular opening of the transmembrane
pore.

Essentially all models for the structure of the voltage-gated ion channels include
a transmembrane pore in the center of a square array of homologous transmembrane
domains. Each domain would contribute one-fourth of the wall of the pore. Short
segments (designated SS1 and SS2) between proposed transmembrane alpha helices
S5 and S6 have been suggested to be membrane-associated and contribute to pore
formation.'"' Recent studies support proposals in which the S5 and S6 alpha-helical
segments and the short segments SS 1 and SS2 are intimately involved in pore formation.
As described above, the receptor site for tetrodotoxin, an extracellular pore blocker
of sodium channels, includes acidic amino acid residues immediately on the extracellular
side of transmembrane segment S6 in each domain."' " The receptor site for verapamil,
a probable intracellular pore blocker of calcium channels, involves residues immediately
on the intracellular side of transmembrane segment IVS6.i These results argue that
the ends of S6 segments form part of the intracellular and extracellular openings of
the transmembrane pore.

Recent results on potassium channels provide direct evidence that regions analogous
to the SS I and SS2 segments form the lining of the transmembrane pore. Site-directed
mutagenesis and formation of chimeric potassium channels between isoforms with
different ion conductance and pharmacological properties have revealed that several
amino acid residues located near the extracellular ends of the S5 and S6 segments
are required for blocking the channel from the extracellular side by the polypeptide
charybdotoxin and by tetraethylammonium ion. 4 Moreover, residues in the center
of the segment containing SSI and SS2 are important for blocking the channel from
the intracellular side by tetraethylammonium ion. These results argue that the short
segments SSI and SS2 may traverse the membrane in an exteidcd conformation
placing the residues between them on the intracellular side of the channel. These short
segments may therefore form the inner walls of the transmembrane pore and the
residues between them may form an intracellular binding site for tetraethvlammonium
ion. Consistent with this idea, minor changes in the amino acids in this segment have
dramatic effects on ion selectivity." "

A key role for residues at the extracellular mouth of this putative pore region in
determination of ion selectivity of sodium channels is indicated by recent mutagenesis
results." Mutation of lysinc-1422 and alanine-1 714 to negatively charged glutamate
residues caused a dramatic change in the ion selectivity of the sodium channel from
sodium-selective to calcium-selective (FIG. 2). In addition, these changes created a high
affinity site for calcium binding and blocking of monovalent ion conductance through
the sodium channel, as has been previously described for calcium channels.i"

Inactivation

Depolarization of the membrane of excitable cells results in a transient inward
Na* current that is terminated within a few milliseconds by the process of inactivation.
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Perfusion of the intracellular surface of the sodium channel with proteolytic enzymes
prevents inactivation, implicating intracellular structures in the inactivation process.41

The a subunit of sodium channels consists of four homologous domains connected
by cytoplasmic linker sequences.4 6 Antibodies directed against the intracellular linker
between homologous domains III and IV (Lin/iv, FIG. 2) completely block fast inactiva-
tion of affected single sodium channels.""6 ' Expression of the sodium channel as two
polypeptides with a cut between domains III and IV slows inactivation approximately
20-fold" and small insertions in this loop also slow inactivation."2 Phosphorylation
of a single serine residue in L111/jv by protein kinase C slows inactivation." The amino
acid sequence of L111/11 , contains several clustered positively and negatively charged
residues. Surprisingly, these highly conserved residues are not essential for fast sodium
channel inactivation." However, deletions of 10-amino acid segments within Lill/[v
can completely block fast sodium channel inactivation supporting an essential role for
this segment in the inactivation process.64 To assess the role of hydrophobic amino
acids within L41/v in inactivation, site-directed mutants were constructed in which
conserved hydrophobic residues were altered, expressed in Xenopus oocytes or
transfected Chinese hamster cells, and analyzed by whole cell voltage clamp and single
channel recording.

A mutation was constructed in which the contiguous hydrophobic residues isoleu-
cines- 1488, phenylalanine- 1489, and methionine- 1490 (IFMQ3) were substituted with
glutamine. RNA encoding mutant Na* channel ct subunits was co-injected into Xenopus
oocytes with RNA encoding the 1 1 subunit, and the expressed channels were analyzed
by two-microelectrode voltage clamp recording." Na* currents recorded in oocytes
injected with RNA encoding Na' channel mutant IFMQ3 show a dramatic removal
of fast inactivation (FIG. 4). The half-time for the decay of the sodium current is
slowed about 4,000-fold. Only a minor shift (about 6 mV) was observed in the
voltage-dependence of peak Na' conductance. Thus, the mutation IFMQ3 results in
a specific and potent inhibition of the fast inactivation process.

The role of each amino acid in the cluster IFM in Na" channel inactivation was
examined by substitution of each individually with glutamine (11488Q, F1489Q,
M I490Q).6" While mutations I 1488Q and M 1490Q showed only mild effects, mutant
F1489Q displayed greatly slowed, biphasic inactivation. For strong depolarizations,
a small fraction of the current inactivated quickly, but most of the current failed to
inactivate by the end of a 50-msec pulse. A mean of 86% of the Na* current remained
at the end of a 50-msec pulse. The time course of decay of the Na" current was
almost as slow as for mutant IFMQ3 during long test pulses to - 10 mV. These results
identify phe1489 as the critical amino acid residue within the hydrophobic cluster
IFM. Single F1489Q channels open early in the pulse but continue to reopen for the
duration of the pulse instead of inactivating. The increased probability of reopening
of single channels evidently causes the noninactivating component of Na' current
observed at the macroscopic level. The cluster of hydrophobic amino acid residues
at positions 1488-1490 may form an essential part of the fast inactivation gate of
the Na' channel.

The structure and function of the inactivation gate of the Na- channel resemble
the "hinged lids" of allosteric enzymes." Hinged lids have been defined structurally
by X-ray crystallography and molecular modeling and therefore provide a valuable
model for the unknown structure of the Na' channel inactivation gate. They consist
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of structured loops of lO to 20 residues between two hinge points and serve as rigid
lids that fold over the active sites of allosteric enzymes to control substrate access.
Binding of allosteric ligands causes a conformational change of the lid to open or close
the active site. By analogy. Lijv may function as a rigid lid to control Na- entry to
and exit from the intracellular mouth of the pore of the Na" channel (FIG. 5).' This
hinged lid may be held in the closed position during inactivation by a hydrophobic
latch formed by the hydrophobic cluster IFM. Glycine and proline residues on either
side of the IFM domain that are conserved in all five cloned rat Na' channels that
have been functionally expressed may function as hinge points'" allowing the inactiva-
tion gate region of Li11115. to move in and out of the channel pore.

MODULATON OF SODIUM CHANNEL FUNCTION BY
PROTEIN PHOSPHORYLATION

cAMP-dependent Protein Kinase

The possibility of modulation of sodium channel function by cAMP-dependent
phosphorylation was first suggested by biochemical experiments showing that the a
subunit of the sodium channel purified from rat brain was rapidly phosphorylated by
cAMP-dependent protein kinase on at least three sites." Sodium channel a subunits
in intact synaptosomes are rapidly phosphorylated in response to agents that increase
cAMP, and neurotoxin-activated ion flux through sodium channels is reduced concomi-
tantly.69 Stimulation of rat brain neurons in primary cell culture with agents that
increase cAMP also causes rapid phosphorylation of sodium channel a subunits."
Substantial phosphorylation is observed at the basal level of cAMP in the cultured
neurons and a twofold increase is observed upon stimulation.

The physiological effect of phosphorylation of sodium channels is revealed most
clearly by analysis of the effect of direct phosphorylation of sodium channels in excised
membrane patches by purified cAMP-dependent protein kinase)' Phosphorylation
of the inside-out membrane patches from rat brain neurons or transfected CHO cells
reduces peak sodium currents approximately 50% with no change in the time course
or the voltage dependence of activation or inactivation of the sodium current (FIG.
6,B).

The sites of phosphorylation of the sodium channel by cAMP-dependent protein
kinase have been identified by a combination of two-dimensional phosphopeptide
mapping, immunoprecipitation of phosphopeptides with site-directed anti-peptide anti-
bodies, and microsequence determination.:7• Four sites of in vitro phosphorylation
are clustered in the large intracellular loop connecting homologous domains I and II
(FIG. 2). These sites are all phosphorylated in intact neurons, but their different rates
of phosphorylation in vitro suggest that a subset of the sites may play a predominant
role in channel regulation. Mutation of individual serine residues followed by expression
and functional analysis will be required to define the role of each site in regulation
by cAMP-dependent phosphorylation.
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Protein Kinase C

Alpha subunits of purified sodium channels from rat brain are also phosphorylated
by protein kinase C7 " suggesting that they may be modulated by the calcium/

diacylglycerol signaling pathway. In agreement with this suggestion, sodium currents
in neuroblastoma cells are reduced by treatment with fatty acids that can activate
protein kinase C,7' and sodium currents in Xenopus oocytes injected with rat brain

mRNA are reduced by treatment with phorbol esters that activate protein kinase

C.-7.7 Activation of protein kinase C in rat brain neurons or in Chinese hamster ovary
(CHO) cells transfected with cDNA encoding the type IIA sodium channel Ca subunit
by treatment with diacylglycerols causes two functional effects: slowing of inactivation
and reduction of peak current (FIG. 6,A-'). Both of these actions are prevented by
prior injection of the pseudosubstrate inhibitory domain of protein kinase C into the

cells indicating that they reflect phosphorylation by protein kinase C. Moreover, both
effects can be observed in excised, inside-out membrane patches by phosphorylating
sodium channels directly with purified protein kinase C. These results support the

conclusion that protein kinase C can modulate sodium channel function by phosphory-
lation of the a subunit of the sodium channel protein itself as observed with purified

sodium channels.
The intracellular loop connectingdomains Ill and IV has been implicated in sodium

channel inactivation as described above. This segment has a consensus sequence for

phosphorylation by protein kinase C centered at serine 1506. Mutagenesis of this serine

residue to alanine blocks both of the modulatory effects of protein kinase C." Evidently,
phosphorylation of this site is required for both slowing of sodium channel inactivation
and reduction of peak sodium current by protein kinase C. It likely slows inactivation
by a direct effect on the structure and/or closure of the inactivation gate itself.

PERSPECTIVE

The structural basis for the functional properties of the voltage-gated ion channels
is rapidly being elucidated. Development of a molecular map of these channels has

evolved through contributions from many laboratories. However, the molecular tem-
plate for this map originated in the determination of the primary structures of the
principal subunits of the sodium and calcium channels by Professor Shosaku Numa
and his colleagues. Their work opened the way for molecular analysis of these channels
and many other proteins considered in this volume. Their determination of the primary
structures of important signaling molecules is unparalleled. Professor Numa's untimely

death at the apex of his scientific powers is a loss of substantial proportions for this
field. His contributions will be sorely missed.
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Structure and Function of
Sodium Channels
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INTRODUCTION

The sodium channel is a transmembrane protein responsible for the voltage-
dependent modulation of the sodium ion permeability of excitable membranes and
thus plays an essential role in generating action potentials. A new approach to studying
the structure and function of this membrane protein has been provided by recombinant
DNA technology. Cloning and nucleotide sequence analysis of cDNAs have allowed
the elucidation of the primary structures of the sodium channel proteins and have
afforded insight into the evolution of these proteins. Furthermore, expression of the
cloned cDNAs and their mutants produced by site-directed mutagenesis has made it
possible to investigate the structural basis for the function of this ionic channel.

PRIMARY STRUCTURE

The primary structures of the sodium channel from the electric organ of the eel
Electrophorus electricus' and the three distinct sodium channels (designated as sodium
channels I, 1I, and III) from rat brain'' were elucidated by cloning and sequence
analysis of the cDNAs. FIGURE I shows the alignment of the amino acid sequences
of the four sodium channels. The Electropborus sodium channel and rat sodium channels
1, 11, and III consist of 1,820, 1,998 [or 2,009 (see the legend to FIG. 1)], 2.005, and
1,951 amino acid residues (including the initiating methionine), respectively. Homol-
ogy matrix comparison of the amino acid sequences revealed the presence of four
internal repeats (I-MV) that exhibit sequence homology."-4 The regions corresponding
to these repeats are highly conserved among the four sodium channels, whereas the
remaining regions, all of which are assigned to the cytoplasmic side of the membrane,
are less well conserved, except for the short segment between repeats Ill and IV. A
large insertion of 135-194 amino acids occurs in the region between repeats I and
11 of the rat sodium channels, compared with the Electropborus counterpart. The inserted
segments and their carboxy-terminal-neighboring regions contain several potential

' Address correspondence to: Masaharu Noda, Division of Molecular Neurobiology, National
institute for Basic Biology, 38 Nishigonaka, Myodaiji-cho, Okazaki 444. Japan
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sites ofphosphorylation by cyclic AMP-dependent protein kinase, which are conserved
in the three rat sodium channels.

PROPOSED TRANSMEMBRANE TOPOLOGY
AND SECONDARY STRUCTURE

The Electropborus and rat sodium channels show similar hydropathy profiles.`
Each of the four internal repeats has five hydrophobic segments (SI, S2, S3, S5, and
S6) and one positively charged segment (64), all of which exhibit predicted secondary
structure." It seems reasonable to assume that the four repeated units of homology
are oriented in a pseudosymmetric fashion across the membrane. This suggests the
presence of an even number of transmembrane segments in each repeat, because no
additional hydrophobic segments are predicted outside the repeats. Furthermore, the
sodium channels have no hydrophobic prepeptide and may, like some transmembrane
proteins devoid of a cleavable prepeptide, have their amino terminus on the cytoplasmic
side of the membrane. Thus the transmembrane topology of the sodium channel
molecule has been assigned in such a way that each internal repeat contains six presum-
ably a-helical membrane-spanning segments (SI -S6) and that the amino- and carboxy-
terminals are on the cytoplasmic side of the membrane (FIG. 2).2 In addition to these
transmembrane segments, the loop between S5 and S6 was also postulated to form
a hairpin into the channel, the so-called SS I and SS2 segments after Guy et al.,' thus
forming the channel pore lining (FIG. 2). The proposed transmembrane topology is
consistent with five of the six potential N-glycosylation sites that are conserved in
ali four sodium channels as well as with all eight potential cyclic AMP-dependent
phosphorylation sites that are conserved in the three rat sodium channels.

The voltage-dependent gating of the sodium channel implies the presence of a
voltage sensor, which is thought to be a collection of charges or equivalent dipoles
moving under the influence of the membrane electric field.6 " In fact, this movement
can be measured as a gating current.8" The finding that the equivalent of four to six
charges must move fully across the membrane to open one sodium channel' suggests
the intramembranous location of many dipoles that move by smaller distances. The
unique structure of the positively charged segment S4 is strikingly well conserved
among the four sodium channels (FIG, 1). Segment S4 in repeats 1, I1, 111. and IN'
contains four, five, six, and eight arginine or lysine residues, respectively, at every
third position (except for the arginine residue closest to the carboxyl end of segment S4
in repeat Ill residing at the fourth position), with mostly nonpolar residues intervening
between the basic residues. We proposed that the positive charges in this segment,
many of which presumably form dipoles, represent the voltage sensor.' 2 They would
move outward in response to depolarization, causing conformational changes and
possible rearrangement of ion pairs. The presence of four homologous repeats in
a single sodium channel molecule is consistent with the sigmoid activation kinetics
characteristic of this channel,"

Furthermore, clustered positively charged residues (predominantly lysine) are con-
served in the region between segment S6 of repeat III and segment SI of repeat IV,
and clustered negatively charged residues in the region following segment S6 of repeat
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II

FIGURE 2. Proposed transmembrane topology of the sodium channels. Segments S I -s6 in each

repeat (I-TV) are shown by cylinders. In addition, two shorter putative membrane-associated regions
are shown between each S5 and S6 segments, labeled SS I and SS2, after notation of Guy.' (Based
on Noda et al.l)

TV.2 We speculated that these regions, which are assigned to the cytoplasmic side of
the membrane, are involved in the inactivation of the sodium channel. 2'10

These tentative assignments of the functional regions based on the analysis of the
primary structure have been confirmed one by one by the investigation of the effects
of side-directed mutations of rat sodium channel 11 on its functional properties.

EXPRESSION OF THE SODIUM CHANNEL mRNAS

The three sodium channel mRNAs exhibit different temporal and regional expres-
sion patterns in the rat central ner,,, tw system (CNS).pti2 FIGURE 3(A) shows the blot

hybridization analysis of total RNA from adult rat brain, using probes specific for the
sodium channels I, II, and III (lanes 1, 2, and 3, respectively) or the common probe

(lane 4). The estimated sizes of the major RNA species specific for sodium channels
I, II, and III were -9,000, -9,500, and -9,000 nucleotides, respectively.'*

FIGURE 1. Alignment of the amino acid sequences of rat sodium channels I (top). Ii (second row),
Ill (third row), and the Electropnorus eleoftcus sodium channel (bottom). The one-letter amino acid
notation is used. Sets of three or four identical residues at one position are enclosed with solid lines.
and the fourth residue regarded as confservative substitutions at the same position is enclosed with
broken lines. Conservative substitutions are defined as pairs of residues belonging to one of the

following groups: S, T, A, and G; N, D, E, and Q; H, R, and K; M, I, L, and V; F. Y. and W.
Gaps (-) have been inserted to achieve maximum homology. Amino acid residues are numbered
beginning with the initiating methionine, and numbers of the residues at the right-hand end ot
individual lines are given. Positions in the aligned sequences including gaps are numbered beginning
with that of the initiating methionine, and position numbers are given above the sequences. The
putative transmembrane segments Sf-S6 in each of repeats c-IV are indicated the termini of these
segments have been tentatively assigned. The amino acid differences resulting from the nu(ceotide
differences found among the individual clones are as follows (position numbers in the aligned sequences
are given in parenthese). Sodium channel I: deletion (694-704); Asn (503); Lys (617); Asn (849w
brSodium channel II Lys 22)u His(I,057); Met (i,144)e Gly (I,274). Sodium Channel Il t Ile(27 It
lieu (279); Thr (356); Lys (533); Arg (N.149). (Based on Noda R, a.' and Kayano V , aln)

Gas()hv enisre oaheemxmmhmlg.Aioai eiusaenmeebeinn ihteiiitn ehoie n umeso h eiusa h ih-adedo
iniiullnsaeOe.Pstosi h lge eune nldn asaenmee einn
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FIGURE 3. RNA blot hybridization analysis. (A) Analysis of total RNA from brain using the RNA
probes specific for sodium channels I (Lane I). 11 (Lane 2). and III (Lane 3) and the RNA probe
common to them (Lane 4). RNA samples (25 lg each) from adult rat brain were electrophoresed
on 1.0% agarose gel. The specific radioactivities of the RNA probes were 5.6-7.6 x 10' dpm/iag
Autoradiography was performed at - 701C for 21 h with an intensifying screen. (B and C) Temporal
expression patterns of sodium channel 1, Ii, and Ill mRNAs in total brain and spinal cord. Diamonds.
triangles, and circles represent the relative abundance of sodium channel I, II, and Ill mRNAs,
respectively; similar hybridization efficiencies for the three specific probes are assumed The densitomet-
ric values have been corrected for differences in autoradiographic exposure times and in specific
activities of the probes. Averaged data comprising 2-5 independent RNA samples (deviation from
the means being within ± 10 %) are shown for total brain at El 2, P4, P7, P15•, P30, P60, and P90
and for spinal cord at El 2, P7, P30, P60, and P90. (A from Suzuki et al. Reprinted with permission
B and C from Beckh et al.' Reprinted with permission.)
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FIGURE 3 (B and C) shows the temporal expression patterns of the three sodium
channel mRNAs in brain and spinal cord, respectively."2 The initial increase of all
three sodium channel mRNAs occurs several days earlier in the spinal cord than in
the brain. The temporal expression patterns reveal two time-dependent switches in
sodium channel mRNA expression in the CNS: (1) a switch in expression of sodium
channel III and I mRNAs is observed in all the regions studied at a time when both
mRNA levels are about half-maximal and (2) a second switch in expression of sodium
channel II and I mRNAs is observed in the spinal cord and medulla-pons.12 These
findings suggest that sodium channel III is expressed predominantly at fetal and early
postnatal stages, whereas sodium channel I is expressed predominantly at late postnatal
stages. The expression of sodium channel II is suggested to occur throughout the
developmental stages studied, being subject to greater regional variability.

EXPRESSION OF FUNCTIONAL SODIUM CHANNEL FROM eDNA

mRNAs specific for rat sodium channels 1, 11, and III were synthesized by transcrip-
tion in vitro of the respective cDNAs using the bacteriophage SP6 promoter. Xenopus
oocytes injected with the sodium channel lI-specific or the sodium channel Ill-specific
mRNA show a transient inward current (up to 19-26 4iA in Ringer's solution) when
the holding membrane potential is shifted from - 100 mV to - 10 mV under voltage
clamp."•" The inward current is blocked by tetrodotoxin (TTX) as well as by saxitoxin
(STX). On the other hand, oocytes injected with the sodium channel I-specific mRNA
exhibit only a small MTX-sensitive response." FIGURE 4(A) shows an example of the
dose-response curves for TTX obtained from oocytes injected with the sodium channel
Il-specific mRNA. The apparent dissociation constant for TTX (K1-1x) ranges from
10 nM to 14 nM. When the external Na' concentration is lowered by replacement
with tetraethylammonium, tetramethylammonium, or sucrose, the TTX-sensitive in-
ward current is reduced in a dose-dependent manner, being virtually abolished at
- 3 mM Na' (FIG. 4,B). No significant difference in functional properties is observed
between sodium channels II and III expressed in oocytes. FIGURE 4(C) shows the peak
inward current-voltage (I-V) relation for sodium channel 1I expressed in an oocvte.
The maximum current occurs at a potential of - 13.8 + 4.5 mV.

The properties of sodium channel II expressed in oocytes were analyzed 1 according
to the model of Hodgkin and Huxley,6 assuming three activation gates. The voltage
dependence of steady-state activation of sodium channel II is in good agreement with
that of sodium channels described for the rat peripheral nerve " (FIG. 5,A), and its
single-channel properties closely resemble those reported for cultured rat muscle cells'"
(see also FIG. 10). However, the steady-state inactivation of sodium channel II occurs
at less negative potentials, compared with the data obtained for rat peripheral nerve'
and muscle' 7 (FIG. 5,B). A consequence of this shift is that the activation and inactivation
curves overlap over a wider potential range than in peripheral nerve or muscle. This
wider overlap in the potential range between - 60 mV and - 40 mV is expected to
produce a slowly inactivating inward Na' current at potentials near the threshold of
action potential firing. A persistent inward Na" current in this potential range has
been reported for hippocampal neurons,"' where it is thought to aid the repetitive
firing of action potentials.
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FIGURE 4. Expression of functional sodium channels from cDNA. (A) Effect of TTX oF1 depolariza-
tion-activated whole-cell inward currents in Xenopus oocytes injected with the sodium channel II-
specific mRNA. The curve represents the dose-response relation expected from a Kul\ of 14 nM
(indicated by a horizontal bar) according to the equation y=(l + T/Kn-) w, where T is the TTX
concentration. (B) Effects of changes in external Na" concentration replaced by tetraethylammonium
ions. The four records (from bottom to top) were obtained at external Na' concentrations of 118
mM, 80 mM, 41 mM, and 2.75 mM, respectively. (C) Peak inward current versus voltage relation.
The current records were obtained from a membrane patch of an oocvte injected with the sodium
channel Il-specific mRNA. By interpolation, the reversal potential is V_, = 45 mV (A and B from
Noda et al." Reprinted from Nature, Copyright 1986 Macmillan Journals Limited. C from Stuhmer
et al." Reprinted with permission.)
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FIGURE 5. Steady-state activation (A) and inactivation (B) of sodium channel If expressed in Xenopus
oocytes. (A) Steady state activation parameter m. as a function of test potential (filled symbols) The

smooth line represents the best fit to the equation mn= I/Il +exp (KLV)I with '' = -40 5( ll,

mV and a, = 9.4 mV. The open symbols represent corresponding values from rat peripheral nerve,
(B) Steady state inactivation parameter b. as a function of prepulse potential (V,,,) (filled symbols)
Currents were elicited by a test pulse to - 10 mV, following conditioning prepulses of 36 msec
duration to potentials between - 110 mV and -26 inV. The solid line represents a non-linear

least-squares fit to the equation b.= 1/I +exp(K I with V' -62 mV and ah = 10t6

mV. For comparison, equivalent data from rat peripheral nerve" are shown as open squares, and
the open circles represent values for rat twitch muscle" plotted using VP , = - 76 mV and a, =
5.7 mV. The activation relation from (A) (dashed line) is also shown to indicate the potential range
where activation and inactivation overlap. (Reprinted with permission from Stuhmcr et al ")
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There has been considerable controversy as to the subunit structure of the sodium
channel. The sodium channels purified from the electric organ of E. electricus" "' and
from chick cardiac muscle2t consist of a single large polypeptide of M, - 260,000,
whereas those purified from rat brain2 2 and from rat and rabbit skeletal muscle 2 contain,
in addition to the large polypeptide (a-subunit), one or two smaller polypeptides of
Mr 33,000-43,000 (3-subunits). The findings described above indicate that the mRNAs
derived from the rat brain cDNAs encoding the sodium channel large polypeptide can
direct the formation of functional sodium channels in Xenopus oocytes. The functional
properties of the sodium channels expressed from the cDNAs are comparable to those
of the sodium channels produced in oocytes injected with poly(A)* RNA from rat
brain. Therefore, the function of the 13-subunits is not clear at the moment. Nevertheless
a low-molecular-weight fraction from the total-brain mRNA has been shown to modu-
late sodium channel inactivation..2

MAPPING OF FUNCTIONAL REGIONS

Voltage Sensor

The ability to respond to a change of the transmembrane voltage is one of the
peculiar properties of the voltage-gated ion channels and is a basic mechanism underly-
ing the electrical excitability of nerve and muscle membranes. To test the hypothesis
that the positive charges in segment S4 serve as the voltage sensor, we introduced
point mutations into segment S4 to replace positively charged amino acid residues
by neutral or negatively charged residues, and analyzed the functional properties of
the resultant mutant sodium channels expressed in Xenopus oocytes.- The results
showed that reducing the net positive charge in segment S4 of repeat I causes a decrease
in apparent gating charge, as manifested by a reduction in the steepness of the potential
dependence of activation (FIG. 6,A). A roughly inverse relationship was observed
between the apparent gating charge and the decrease in total net positive charge (FIG.
6,B). This finding provides experimental evidence that the positive charges in this
segment are involved in the voltage-sensing device for activation of the sodium channel.

All the modifications in S4 caused a shift in the range of activation along the
voltage axis [TABLE I and Stiihmer et al. (figure 3)21 including a substitution of one
unchanged residue for another.17 Channel gating involves transition among several
states. Mutations that change the stability of the closed and/or open states alter the
equilibrium distribution between them and thereby shift the voltage dependence of
the channel. The effect of a mutation on the shift must be expected most when the
mutation resides in the voltage sensor region. Therefore, the shifts of activation and
inactivation are consistent with the idea that segment S4 forms the voltage sensor.
The unique structural features of segment S4 are strikingly well conserved in the calcium
channel and the potassium channel, which show amino-acid sequence homology with
the sodium channel. Therefore, this mechanism seems to be shared by other voltage-
gated ionic channels as well.2 1
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FIGURE 6. (A) Comparison of the steepness of the voltage dependence of steady-state activation
(m.) for the wild-type (0) and the mutant sodium channels K226Q (E]), R2 17Q- K226Q (i), and
R217Q' R220Q" R22 3Q(O). Single representative experiments are shown. For the purpose of making
changes in slope readily visible, the activation curve of each mutant has intentionally been shifted
along the voltage axis to have the same voltage of half activation as the wild-type. The continuous
lines correspond to the best fits of the data points according to the equation mn = I/Il + exp
"Z~e.(V- V"12 ") The valence of the apparent single-gate change. Z-, is 2.1, I 7. 1.5. and I.1,

respectively. These values represent the valence of the gating charge contributed bN a single gate if
a hypothetical channel comprising three identical gating subunits is assumed. (B) Changes in Z. with
decreases in the total number of net positive charges in segment S4 of repeat I at amino acid positions
217, 220, 223, and 226. The values plotted as 4, are the average Z, values given in TABLE. 1, but
with one more digit to avoid overlapping of similar data points. Replacement of a positively charged
residue by a negatively charged one is counted as a decrease of two net positive charges. (C) Amino
acid sequences' of segment S4 in repeat 1 (IS4) and repeat II (IIS4) of wild-type rat sodium channel
If. The termini of the segments are tentatively assigned. Positively charged residues are boxed with
solid lines and the numbers' of the relevant residues are given. (From Stuihmer et al." Reprinted
from Nature, Copyright 1989 Macmillan Journals Limited.)

Inactivation Gare

The presence of four internal repeats suggests that the sodium channel evolved
by duplications of an ancestral gene.' To examine whether individual repeats or their
combinations can form functional sodium channels, we prepared mRNAs encoding
single repeats or several contiguous repeats by transcription in vitro of the corresponding
cDNAs (FIG. 7). Next, we investigated the effects of cleavage or deletion of putative
cytoplasmic regions on sodium channel function at the same time. The results in this
study2" suggested that all four repeats are required for expression of functional channels,
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TABLE 1. Properties of Wild-type and Mutant Sodium Channels Expressed
in Xenopus Oocytes

Activation Inactivation

V"'2 Z., V11" ah

Mutant AQ (mV) (e) n (mV) (mV) n

Wild type 0 -32+ 7 2.1±0.2 13 -61+ 9 104+1.3 9
R217Q 1 -34+ 7 2.1_±0.3 6 -66+ 8 9.6+1.1 6
R220Q 1 -40+10 1.5_±0.1 4 -67+21 99+0.8 4

R223Q I -20_+ 9 1.6+0.2 5 -55_ 14 11.8+2.8 4
K226Q I -13±+ 2 1.8+0.2 5 -67+ 6 11.3+ 1.0
K226E 2 -3+ 6 1.2+0.1 3 -71 9.9 2

K226D 2 -12+10 1.5+0.2 3 -69+14 10.4+22 3

K226R 0 -32±2 4 2.1±0.2 5 -70+ 7 104_+1 7 4
S229R -1(0) -25± 3 2.1 ±0.2 3 -61 + 5 10.4+0,9 3

R217Q'R220Q 2 -51_+ 5 1.2+0.2 5 -87±+ 5 8.6+0.9 3
R217Q'R223Q 2 -49+ 2 1.3_±0.1 4 -78_+ 2 8.6+0.9 4
R217Q-K226Q 2 -14+10 1.5±0.1 4 -83+ 7 9.6+1.8 3
R220Q"R223Q 2 -28±16 1.6±_0.2 4 - - -

R220Q'K226Q 2 -14+ 5 1.4+0.1 3 -61+ 3 10.8+28 3
R223Q'K226Q 2 -6+ 6 1.4+0.2 4 -70±14 12.4+_1 2 3
K226R'S229R -1 (0) -25+ 4 2.0+0.1 4 - 76+ 10 9.2+07 4

S229K'P232R -2(0) -17+ 7 1.9±0.1 4 -63+ 8 9.9+1.2 4
R217Q- R220Q' R223Q 3 -44+13 1.2_±0.2 3 -74 10.8 2
R217Q, R220Q.K226Q 3 -41+ 7 1.4+0.2 4 -82+ 12 13.1_+34 3
K862Q 1 (0) -22+ 5 2.1+0.1 5 -70-+ 7 9.6+0.7 4
K859Q'K862Q 2(0) -5± 7 2.1±+0.2 6 -60+ 12 13,1+34 5
K226QK859Q-K862Q 3 (1) 11 ± 9 1.8±0.3 5 -83 + 8 8.9+1 0 4

AN 0 -31± 3 2.0±0.2 5 -68±+11 13.8+ 1.5 5
cX-l 0 - - 4 - - 4

cY-1 0 -46_± 7 2.0±0.3 3 -751+0 11.8+2.3 3
cY-2 0 -33_± 2 2.0±0.1 3 -78+ 5 13.1A+1.4 3

AY 0 -31± 3 2.2±0.2 5 -71± 8 12.4+ 1.2 5
cZ-1 0 - 36± 6 2.2±0.2 4 -60+ 7 13.8+ 1.5 3

cZ-2 0 -37±+ 4 1.8_±0.1 3 -61 11 3 2
AC 0 -40_± 8 2.2_±0.2 5 -80± 9 8.3+1 I 3

Data are given as means ± s.d. for the wild-type sodium channel and the sodium channels with point
mutations in segment S4 of repeats I and/or II (upper part) and for those with a deletion, a cut. or a cut/
addition (lower part). All the data are taken from cell-attached macro patch recordings AQ is the reduction
in positive charge caused by the mutation; the values in parentheses are the reduction in positive ,harge
at amino acid positions 217, 220, 223, and 226 of segment S4 of repeat I V7' : and V', are the single-gate
equilibrium potentials of activation and inactivation. Z., is the valence of the apparent single-gate charge
for activation and ah is the slope factor, which is inversely proportional to the maximal derivative of the
inactivation curve. '[he average values for Z. and ah are rounded to two digits. n is the number of oocvtcs
used, which were taken from at least two different series of successful injections, several patches were
obtained from most oocyres. No inactivation data were available for R220Q" R223Q cX- I yielded currents
too small to allow reliable measurements. Xenopus larvis oocytes were injected with the wild type (0 2 gtg'

gl) or a mutant mRNA (0.2-0 5 pg/pl; total concentration of an equimolar mixture for c-type mutant,)
and incubated for 4-7 days (Based on Stfihmer et al

2
')
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FIGURE 7. Structures of deletion mutants and combinations The regions of rat sodium channel
I1 carried by the individual mutants are shown by horizontal lines with the numbers of the constituent
-mino acid residues; oblique lines at the termini of some constructs indicate the presence of short
additional sequences resulting from the strategy used.-' V-shaped lines indicate internal deletions. On
the top, the protein-coding region is shown and amino acid numbers are given above the diagram
The coding regions for the four internal repeats (1-I1) are indicated by open boxes (Based on Stuhmer
et at.')

and therefore the repeats must assemble spontaneously when separate mRNAs coding
for the various repeats are co-injected.

In FIGURE 8(A), macroscopic currents recorded from oocytes implanted with the
wild type and the mutant cY-2, cZ-I, or cZ-2 are shown. Apart from their magnitude.
the currents produced by the mutant cY-2, which has a cut/addition between repeats
II and III, are similar to the wild-type. By contrast, the currents evoked by the mutants
cZ- I and cZ-2, which have a cut/addition or a cut, respectively, between repeats III and
IV, are characterized by a dramatic decrease in the rate of inactivation. A quantitative
comparison of the steady-state and kinetic properties of cY-2 and cZ- I with those of
the wild-type channel is shown in FIGURE 8 (B and C). For both mutants, the ss ady-state
properties of activation and inactivation are similar to those of the wild-typt. I owever.
the h of the mutant cZ-I becomes nearly voltage-independent, being about 30-fold
greater at strong depolarizations than that of the wild-type.

By contrast with the wild-type channel, which exhibits short openings clustered
at the beginning of the depolarization,"4 openings of the mutant cZ-I sometimes lasted
for periods as long as the voltage step (80 msec)2" (FIG. 9,A). The open-time histograms
for elementary currents flowing through the wild type and mutant cZ-I channels are

shown in FIGURE 9(B). The mean open time of the mutant cZ-I (5.8 msec) is more
than one order of magnitude larger than that of the wild type channel (0.43 msec).

Our results show that cleavage of the linkage between repeats III and IV of the
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FIGURE 8. (A) Current responses to depolarizations in oocvtes injected with the wldd type (0 20
gtg/lal) and the mutant sodium channel cY-2 (0.33 gtg/lal), cZ-1 (0.33 pg/jal), or cZ-2 (0 5 gIg/lP1)
mRNA. Responses were evoked by depolarizations ranging from - 60 to + 70 mV (+ 90 mV for
cY-2) in 10 mV steps from a holding potential of - 120 mV Averages of 16 individual traces.
Temperature: I 5C. (B) Voltage dependence of steady-state activation (rnm. filled symbols) and inacti-
vation (b., open symbols) for cY-2 (11ED) and for cZ-I (AA). The smooth lines represent the best
fit of the data for the wild-type. (C) Voltage dependence of the time constants of activation (T...
filled symbols) and inactivation (Th. open symbols) for the same mutant channels as in A and B -he
continuous lines correspond to the wild-type data. (From Stuhmer a al ' Reprinted from Naturt'.
Copyright 1989 Macmillan Journals Limited.)

sodium channel causes a strong reduction in the rate of inactivation. This finding.
together with the similar effect observed for the wild-type sodium channel treated
with intracellularly applied endopeptidases, supports the view that this region, located
on the cytoplasmic side of the membrane, is involved in the inactivation of the sodium
channel."

Toxin Binding Site and Channel Pore Lining

A single point mutation (E357Q in the region between S5 and S6 of repeat I
decreases the sensitivity to TTX and STX by at least four orders of magnitude (FIG.
10, A-C).2 " This mutation substitutes the glutamic acid residue at position 387 with
gOutamine, effectively neutralizing a negative charge. The properties of the mutant
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FIGURE 9. (A) Single-channel currents recorded from a patch on an oocyte implanted with the
wild type or the mutant sodium channel cZ-1. For the wild type, responses to 10 msec depolarization
to -32 mV from a holding potential of -83 mV are shown. For the cZ-I mutant, responses to
successive 80 msec depolarization to -20 mV from - 100 mV are shown. (B) Distribution of open
times of elementary current pulses of the wild-type sodium channel and the cZ-1 mutant. The respect ive
distributions are fitted with single exponentials with decay time constants of 0.43 msec and 5 8 msec
(Reprinted with permission from Stuhmer et al. 1 2,)

E387Q resemble closely those of natural channels exposed to trimethyloxoniuni
(TMO). TMO treatment of frog sodium channels yields a loss of TTFX sensitivity, a
more linear instantaneous I-V relation, and a threefold reduction of conductance with
little modification of gating.29 These effects are reproduced in the mutant E387Q in
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FIGURE 10. (A) Whole-cell current responses of the mutant E387Q recorded with a two-electrode
voltage clamp Current records from control condition and the perfusion with I a*M TTX are shown.
Depolarizing steps were between -60 and + 30 mV. in steps of 10 mV from a holding potential
of -80 mV. (B and C) Dose-response curves for the wild type (open circles) and the mutant E.387Q
(filled circles) to FrX and STX The smooth lines are fitted to the open circles according to the
equationy = II +(T/IC,)"I , where T is the toxin concentration and n the Hill coefficient. Error
bars are ± SD and indicated only when larger than the symbol size. (B) For the wild type. the IC,
value for 'ITX is 18 nM with a Hill coefficient of 1. 1. Data were averaged from 7 (wild type) and
8 (mutant) experiments. (C) For the wild type, the IC,,, value for STX is 2.7 nM with a Hill coefficient
of I. I. Data were averaged from 4 (wild type) and 7 (mutant) experiments (D) Current-voltage
relationships for tail currents after a 0.5-msec depolarizing pulse to + 30 mV. The wild-type tail
current amplitudes have been scaled down by a factor of 1.2 so that the outward currents become
comparable. All the data were obtained from macro-patches. (E) Noise analysis of mutant E;87Q.
A single-channel current-voltage relationship over a large voltage-range is shown. Single-channel
currents (filled circles) obtained by noise analysis from one inside-out patch are plotted versus test
voltage. Pipette solution: NFR; bath (internal) solution: 30 mM NaCl, 90 mM KCI, 10 mM HEPES,
10 mM EGTA, pH 7.2. The straight line represents a linear regression line (r = 0 99) with a slope
of 40 ± 0.2 pS (wild type; 19 pS) and an extrapolated reversal potential of 24 ± 2 mV (A-D
from Noda et al.2" E from Pusch a al.")
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the absence of TMO (FIG. 10, D and E), making this position a probable site of action
for TMO.

Another mutation (D384N) that neutralizes the aspartic acid D384 (three residues
apart from position 387) to asparagine again renders the channel insensitive to YITX
and STX (FIG. 11, A and B)." Mutant D384N has a very low permeability for any
of the following ions: CI-, Na', K', Li*, Rb', Ca 2', Mg`,, NH 4,, TMA-, TEA'.
However, asymmetric charge movements similar to the gating currents of the Na-
selective wild-type are still observed (FIG. 11,C). The TTX- and STX-binding site is
thought to reside close to the sodium channel pore since channel modifications that
affect toxin binding reduce the inward current. These findings suggest that residues
D384 and E387 are located in the extracellular mouth or inside the ion-conducting
pore of the channel.

These two residues belong to the short segment SS2 in the region between the
hydrophobic segments S5 and S6 in repeat I (FIG. 2). In each repeat the S5-S6 region
is thought to contain two short segments, SSl and SS2, that may partly span the

membrane as a hairpin. SS2 segments have been postulated as forming part of the
channel lining! Actually, all mutations at the equivalent position in the SS2 region
of the other repeats (E942 and E945 in repeat II, K1422 and M1425 in repeat HlI.

A 1714 and D 1717 in repeat IV) strongly reduce toxin sensitivity." This suggests that
these pairs of residues of the four repeats form part of the extracellular mouth and
make the determinants of TTX and STX sensitivity.

Recently, Heinemann et al.32 reported that the single mutations K1422E and
A I 714E in the SS2 segment of repeats III and IV, respectively, which occur at the
equivalent positions in the calcium channels, alter the ion selectivity of the sodium
channel to resemble those of calcium channels. Furthermore, the channel carrying
both mutations is not only permeable to Ca"' and Ba", but is also selective for Ca'"
over Na' at their physiological concentrations. These findings suggest that these sites
of the sodium channel and corresponding sites of the calcium channel form part of
the selective filters of these channels and supports the view that the SS I -SS2 region
of voltage-gated ionic channels forms part of the channel lining."

CONCLUDING REMARKS

The complete amino acid sequences of the Ekctropborus electroplax sodium channel
and the three distinct sodium channels from rat brain have been elucidated by cloning
and sequencing the cDNAs. The deduced primary structure suggests functional regions
involved in the operation of this voltage-gated ionic channel. Expression of the cloned
cDNAs yields functional sodium channels in Xenopus oocytes. The functional proper-
ties, including single-channel characteristics, of the sodium channel have been studied.

Furthermore, functional regions have been mapped by the analysis of mutant
channels produced by site-directed mutagenesis. The results obtained show the validity
of the structuiral prediction based on the primary structure. Future studies will be
directed to work out how the amino acids are arranged in three dimensions.
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FIGURE 11. Voltage-clamp currents of mutant D384N. (A) [races from a cell-attached patch with
NFR in the recording pipette obtained by stepping the membrane voltage from the holding voltage
of - 100 mV to the indicated values. The intracellular potential of the oocvre was monitored with
a microelectode, filled with 2 M KCI. (B) Trace obtained under identical conditions as the traces in
A except that I gsM TFX was included in the pipette filling solution. (C) Current traces from an
inside-out patch from a different oocyte than in A [holding voltage in C: - 97 mV\. The solution
in C was (symmetrical): 10 mM HEPES. t0 mM EGTA, 100 mM KCI. pH 72. In A. B. and C
linear leakage and capacitive currents were subtracted by a P/1 method with a "P/4 holding" of
- 140 mV. (Reprinted with permission from Pusch a a.")
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INTRODUCTION

The essential function of ion channels is to provide a passage for ions to permeate
across the membrane. However, most of the ion channels behave not as simple pores
but exhibit ion selectivity. This fascinating property has led us to many investigations
of various types of ion channels, such as the nicotinic acetylcholine receptor in the
end-plate of neuromuscular junctions and the sodium channel of squid giant axons.
In these tissues, the channels are densely packed and relatively homogeneous. Com-
bined with classical biophysics, electrophysiological analyses successfully constructed
the framework to explain how these ion channels operate.' In most cells, however,
channels are less dense and many species of channels are often co-localized, keeping us
from studying those ion channels in detail. Furthermore, we did not have experimental
methods to verify the biophysical interpretations of channel functions.

Introduction of molecular biology has revolutionized our approach to the under-
standing of ion channels.2 Firstly, cloning and sequence analysis of complementary
DNAs (cDNAs) has revealed the primary structure of ion channels, providing the
perspective of further biochemical analyses and a rational basis for tertiary structure
prediction. Secondly, channel proteins can be over-expressed from the cloned cDNAs
in various cells for functional characterization and possibly for future X-ray crystallogra-
phy. And thirdly, we can modify the channel proteins using recombinant DNA tech-
niques, which allows us to test the biophysical interpretations by analyzing the site-
specifically mutated ion channels. This article deals with identification of the
channel-forming region and analysis of the effects of site-specific mutations on ion
permeation properties of the nicotinic acetylcholine receptor channel and the voltage-
gated sodium channel. Possible inferences on the molecular basis of ion permeation
through ion channels are also discussed.

NICOTINIC ACETYLCHOLINE RECEPTOR CHANNEL

Identification of Pore-forming Region

The nicotinic acetylcholine receptor (AChR) is an archetypal ligand-gated channel.

It is a pentameric transmembrane protein composed of four kinds of homologous
38
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subunits assembled in the molar stoichiometry a20138 and arranged pseudosymmetri-
cally around a central channel. The hydropathy analysis revealed that each subunit
has four hydrophobic segments (Ml-M4), which are presumably transmembrane
segments.

The Torpedo and bovine AChR channels, expressed in Xenopus oocytes by injecting
the respective sets of mRNA specific to a, 03, y, and 8 subunits, showed different
single-channel conductance at low divalent cation concentration.' By analyzing hybrid
AChRs in which a bovine subunit was substituted for the corresponding Torpedo
subunit, the difference in conductance between the Torpedo and bovine channels was
found to be ascribable, at least partly, to a difference in their 8 subunits. To localize
that part of the 8-subunit molecule responsible for the difference, we measured single-
channel conductance of the AChRs containing chimeric 8 subunits in which portion
of the Torpedo 8 subunit were systematically replaced by homologous regions of the
bovine 8 subunit. The results suggested that the region comprising the M2 hydrophobic
segment and its vicinity contains an important determinant of the rate of ion transport
through the AChR channel. They also suggested that this region is responsible for
the reduction in channel conductance caused by divalent cations.

In an attempt to identify those amino acid residues that interact with permeating
ions, we systematically introduced mutations into the Torpedo AChR subunits cDNAs
so that the net charge of the charged or glutamine residues around the M2 segment
wa- .. ,ed (FIG. 1). These mutant AChRs were tested for single-channel conductance.
The results showed that reduction in net negative charge of glutamic acid 262 of the
a subunit (aE262) and/or of the residues at the equivalent positions of the D3, y, and
8 subunits resulted in decreased conductance. An approximately inverse relatioiiship
was found between channel conductance and change in total net negative charge.
This observation suggested that the residues in this cluster are located equidistantly
from the channel axis. Analogous experiments in the cluster at aspartic acid 2 38 ot

the a subunit (aD238) and the residues at the equivalent positions of the D3, y, and
8 subunits revealed a similar inverse relationship. Reducing the net negative charge
of the cluster of glutamic acid 241 of the a subunit (aE241) and the residues at
the equivalent positions of the other subunits showed a much stronger reduction in
conductance. These findings suggested tihat th11c three clusters of negaticlv charged
and glutamine residues at the a-subunit positions 238, 241, and 262 and the equivalent
positions of the other subunits are major determinants of the rate of ion transport,
the intermediate cluster being more critical. These amino acid residues are next to or
near the M2 segment, probably forming three anionic ring-like structures.

Single-channel conductance of the AChR channel is affected by divalent cations.
The mutation aE262K reduced sensitivity to extracellular Mg" without affecting that
to cytoplasmic Mg*. On the other hand, the mutation aD2 38K reduced sensitivity to
only cytoplasmic Mge. These results suggested that the anionic rings at aD2 38 and
arE262, which are involved in interactions with Mg* , constitute part of the cytoplasmic
and the extracellular ring of the channel, respectively. The inward and the outward
current of the mutant 8E255Q were less sensitive to extracellular and cytoplasmic
Mg'*, respectively. The intermediate ring is therefore involved in the interaction with
Mg`*, and was suggested to be located between the cytoplasmic and extracellular
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FIGURE I. Regions surrounding the M2 segment of the a. 1, y., and 6 subunits of the Torpedo

californica AChR. The relevant amino acid sequences with one-letter code are aligned,"2 and the

positions of the MI and M2 hydrophobic segments are indicated. The four arrows indicate the

cytoplasmic, intermediate, central, and extracellular rings. Negatively charged residues are boxed with

solid lines. The numbers of amino acid residues subjected to site-specific mutations are given. (From

Imoto et aV. Reprinted with permission.)

rings. The one-sided effect on Mg2" sensitivity of the mutations provided experimental

evidence to prove the membrane topology of the three anionic rings, in which the

M2 hydrophobic segment is a transmembrane segment with the M I -M2 portion on

the cytoplasmic side and with the M2-M3 portion on the extracellular side. Since

both the cytoplasmic and intermediate ring are located in the M I -M2 portion, this

portion probably forms part of the transmembrane segment containing the M2 seg-

ment. This transmembrane segment probably constitutes at least part of the channel

lining (FIG. 2).

E Extracellular ring

.D_- -E

M2 M2

S T T T *--Central ringSI T

E E EQ •.-- Intermediate ring
D/ D,
.,., D E

D E Cytoplasmic ring

FIGURE 2. Schematic presentation of three anionic rings and one uncharged polar ring as major

determinants of the rate of ion transport through the AChR channel. Amino acid residues in the

four rings are represented in one-letter code.
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Channel Constriction

For further characterization of the ion-conducting pore of the AChR channel,
uncharged polar amino acid residues of the AChR subunits between the cytoplasmic
and the -xtraceflular ring were mutated so that the size and polarity of their side chains
were altered (FIG. I ). Threonine 244 of the a subunit (aT244) and the uncharged polar
residues at the equivalent positions of the other subunits are predicted to reside at
0.8 a-helix turn from the residues forming the intermediate ring, facing the channel
pore. When single-channel conductances of mutant channels (in which the residues
ctT244, OS250, and 8S258 were altered) were plotted against the volume of the
substituted side chain, two classes of effect became evident, one resulting from hy-
drophobic substitutions and the other resulting from polar substitutions. In each case,
an approximately inverse relationship was found between channel conductance and
size of the substituted side chain. When the substituted side chains compared were
similar in size, stronger reductions in conductance were observed for hydrophobic
substitutions than for polar substitutions. These results indicated that both the size
and polarity of the residues aT244, D3S250, and 8S258 are critical for determining
the rate of ion transport, and suggested that these residues come into close contact
with permeating cations. Thus their side chains likely take part in forming a narrow
channel constriction. These residues, together with yT25 3, probably form a ring-like
structure. Interestingly, the extent of reduction in conductance varied depending on
the subunit into which the mutations were introduced. Stronger effects were generally
observed for the mutations of /S258, particularly when the subunit stoichiometr'
of a•3y8 was taken into consideration. In contrast, the mutation of YT2 5 3 caused
much smaller changes in conductance. The results suggested that individual residues
at this position, particularly yT25 3, are not symmetrically arranged. Similar mutational
studies of aS248 and the serine residues at the equivalent positions of the other
subunits as well as atS252 suggested that the channel pore is larger in cross section
at these positions.

Ion Permeation Properties of Mutated Channels

The AChR channel was regarded as a water-filled pore6 because the permeability
sequence of this channel is like that of free solution mobility of alkali metal cations
(Rb÷ - Cs*>K*>Na÷>Li*). The single-channel conductance sequence of the AChR
channel, however, was K'>Rb*>Cs >Na >Li÷, which is different from the mobility
sequence. This finding showed that there must be at least one AChR channel region
that selects between large alkali metal cations not according to their mobility in water.
Since mutations in the three anionic rings affected the channel conductance, we exam-
ined contributions of the three anionic rings in determining the permeability and
conductance sequence of the AChR channel (FIG. I).' The mutant 8E2 5 5Q, in which
the negative charge was neutralized, showed reduced conductances for all cations
tested, but most strikingly the conductance ratios of Cs* to K* (g ,/gK) and Rb* to
K+ (gRb/gK) were much smaller than those of the wild-type channel. The conductance
sequence was K >Rb >Na >Cs >Li .The permeability sequence of this mutant was
K+ >Rb÷ - Na >Cs >Li. Thus both the permeability and conductance sequences for
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this mutant channel showed a shift in ion selectivity in the same direction in terms
of conductance and permeability ratios g(./gK and Pc,/PK. An analogous, but less
marked, change in conductance ratios was observed for the mutant P3E247Q. The
changes in conductance ratios caused by the mutation 8E255Q were compensated
by combining this mutation with an additional mutation in the intermediate ring in
another subunit, yQ2 YOE, which by itself did not appreciably affect the ion permeation
properties. The results showed that the side chains of negatively charged amino acids
in the intermediate ring are important in determining ion selectivity.

The mutant SE255D, in which the size of the side chain was reduced without
altering its charge, showed gcigK and gRb/gK ratios larger than those of the wild-type
channel. The conductance sequence of this mutant was Rb' -K÷>Cs*>Na->Li'.
A similar change in conductance sequence was observed for the mutant 13E247D.
These results suggested that the size of side chains in the intermediate ring is also
important in alkali metal cation selection. No substantial change in conductance ratios
resulted from the mutation aE262K in the extracellular ring or from the mutation
aD238K in the cytoplasmic ring.

To gain more insight into the molecular basis of the ion selection mechanism,
we estimated the pore size of mutant AChR channels by measuring permeability for
various organic cations.' The sequence of permeability relative to Na- of the wild-type
channel was ammonium > methylamine > ethylamine > ethanolamine > diethanolam-
ine > tris(hydroxymethyl)aminomethane. From the relationship between the observed
permeability ratios and the ion radius, the pore size of the wild-type channel was
estimated to be 7.43 A. These results were consistent with the previous observations.'
The mutant yQ25ON, in which the size of the side chain of the amino acid residue in
the intermediate ring was reduced without altering the net charge, showed significantly
increased permeability. ratios of organic cations. The pore size of this mutant was
estimated to be 7.98A. Analogous substitutions in the a, D3, and 8 subunits also
resulted in increased permeability ratios, although different in degree among the sub-
units. Because changes in the size of the side chain are expected to result in alterations
of the pore size, our observation provided experimental evidence that the physical
dimension of the pore at the intermediate ring is a determinant of the permeability
properties of the AChR channel.

The mutant 8E255Q, in which the negative charge in the intermediate ring was
neutralized, markedly reduced the permeability ratios of organic cations (except for
ammonium ion). The pore size of this mutant was estimated to be 6.17 A. A similar
but less marked reduction in permeability ratio was caused by analogous mutations
caE241Q and 13E247Q. The mutation yQ25OK resulted in a larger reduction of the
permeability ratios (except for ammonium ion) than did the mutation 8E25 5Q. The
changes in the permeability ratio caused by the mutation 8E2 55Q were compensated
for by combining this mutation with an additional mutation in the intermediate ring
in another subunit, yQ250E, being analogous to that observed for the conductance
ratios of alkali metal cations. These results suggested that the negative charge at the
intermediate ring is another determinant of the permeability of organic cations. We
further observed that the changes caused by 8E255Q were also compensated for by
combining an additional mutation yQ2 SON, which reduced the size of the side chain.
The permeability ratios of organic cations were not affected by changing the size
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(caD238E and aE262D) or the net negative charge (atD238K and ctE262K) of the
side chains in the cytoplasmic and extracellular rings.

The effect on the permeability ratios of changing net negative charge in the interme-
diate ring may suggest that the channel would be less permeable to bulky compounds
because reduction in net negative charge would weaken electrostatic attraction of
organic cation into the narrow channel constriction. Alternatively, however, the results
suggested that decreasing the net negative charge in the intermediate ring reduces the
pore size. Our finding suggested that negative charges in the intermediate ring are also
structurally important in sustaining the channel pore by electrostatic repulsion between
the charged side chains.

Predicted Architecture of AChR Channel

This series of mutagenesis work on the AChR channel allowed prediction of the
architecture of the open channel. The inner wall of the channel is, at least partly,
composed of the M2-containing transmembrane segments of each subunits. There
are three anionic rings and one uncharged polar ring, which are major determinants
of the rate of ion transport through the AChR channel (FIG. 2). Among those, the
residues in the central ring and those in the intermediate ring form a narrow channel
constriction, while the channel pore is larger in cross section on both sides of this
constriction. Since the uncharged polar residues of the central ring and the anionic
and uncharged polar residues of the intermediate ring are adjacent to each other on
the assumed a-helices of the M2-containing transmembrane segments of the individual
subunits, the channel constriction is suggested to be confined to a small region compris-
ing these two rings, which is close to the cytoplasmic side of the membrane. A simplistic
estimate of its length would be one ct-helix turn (5.4 A), which agrees with the value
obtained from streaming potential measurements (3-6 A)."' The negatively charged
residues in the cytoplasmic and extracellular rings may be important for concentrating
permeant cations at the mouths of the channel.

SODIUM CHANNEL

Identification of Pore-forming Region

The voltage-gated sodium channel is a membrane protein that is essential for the
generation of action potentials in excitable cells. When the primary structures of rat
sodium channels I and II were elucidated by cloning and sequencing of the c[)NAs,
the S2 hydrophobic segment in each of the four internal repeats of homology was
hypothesized to contribute to forming the inner wall of the channel,' partly on the
analogy of the postulated structure of the AChR. Mutations in the S2 segment,
however, did not significantly affect the single-channel conductance of the sodium
channel (Imoto, unpublished observation). Meanwhile, a single point mutation E387Q
of rat sodium channel 1I was found to abolish sensitivity of the sodium channel to
tetrodotoxin and saxitoxin.' 2 In addition, another mutation D384N almost completely
eliminated ionic currents without preventing gating function as judged by gating cur-
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rents." These results suggested that D384 and E387 are located at the extracellular
mouth or inside the ion-conducting pore of the channel. D384 and E387 belong to
the short segment SS2 in the region between the S5 and S6 hydrophobic segments
in repeat I. In each repeat the S5-S6 region was thought to contain two short segments.
SSI and SS2, that may partly span the membrane as a hairpin and the SS2 segments
was postulated to form part of the channel lining."4 ' We systematically introduced
mutations in the region encompassing the SS2 segment of each of the four repeats,
focussing mainly on charged residues, and tested the mutated channels for sensitivitv
to tetrodotoxin and saxitoxin and single-channel conductance. "

In all four repeats, mutations were found that made the IG,, (half-inhibitory
concentration of the peak current) for tetrodotoxin and/or saxitoxin more than 100
times larger than the wild-type values. These mutations involved changes in the charge
of the residues D384, E387, E942, E945, K1422, M1425,/A1714. and D1717 (Fic.

3). Charge mutations at other positions produced only minor or insignificant changes
in toxin sensitivity. Mutations without a change in the net charge (D384E and

M1425Q) and at other positions of the SS2 segment (VV368Y and W943Y) also had
minor or insignificant effects. All of the mutations involving a decrease in net negative
charge that strongly reduced toxin sensitivity also caused a marked decrease in single-
channel conductance. These results showed that the sensitivity to tetrodotoxin and
saxitoxin of the sodium channel is strongly reduced by mutations of specific amino
acid residues in the SS2 segment of each of the four internal repeats. These residues
were located in two clusters, the residues in each cluster being equivalently positioned
in the aligned sequences. It was suggested, therefore, that these two clusters of predomi-
nantly negatively charged residues, probably forming ring-like structures, line part of
the extracellular mouth and/or the pore wall.

V V
379 383 384 386 387 388 391

I L F R__ L M T 0 [Q F W W N L Y 0 L T
942 943 945

II V FRv L C GL]W IET M W!C M
1422 14251426

III L L 0 V A T FKG WMLQ1 M Y A A
1714 1717

IV LFQ ITTSAGWL•GLLAP I
-SS1 I SS2

FIGURE 3. Regions encompassing the SS2 segment of the four repeats ot rat sodium channel II
The relevant amino acid sequences with onc-letter code arc aligned.1 and the positions of the SSI
and SS2 segments are indicated. ' Negatively charged residues arc boxed with solid lines and positi\els
charged residues with broken lines. The numbers of amino acid residues subjected to site-spCctfit
mutations are given. The positions of the clusters of residues that have been identified a.s major
determinants of toxin sensitivity are indicated bv arrowheads (From I'erlau et al ' Reprinted with
permission.)
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Ion Permeation Properties of Mutated Channels

From a physiological point of view, the calcium channel is distinct from the sodium
channel in terms of ion selectivity. However, when the primary structure of the
calcium channel was determined, it turned out that the sodium channel and the calcium
channel are homologous both in amino acid sequence and in proposed transmembrane
topologyr. If the amino acid sequences in the regions encompassing the short segment
SS2 of the four repeats of sodium and calcium channels are aligned, the positions
corresponding to one of the two amino acid clusters that determine the toxin sensitivity
of the sodium channel are occupied by glutamic acid in all four repeats of calcium
channels (FIG. 4). At these positions of the sodium channels, repeats I and If have
negatively charged residues, but repeat III has a positively charged residue (K1422)
and repeat IV has an uncharged residue (A 17 14). These differences in charge in the
regions likely to form part of the channel lining led to the idea that they might under-
lie the difference in the ion selectivity of sodium and calcium channels. Thereo're
we examined ion permeation properties of mutated sodium channels in which glu-
tamic acid was substituted for K1422 (K1422E), for A1714 (Al714E), or both
(K1422EA1 714E).x

While the strict ion selectivitv for Na' over K', Rb'. and Cs- is a defining
property of the wild-type sodium channel, the mutant K 1422E was highly permeable
to K*, Rbh, and Cs' as well as Na', Li', and NH,'. When the rever,;aJ potential
was measured precisely using macro-patch technique with defined ion compositions
on both sides of the membrane, the calculated permeability ratio of K' relative to
Na-(PK/PN,; without taking permeation of Ca 2" into account) was 0.69 for the mutant
K1422E and 0.15 for the mutant AI714E, whereas the PK/P\, for the wild type
was 0. 3. These results indicated that these mutant channels lost the high ion selectivity
for Na' over K' of the wild-type channel.

In addition, current records of the mutant channels showed marked outward
rectification, which suggested that the external Ca"2 might block the mutant channels
much more potently than the wild-type channel. Therefore dependence on ext racellular
Ca 2 of the inward current observed in oocytes expressing the mutant K1422E was
examined. As the external Ca2" concentration was decreased, the inward current
became larger. When Na' in external medium was entirely replaced by ('a." or
Ba 2 ', large inward currents were observed, indicating the mutant K 14221: was highhls
permeable to Ca' and Ba". Thus the inward current of the mutant K 1422 E showed an
anomalous mole-fraction dependence on external Ca"2 concentration. This relationship
was very similar to that observed for native calcium channel, although the IC,,, value
of K1422E was higher by two orders of magnitude than those of native calcium
channels. The inward current through the mutant \ I 714E was also blocked by external
Ca". When the mutants K1422E and A\I 71' -re combined, the resulting double
mutant K1422E'AI714E showed even high 1ItIvitv to ('a' than the mutant
with single amino acid substitutions. The ins• w.t , urrent through the double mutant
was strongly reduced at 500 ltM, but increased Inward current W\as observed with
increased Ca' concentrations. From the IC:,, value, inward current was estimated
to he carried mainly by Ca", even at 500 l4M.
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These results indicated that the amino acid residues K 1422 and A 1714 are critical
in determining selectivity of Na* over K* and also in distinguishing the sodium channel
from the calcium channel with respect to ion selectivity. They also suggested that
these sites of the sodium channel and corresponding sites of the calcium channel form
part of the selectiviti filter of these channels.

CONCLUDING REMARKS

The analyses of ion permeation properties of site-specifically mutated AChR chan-
nels and sodium channels allow us to speculate on the overall plan of the open channels,
although direct information of the tertiary structure of the ion channel proteins remains
to be obtained. At first, from a methodological point of view, the fact that a large
number of site-specific mutations have been successful suggests that channel proteins
can usually accommodate a few amino acid substitutions. At least, by systematically
introducing mutations, we can distinguish designed local effects of mutations from
unexpected global and conformational effects.

The systematic mutational work on the AChR channel shows that the critical
part of the open channel is relatively short. It means that there must be a really steep
voltage drop across the channel constriction. If we assume 10 mV voltage drop over
a length of I nm, this voltage gradient corresponds to 100 kV/cm, which is 1,000
times more steep than that used in electrophoresis for nucleotide sequencing. This
steep drop of membrane potential should generate a strong driving force for permeating
ions. The constriction should be short in length also to be effective in transporting
ions. 19

Current analyses of mutated AChR channels and sodium channels show that ion
permeation properties, conductance and ion selectivity, are determined by interactions
between a limited number of amino acid residues and permeating ions. The finding
that these residues are well conserved among channels from various species supports
their importance. These residues are often charged residues. Classical biophysics stressed
the importance of the pore size and the electrostatic interaction in determining ion
selectivity of the ion channels.' Our studies have by and large supported those classical
views, demonstratingthat both the pore size and the fixed charge are major determinants
of the rate and selectivity of ion transport. Negatively charged residues are probably
critical in attracting permeating cations into the selectivity constriction, while negatively

FIGURE 4. Alignment of the amino acid sequences (in one-letter code) in the regions encompassing
the SS2 segment of the four repeats of different sodium anti calcium channels. The sequences from
top to bottom are rat brain sodium channel II"' rat brain sodium channel III1, rat heart I sodium
channel"•; rat skeletal muscle lIa sodium channel"; Ekaropborus elkctncus clectroplax sodium channel.
rabbit brain calcium channel B1,; rabbit cardiac dihydropyridine (I)ItP)-sensitive calcium channel',
and rabbit skeletal DHP-sensitive calcium channel." The numbers of the amino acid residues in each
sequence are given on the right-hand side, The positions of the SSI and SS2 segments are indicated
The positions of the clusters of residues that have been identified as major determinants of toxin
sensitivity arc indicated by arrowheads. (From Heinemann et al.' Reprinted with permission
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charged residues at the mouth contribute to accumulation of cations. Our AChR
work also demonstrated the importance of hydrophilic environment. Uncharged polar
residues in the channel constriction would contribute to dehydration of permeating
cations by replacing some of the water molecules of their hydration shell.' We speculate
that cooperation of the charged and uncharged polar residues at the channel constriction
ensure the high cation selectivity without hampering the high rate of ion transport.
The possibility that changes in net charge alter ion permeation properties by affecting
local structures cannot be neglected, as our AChR work suggested.

Involvement of a positively charged residue (K1442) in Na' selectivity was rather
unexpected. Since substitution of glutamic acid for this lysine confers calcium-channel
properties on the sodium channel, this lysine may be important in preventing too much
Ca2' accumulation. The same may be the case for A17 14. Furthermore, electrostatic
attraction between aspartic acid in repeat I (D384) and K1422 would result in a smaller
pore, presumably being suitable for selection of smaller alkali metal ions (Li' and Na" )
over larger ions (K', Rb', and Cs'). However, recent reports of the primary sequence
of other sodium channels indicate that this lysine is not always conserved."0 2' Functional
studies of these new types of sodium channel are awaited.

Our knowledge of the molecular mechanisms of ion permeation is still very limited
and fragmented. Experimental results including those discussed here, however, certainly
refine consideration of model systems. More systematic and comparative mutational
studies will be necessary for understanding how ions permeate the membrane. The
determination of the tertiary structure of channel proteins remains essential.
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INTRODUCTION

Voltage-gated potassium channels are present in both excitable and non-excitable
cells and serve a variety of biological functions.-` Unlike other channels, e.g., sodium
channels and acetylcholine receptor (AChR) channels, a combination of low abun-
dance, high heterogeneity, and lack of high affinity ligands makes the purification and
biochemical analysis of potassium channels very difficult. The first potassium channel
gene to be isolated was cloned from Drosophila and based on a mutant phenotype,
the loss of an A-type potassium current in both neurons and muscles.'-" Subsequently.
a large number of the genes and their splice variants that encode related potassium
channels have been isolated from a variety of species and tissues. Electrophysiological
studies of the channels expressed in Xenopus oocytes have shown that the functional
form of the potassium channel is a multimeric protein complex, likely a tetramer.` "
The cloned channels are classified into four subfamilies: Shaker, Shaw, Shal, and Shab.
Only polypeptides in the same subfamily can form heteromultimeric channels when
coexpressed in Xenopus oocytes.'4 Their distinct but overlapping expression patterns
in mammalian brain are compatible with the idea that the characteristics of the excitabil-
ity of specific neurons derive from the particular subset of potassium channel genes
that they express and the types of heteromultimeric and homomultimeric channels
that are thus formed in the cell.i'" 8

Based on sequence comparison, all cloned potassium channels share a common
design. Each subunit consists of a single polypeptide that can be divided into three
domains: a hydrophobic domain with six putative transmembrane segments flanked
by two (amino and carboxyl) cytoplasmic hydrophilic domains. The molecular events
involved in the formation of functional channels are poorly understood. Here we
discuss experiments indicating that the interaction between amino-terminal domains
of subunits is critical for channel assembly and determines the compatibility of polvpep-
tides in the formation of heteromultimeric channels.

"This work was supported by the Helen Hay Whitney Foundation (M L.) and Howard Ilughe%
Medical Institute (L. Y. J. and Y N. J]).

Present address: Department of Molecular and Cell Biology, 229 StanleY Htall, t'nivcrsltv ot
California, Berkeley. CA 94270
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Specific Association between the Hydrophilic Amino-Terminal Domains

Comparison of amino acid sequence of potassium channels in the Shaker subfamily
reveals a high degree of amino acid sequence similarity within the hydrophilic amino-
terminal domains.'" 9 This region is not dispensable since the deletion of this region

in ShB (a splice variant Sbaker gene) eliminates the functional expression."' To test
whether the hydrophilic domain is involved in subunit assembly, we first asked whether
this domain associates and forms multimers. The amino-terminal domain was cloned,

expressed in bacteria, and purified. It behaved in gel filtration column as two discrete

species corresponding to monomers (36 kD) and multimers (140 kD). The size of the

multimer is consistent with that of a tetramer.' This indicates that there is a specific

homophilic interaction involving the amino-terminal domain.
If the association is physiologically relevant, coexpression of the amino-terminal

hydrophilic domain with the full length potassium channel polypeptide should result
in association between amino-terminal domains that do not form channels with the

full length subunits, thus reducing the number of functional channels formed by the

full length polypeptides as homomultimers. To test this hypothesis, the cRNAs that
encode either amino-terminal domain or the full length ShB polypeptide wcrc ccc,:-
pressed in Xenopus oocytes. These cRNAs have identical 5' and 3' untranslated se-

quences and the amount of cRNA injected was adjusted to avoid saturation of the
translation machinery of the oocyte. The formation of functional channels was tested
by two-electrode voltage clamp. The current amplitude decreased by at least a factor

of ten when equal mass of cRNA for the amino-terminal domain and cRNA for

ShB was coexpressed.' The probable explanation is that the amino-terminal domain
co-assembles with full length polypeptides and results in nonfunctional channels.

FIGURE 1. Homophilic association of ShB amino-terminal hy'drophilic domains (NShB) revealed
by binding "P-labeled NShB fusion protein to immobilized ShB and NShB (A) Diagrammatic repre-
sentation of the fusion protein expressed in bacteria. At the amino-terminus of the fusion protein
is a short peptide (the "FLAG"), which is recognized by the commercially available antibody to FLAG
(lmmunex Corporation), and two heart muscle kinase sites. The transcription was, driven b. F-
polymerase. Single-letter amino acid codes are. A. Ala; R. Arg: N. Asn, I). Asp. C, C.vs,. Q. Gn.
E, Glu, G, Gly; H, His; 1, lie, L, Leu; K, Lys, M. Met; F. Phe; P. Pro, S. Set; I. Fhr; WV. Trp.
Y. Tyr; V, Vat. (B) Binding of NShB to ShB and NShB, but not to the carboxvl-wirminal domain
of ShB (CShB). Proteins (5 lag/lane) were fractionated bv SDS-PAGE (lanes I to 12) and either
visualized by Coomassie blue staining (lanes 5 and 6) or transferred onto a nitrocellulose filter (lanes
I to 4, 7 to 12): 0 and 46 represent total protein of SF9 cells at 0 and 46 hours after infection ki.
the 3AI strain of recombinant baculovirus carrying ShB cDNA The labels NShB and CShB above
the blot on the right indicate lysates of IPTG (isopropyl 0-u-thiogalactoside)-induted (lanes Q and
I1) and noninduced (lanes 10 and 12) bacteria that contain the expression vector for IPIG-indIued
expression of NShB (amino acids 1 to 227) and CShB (amino acids 479 to 656) fusion protein.
respectively. Rabbit antisera to NShB (anti-NShB) and CShB (anti-CShB) were obtained byinirtunti-
ing the rabbits with purified NShB and CShB fusion protein, respecuivelv. These antibodies (dilution
1/10,000 and 1/500) were used in immunoblots. They specifically rccosinize the ShB polypeptide
(82 kD) expressed in SF9 cells (lanes I to 4), as does ':P-labclcd NShB (lanc, 7 and 8). I-he NShB
but not the CShB fusion protein is recognized by "P-labeled NShB (lanes 9 to 12) (From Li eu al
Reprinted with permission.)
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To identify the sequences required for the homophilic interaction of the amino-
terminal domain, we used a filter binding assay to test the interaction between '2P-
labeled polypeptides and immobilized polypeptides. The development of the filter
binding assay is based upon the observation that many unfolded proteins can be
refolded into their native conformation either in solution or after immobilization on
a solid support. The specific interaction of the 2P-labeled amino-terminal domain.
but not the carboxyl-terminal domain, with the full length ShB polypeptides was
detected' (FIG. 1). The immobilized protein preparation was the total cell lysate.
Although the ShB polypeptides constituted less than 2% of the total protein loaded,
they account for the only detected interaction with '2 P-labeled amino-terminal do-

A Enterokinase
Cleavage Site

NH3--MDYKDDDDKARRASV ELRRASV EF -fPJroei FCOo-

Anti-FLAG antibody Heart muscle kinase
recognition sequence recognition sequence
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mains. The sensitivity of assay is within 100 picogram range and is partly dependent
on immobilization efficiency. The minimum sequence requirement for the interaction
was mapped within a fragment of 114 amino acid residues (amino acids 83 to 196
of ShB) (FIG. 2).'

Specilication of the Formation of Hereromulrimeric Channels

Among genes in the Shaker subfamily, there is more than 70% amino acid identity
within the 114 amino acid fragment critical for association (FIG. 2, B).' Most of the
30% divergence is located on the amino end of the region; it remains to be tested
whether most residues between position 8 3 and 196 are necessary for the homophilic

interaction. To test whether the compatibility between the different members of Shaker
subfamily in forming heteromultimers is reflected by the ability of their hydrophiic
amino-terminal domains to interact, we expressed the amino-terminal domain of a

mammalian homologofShB, RCK 1. Indeed this fusion protein can specifically associate
with itself, with the full length ShB polypeptide, and with the ShB amino-terminal

domain.'
The cloned potassium channel genes have been classified into four subfamilies:

Shaker, Shal, Shah, and Shaw. The amino acid identity in the hydrophobic domain
is 70% for genes within a given subfamily, while this number drops to about 401'5
between genes in different subfamilies. Electrophysiological studies have shown that
only coexpression of genes from the same subfamily in Xenopus oocytes will result in the

formation of heteromultimeric channels. To test whether the incompatibility between
potassium channels from different subfamilies could be due to incompatible interactions
between their hydrophilic amino-terminal domains, we constructed a chimeric cDNA

FIGURE 3. Formation of functional heteromultimeric channels by ShB and a chimera of ShB
and DRKI. This chimera, NShBA6-46/TniCDRKI, has the hydrophohic core region and the
carboxyl-terminal domain of DRK I; the hydrophilic amino-terminal domain ot DRK I (amino acid,
I to 180) is replaced with that of ShB (amino acids I to 226). ,and an internal deletion of amim,
acids 6 to 46 of ShB is introduced to remove fast inactivation This is slit• n schematicallN il the
diagrams in (A through C), ShB. solid line. DRK I: dotted line. [he chimera was tunctionallv expressd
in Xenopes oocytes and produced currents (B) that resembled the DRKI K" current (Cb. in both
cases the current activated much more slowly than the ShB K" current (A). Coexpression ot ShB
and the chimera gave rise to currents of different svaveform (D) from those due to co-expression 1o

ShB and DRK I (E)ý (G) The current due to co-expression of ShB and DRK I (elicited at - 60 m\V.
solid line) is similar in waveform to that generated by digital addition of ShB and I)RK I current,
(dotted lines, with ratios of the two currents indicated on the right of the traces), it matche, the
simulation of ShB:DRK I = I: 1.2. (F) The current due to co-expression of Sh1B and the chimera .at
+ 60mV, solid line) does not match a simulation at any ratios The currents were elicited bI 8 5-niec

test pulses at + 20 mV, + 40 mV, and + 60 mV from a holding potential of - 1oo m\: [he top
traces in (B) and (C) were generated by 900-msec test pulses at 4 60 mV [lhe intcrsal between test
pulses was 3 seconds. The horizontal scale bar is 300( msec tor inserted panels in (B) and (C0 and
20 msec for all other traces. The vertical scale bar is 0.5 (tA for (A), (D), (E). 0. 14 (iA for (B) 0 24
AIA for (C); I I 4IA for the inserted panel in (B): 1 9 (IA for the inserted panel in (C) Eaclh trace
shown is representative of records from at least 4 oocvtes (From I.i et al.' Reprinted %s th p-crnli,%in1
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that carries the ShB (Shaker subfamily) amino-terminal domain and DRK I(Shab sub-
family) hydrophobic and carboxvl-terminal domains. This cDNA induced a current
similar to that of DRKI. Unlike DRKI, however, the chimeric channel polypeptide
was able to associate with ShB polypeptides to form heteromultimers with novel
kinetic properties (FIG. 3).
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DISCUSSION

Biochemical and physiological studies demonstrate that the highly conserved region
in ShB hydrophilic amino-terminal domain is critical for the formation of functional
channels. In addition the amino-terminal domain is the determinant for specifying the
formation of heteromultimeric channels. Studies from mutagenesis in conjunction
with electrophysiological analysis have shown that the hydrophobic core regions of
the potassium channel are involved in channel assembly. 2" 2' The interaction between
subunits in the hydrophobic domain should be critical for preserving the integrity and
function of the ion conducting pathway. Such an interaction may also account for
the observation that a null mutant of ShB carrying a deletion of the amino-terminal
domain suppresses the formation of the functional channels by full length ShB polypep-
tides. In summary, we propose that there are at least two regiops important for subunit
interaction and formation of functional potassium channels: (1) a highly conserved
hydrophilic sequence located before the first putative transmembrane segment; (2) a
less well defined region in the hydrophobic domain. The hydrophobic regions, at least
between the Shaker and Shah subfamily genes, are compatible in forming a functional
channel, even though their hydrophobic domains show only 40% amino acid identity.
The amino-terminal domain of Shaker subfamily gcnes per se can a-ssemblc to form
multimers and this association may determine the compatibility in the formotion of
heteromultimeric channels.

The hydrophilic amino-terminal domain of the Shaker potassium channel alone
dominantly suppresses the formation of a functional channel by full length polypep-
tides.' Although the detailed mechanisms at the cellular level remain to be studied,
this observation itself indicates that cDNA for the hydrophilic association domain is
a useful reagent for studying the physiological function of the potassium channels. It
should be poss)ble to use this construct to remove the function of endogenous gene
product(s). This can be an important complementarv approach to the experiments of
knockout of potassium channel gene(s) by homologous recombination in embryonic
stem (ES) cells.
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INTRODUCTION
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repolaritation. modulate firing pattern, and set the resting, miembrane potential Re-
centl *y, the molccular genetic approach has uncovered a diN ersc group of\ oltage-vatcd
K- channcl genes.' Expression studies of these j~enes, combined with mutat,11ii ial
experiments, havec revealed sevcral important struIctural clements Involved inI dhannci
activation, Inactivation, and ion permeatio ' "

In 'tontrast \vith the extens.ive research of the structure-function relationship. onlk
a few studies focused oin the ph% siolopicdl correlations bet siie the K' channels
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This makes it difficult to compare the currents expressed in hcterologous expression
systems with those in cells of the native tissue.

To avoid this complexity, we have used a simple mammalian neuronal NG 108-15
cell line.' This mouse neuroblastoma x rat glioma hybrid cell line expresses well-
characterized K* currents, such as delayed rectifier,' 2 slowly inactivating voltage-
activated K* currents," M-current," and Ca2 -activated K- currents. 12 We have iso-
lated two cDNAs encoding voltage-gated channels from NG108-1 5 cells: NGKI and
NGK2.' 4 NGK1 protein is structurally more closely related to the Drosopbila Sbaker
voltage-gated K* channel gene product, whereas NGK2 protein is more closely related
to the Drosophila Sbaw voltage-gated K- channel ..e product. In the new nomencla-
ture proposed by Chandy et al.,"' NGKI and NGK2 are designated as rat KvI.2
(rKv 1.2) and mouse Kv 3.1 (mKv 3.1), respectively. Subsequently, a second alternatively
spliced Kv3.I transcript encoding different carboxyl terminus has been identified in
the rat brain' 6 and mouse T lymphocytes. " Here we follow the designation by Grissmer
et al."0: mKv3.1 a for NGK2 and mKv 3. I b for the second alternatively spliced product.

In the present report, we measured the rKv 1.2 and the mKv3. I a currents expressed
in two heterologous systems, Xenopus oocytes and mammalian fibroblast cells at macro-
scopic and microscopic levels. Then we compared them with the native voltage-gated
K channels in NG108-15 cells.

Expression of the mRNAs for the Kvl.2 and Kv3.) Genes in NGIO8-15 Cells

RNA preparations from NG108-1 5 cells were subjected to blot hybridization
analysis with probes from rKvl .2 or mKv3.l a cDNAs. The size of the rKvl .2 mRNA
in NGI08-15 cells was estimated to be - 10,000 bases (FIG. I,A: lane 1), in agreement
with the data obtained from the rat brain.'- " The size of the mKv3.1a mRNA was
estimated to be - 7,000 bases.' 4 In addition, upon longer exposure to the autoradio-
gram, poly (A)- RNA from NG 108-15 cells exhibited an additional faint signal corre-
sponding to sizes of - 4,000 nucleotides (FIG. IA lane 2). The - 4,000-nucleotide
RNA species may suggest the presence of the mKy 3.1 b. The amount of Ky 3. I a mRNA
appeared to be much larger than that of Kvl.2 mRNA. These data indicate that the
mKv3 .1 a protein may be one of the major components responsible for one or two
types of voltage-gated K channels seen in NGI08- 15 cells. We also examined the
parental neuroblastoma cell line, N I8I'G2, and related cells. The - 7,000-nucleotide
transcript hybridizable with mKv3.la probe was detected in NI308 mouse neuro-
blastoma x mouse fibroblast hybrid cells'" (Fi(;. 1,1B lane 2). but not in other neuro-
blastoma or hibrid cells (Fii. IB1 lanes I, 3, 5, 6). The - 4,000-nucleotide RNA
species was not detectable. The level of inKy3.1 mRNA appears to differ in various
neuronal cells, althor norc sensitive experiments should be performed for a detailed
analysis.

It has been reported that in the adult rat brain, the - 4. iOO-nucleotidc transcript
is predominant,' 2 whereas the - 7,000-nuclcotide transcript is predominantly ex-
pressed in the embryonic and perinatal rat brain " Interestingly. transfection of the
human |la-ras oncogene has been shown to induce the predominant expression
of the - 7.000-nucleotide transcript in the mouse AtT20 cell line. derived from
an anterior pituitary tumror " Thesc lines of evidence indicate that the n)K\; Ia-
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FIGURE 1. Autoradiograms of RNA blot hybridization analysis. he RNA samples used were a-
follows: (A) 1 5(ag of Poly (A) RNA from NG108-15 cells (B) 15 g of total RNA from (Lane 1)
neuroblastoma NI8TG2 x B82 fibroblast hybrid NL309" (Lane 2) neuroblastoma NI8TG2 x
B82 fibroblast hybrid NL308.:" (Lane 3) NLIF.'0 (Lane 4) B82 fibroblast cells," (Lane 5) N4TG
neuroblastoma cells," and (LIane 6) N 18TG2 neuroblastoma cells : The - 7,000-nucleotide hybridiz-
ing band is indicated by a closed arrowhead, and the -4,000-nucleotidc hybridizing band by an
open arrowhead. These samples were electrophoresed on a I 017 agarose gel containing 2 2 M
formamide,Ž and transferred" to Biodyne nylon membrane (Pall). The hybridization Nsas carried out
at 42'C for 24 h in a solution containing 50% formamidc, 50 mM sodium phosphate buffer (pit
7 0), 5 x SSC, 250 jag/ml denatured salmon sperm DNA, 0. 1 % SDS, 0 1% Ficoll. 0 1 , polhvinvlp 'r-
olidone 0. 1% bovine serum albumin and - I 5 x 10' cpm/ml 'P-labeled probes The probes \were
(A, Lane I) 1.9 kb Pvull/EcoRI fragment from XNGKI 23C2.` (A, Lane 2) 1 7 kb PstliBarnll
fragment from pSPN(;K2'" and (B) - 0.44 kb F&oRI fragment from XNGK2 5B1I T' he blots were
washed at 60°C in 0 1 x SSC containing 0 V7, SDS. The duration of autoradiograph% at - 70'C
with an intensifying screen was (A) 5l davs and (B) 7 days The size markers used were (A) RNA
ladders from Bethesda Research Ialioratories (size in kiloiia-ws and (B) rat and Esibecrbia colt rRNAs

predominant expression in NG 108-1 5 cell may be closchN related to tumor transforma-
tion, although functional distinction between kv 3. I a and Kv 3.1 b is not vet ascertained.
We suppose that N(1108-15 cells could serve a.s an excellent system for exploring the
character of the Kv3. 1 a channel in a normal cell environment, in which Kv3 1 a and
other K' channels are functioning
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Functional Expression from the cDNAs in Xenopus Oocres

mRNAs specific for the rKvl .2 protein and for tile mKv3 I a protein were synthe-
sized by transcription in vitro of the cloned cDNAs and were injected into Xenopus

oocytes. The peak amplitudes of the currents expressed in oocytes injected with rKv 1.2
or mKv3.1 a mRNAs were proportional to the dose of mRNA (FIG. 2). Larger mRNA
doses (12.5 ng/pll) produced larger currents of 3-25 pA. As shown in TABLE 1, the
currents elicited by 25 ng/lal mRNA solutions decayed slowly during 1-sec voltage
steps to 0 mV, with the decrease in current size being 1.6 ± 1.6, (mean + S.E.M ,
n = 5) of the peak value for the rKvl.2 current and 7.8 + 3.6% (n = 7) tbr the
mKv3. I a current, respectively. However, when we used 2.5 ng/pil mnRNA solutions,
the mKv3. l a currents (1-5 4A in r mplitude) showed three- to fourfold greater inacti iva-
tion (27 + 8.8%, n = 11), whereas little change in inactivation was observed in the
rKvl.2 currents (3.5 + 1.6%, n = 6). At this mRNA concentration, inactivation of
the mKv3. la current varied widely and the maximal inactivation reached 76' ( there-
fore the difference in the size of inactivation between rKv 1.2 and inky 3 1 currents
became marked. In the subsequent experiments, we used 2.5 ng/ p1 mRNA solutions.
giving 0. 10-0.15 ng mRNA per oocvte.

The current families shown in Fct'iuR 3 are examples obtained from ooc,'tes
injected with the rKv1.2- or mKv3.1a-specific mRNA (FIG. 3, A and B). These were
evoked by depolarizing test pulses from a holding potential of -60 mi\V. In oocytcs
expressing rKvl.2 channels the threshold for current activation was - 36 + 2 mV
(n = 17). A typical example of current-voltage (O-V) relationships is shown in F]Gt KI
3(C and E), indicating voltage-activated current. At 0 mV the current amplitude %as
1.7 + 0.3 4A (n = 13) with a time to peak of 163 _+ 17 emsec. Currents in ooc\tcs
expressing mKv3. I a channels (FIG. 3, D and F) were activated more positively than
those of rKvl.2 (- 14 ± 2 mV, n = 22), judging from the I-V curves. The inKk3.1 a
current amplitude at 0 mV was larger (4,9 + 1.2 piA, n = 13) and time to peak was
faster (75 + 9 msec, n = 19). Furthermore, the time to peak was voltage dependent,
decreasing with increasing depolarization.

The voltage dependence of steady-state inactivation was assessed by inactivating
the current with setting for 10 sec to various membrane potentials from -60 m'V
just before applying a voltage step to 0 mV for 5 sec. FiGe Ris 4 shows the inactivation
curves for rKv1.2 (FIG. 4, A) and mKv3. l a (FIG. 4,B). The half-inactivation potentals
for the peak and the residual current at the end of the 5-sec step "ere similar for
both the rKvl.2 current and the mKv3.1a current: rKvl.2 (peak. -29 + 2 m\s.
steady state, -27 + 3 mV, n - 3); mKv3.1a (peak, - 31 + 0 6 m'V. steady state.
-28 + 4 mV, n = 4). The normalized curves are shown for the peak (Fi(. 4+(')

and steady-state currents (FIG. 4, D), showing complete removal of inactivation between
- 60 and - 90 mV and complete inactivation at 0 miV.

As already demonstrated, there is a difference in the rate (FiG. 2, A and B) and
amount (FIG. 2,E and F) of inactivation between the rKv1.2 and inky 3 Ia currents
The proportions of the rKvl.2 and inKy 3. la currents that had inacti\vated at the end
of a 5-sec pulse were 46 + 6% (n = 8) and 84 + 3% (n = 18), respectively lc
inactivation of rKv1.2 currents was slow (FiG. .5,A) and best tit by two exponent ials
with time constants of 4.4 + 0.7 sec and 19 + 2 sec (n = 4) mKvy I a currents
inactivated very much faster (FiG. 3, B and FIG. 5, B) (0 ;7 + o o4 sC' and I ý +
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FIGURE 2. Relationships between peak amplitude of outward currents and concentration ot mRN \
solutions injected into Xenopus oocvtes Symbols arc mean currents ( + S 1: 'Ni bars) cxprescd h%
rKv I 2-specific mRNA (squares) and mKv3 1 a-specific mRNA (circle%) rnRN.\ý used • crc ss'nthcsticd
by transcription in vitro of each cDNA as described in Yokovania et al " RNA.\ olution %%,I, diluted
with distilled water to the indicated concentration from a stock solution (0 2 • g pIl) Outs ard
currents were recorded in response to 500 mscc voltage step depolari/ation t, 0 nm\ from a holding
potential of -60 mV in 4-10 oocvtes. Though the exact amount niRNA inlectd nto an ot,,'t,
is assumed to receive roughly 50 nl, the point at 5 ng/p.l RNA represent, 0 2 ngi mRN.\ tor cash
oocyte (Modified from [to et al"
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"T'ABLE 1. Effect of mRNA Injection Dose on Inactivation of Outward Current

mRNA Inactivation of Outward Current (7)

(ng/pgl) rKv 1.2(n) inKy 3 ]a (nW

25 1 6+1.6 (5) 7.8+ 3.6 (7)
2.5 3.5-±-1.6 (6) 27+-8.8 (I1)

Denuded ooc.tes isolated from one frog were injected with about 50 nil of 2 5 or 25 ng/4tl solution
of rKvl 2 or mKv3. 1a mRNAs, respectively. All current recordings were made on the fourth da after
the injection in the normal frog Ringer solution (in mM): 115 NaCI, 25 KC0. 1.8 CaClI, 10 1 itPES
pH adjusted to 7.2 with NaOH Outward currents were evoked by 5 sec voltage step depolarization to
0 mV from a holding potential of - 60 in' Inactivation was calculated by subtracting currents at I sec
from the start of depolarization from peak currents Values are the mean + S.LI M in n individuals in
parentheses.

0.08 sec (n = 5)), and with the slowest decay of 19 + 2 sec (n = 5). The same time
constants were obtained for rKv1.2 and mKy3. la currents evoked at different pulse
potentials.

TABLE 2 summarizes the characteristics of rKvl1.2 and mKv3. I a whole-cell currents
recorded from Xenopus oocytes together with the transient, slowly inactivating outward
whole-cell current reported in NGI08-15 cells by Robbins and Sim.' ' The activation
and inactivation kinetics of the NG 108-15 transient outward current seem to resemble
the mKv3. I a current. These results suggest that mKy'3. I a channels rather than rKv 1.2
channels may function to generate the slowly inactivating current observed in NG 108-
15 cells. However, there is one difference between the mKv 3. I a current and the native
current in NG 108-1.5 cells. The tetraethylammonium (TEA) sensitivity of the inKy 3. 1 a
current (ICG0  0.034 mM) was lower by around 60-fold in the native current (IC,,,
= 2 mM). This may suggest that the TEA-insensitive rKvl.2 current (C... > 10
mM) and/or other currents also contribute to the native wv ,le-cell currents.

Functional Expression from cDNAs in Mammalian Cells

To confirm the above expression studies in Xenopus oocvtesi we have established
transformed B82 mouse fibroblast cell lines that stably express the rKv 1.2 and inKy 3. la
gene products." Each of the rKvI.2 and mKv3, la cDNAs was ligated to the mamma-
lian expression vector, pKNHneo, containing the simian virus 40 (SV40) early pro-
moters and an aminog!ycoside-3'-phosphotransferase gene. The resulting plasmids,
pKNGKI or pKNGK2, were introduced into B82 cells by the cationic liposome-
mediated transfection method and stably transformed cell lines were selected by genet-
icin. Expression of each transcript was identified by RNA blot hybridization analysis
(data not shown) In untransformed B82 cells, no hybridization signal w\as detected
either with rKvl .2 probe (data not shown) or with mnK\'3 .a probe (FiG 1, BI lane 4)

As observed in mRNA-injected oocytcs, B82 fibroblast cells transformed to express
rKv I .2 2 or mKy 3. 1 a (FiG. 6, A) exhibited whle-cell outward currents of up to 5-10
nA. Parental B82 cells showed outward currents less than 40 pA.2" This agrees well
with the observation shown in 'I(tJR. I(B). in that no mRNA was detectable. The
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FIGURE 3. Activation of K" currents in Xenopus oocvtes injected with solutions (2 5 ng/ph) of
rKvl.2-specific mRNA (A. C, E) and mKv3. I a-specific mRNA (B, D, F) (A and B) Current responses
to depolarizing test pulses of 5 sec to indicated potentials from a holding potential of -60 mV in
voltage-clamped oocytes with two electrodes. (C and D) Current-voltage relationship for the outw% ard
currents measured at the peak (open symbols) and at the end of the pulse (closed symbols) (E and
F) Plots of currents after subtracting the amplitudes at the end of the pulse from the peak currents.
showing the amount of inactivating components. Data of (A, C, E) are obtained from the same
experiments but (B, D, F) are not (Modified from Ito et at')

mKv3. l a current decayed faster and more profoundly than the rKv1.2 current and
resembled the transient, slowly inactivatingcurrent in NG 108-15 cells. The inactivation
of the mKv3.Ia current was fitted by a single exponential with a time constant of
3.1 sec. The mKv3.Ia current activated at potential positive to - 20 m\ (FIG. 6. A
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FIGURE 4. Steady-state inactivation of (A) rKvI.2 and (B) mKv3.1a currents from one oocvte
each. Membrane potential was held at - 100 mV, prepulsed for 10 sec to the indicated voltag-,.
and stepped to a test pulse of 0 mV (5 sec duration). Peak currents (open symbols) and currents at
the end of the pulse (closed symbols) were recorded. The ratio I/I) of currents at the peak (C) and
at the end (D) was plotted as a function of the prepulse potentials, where 1, is the amplitude at - 90
mV and I is at test potentials. The voltage of half-maximal inactivation can be obtained from (C)
and (D). Lines were drawn by eye fitting. (Modified from Ito et al.)

and C), whereas the native current activated at slightly more negative potential than
that for the mKv3.1a current (FIG. 6,C).

Furthermore, we measured single-channel currents from the transformed fibroblast
cells. FIGURE 7 shows representative single-channel currents flowing through the rKv 1.2
and mKv3.1a channels. Although both channels usually activated in response to step
depolarization, activation thresholds were different. The rKvl1.2 channel was activated
at potentials less than - 10 mV (FIG. 7, A), whereas the mKv 3. I a channel was activated
at a more positive potential than - 10 mV (FIG. 7, B). Occasionally both channels
displayed partial closure states. The open possibilities of the rKvl.2 channel were
always higher than those of the mKv3.1a channel. Notably, the mKyl, .la channel
exhibited long periods of inactivity at potentials more positive than + 30 mV. This
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FIGURE 5. Time course of current decay during depolarization for (A) rKv] .2 and (B1) inK3 la
Currents evoked by command pulses to 0 mV from -60 mV for 5 sec were normalized to the peak
current at the indicated time. Each point represents the mean + S.E M of four rKvl 2 currents
and five mKv 3.la currents. (Modified from Ito et al.')

tendency was not observed in the rKv1.2 channel. The estimated reversal potentials
of the rKvl.2 and mKv3.la channel were -72 mV and -64 mV, respectively.-"
The slope conductances of the single rKvl.2 and mKv3. l a channel were II pS and
18 pS, respectively. These values in transformed fibroblasts are smaller than previously
reported vaducs measured in the Xenopvs oocvte expression system: 17.5 ± 0.4 pS
(n = 5) for rKvl.2 and 26 4 + 1.7 pS (n = 6) for mKv3.la.` The reason is still
unknown.

The slowly inactivating outward current was observed in NG 108-15 cells, which
resembles those observed in mKv3. l a-transformed cells. But the outward currents in
NG108-15 cells began to open at slightly more negative potential (FIG. 6., C). To see
in detail, we performed single-channel recordings on NG 108-1 5 cells and mKv 3. 1 a-
. ansformed cells. The channels with slope conductance of 21.9 + 1.7 pS (n - 11)
were frequently observed from NGI08-15 cells (FIG. 8, B), and 20.0 ± 3.3 pS (n =

TABLE 2. Electrophysiological and Pharmacological Parameters of K' Currents
Expressed in Oocytes with rKvl.2 mRNA and mKv3.la mRNA, with a
Comparison to the Transient Outward Current in NG 108-1 5 Cells

rKvl 2 mK\y3 Ia N(I8-1 I

Peak current at 0 mV (jaA) I 7 ± 0 (1) 49 ± 1 2 (1 ) -
Activation threshold (mV) - 36 4 2 (17) - 14+ 2 (22) - 30
Activation time (msec) 163 ± 17 (15) 75 + 9 (19) -
Half-inactivation of peak current (mV) - 29 ± 2 (3) - 3 1+ 06 (4) - i
Inactivation removed (mV) -60 - 90 -

Inactivation completed (mkV) - 10 , - I0
90% recovery from maximal inhibition (s 8 6+ 1 (3) 3o)_ I (7) --

TEA sensitivity (IC,,) (mM) >1o0 0 o)4 2
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FIGURE 6. Transient, slow ly inactivating currents Records from an NG i 08- 15 (ell (A) and a
mKv 3. 1a-transformed fibroblast cell (B). (A and B) The membrane potential svas held at - 100 mi\
and stepped to 0 mVs, 20 mV', and 40 mV' for 9.5 sec Voltage pulse protocols arc shown at the top
Records of the potential were low-pass filtered at 300 1H/ and sampled at 200 liz (C) (:urrent-voltagc
relationship for the outward currents from inKv3. I a-transformied cells (open circles) and NGI 08-ISý
cells (closed circles). Currents were measured at the end of the 400) isec step command 'S\mbols
show means nf 13 and 16 records from inKs 3. Ia-transformed cells and NC (08-15 cells. respectivelk
Bars indicate SD. Records of the current were low-pas~s filtered at I kfil and sampled at 5 Oili
Linear leak and capacity transient were subtracted by P/N protocol. Cells were superfused witi
HEPES-buffered Ringer solution (in mM) 134 NaCl, 5 4 KCI.0 8 MgS'O, I I NaH7PO. I 8 CATI.
5 NaHCO;. 5.5 glucose. 10 lIEPES, pli adjusted to -7 4 with NaO~l. The electrodes contained
a solution of the following composition (in mM) 150 KCO, 2 MgC 2., 0.1 CaCI7, I I EG-i A,
HEPES. pil adjusted to 7 2 with KOH . Electrodes had resistances (if 3-5 M.1hm Membrane
potentials were set at - 100 mV using a single-electrtide soltage clamp amplifier at sx% itching frequenv%
of 7-10 kfio.

2 5) from mKv3.+lIa-transformed cell, (FR;. 8, A). This 21 pS channel from NG 108-1 5
cells appears to he identical with that of NG 108-15 cells previously described by
McGee et alT Both the 21I pS channel from NG 108-I15 cells and the inKO . Ia channel
from transformed fibroblasts, exhibited two components of open time at 0 mlV with
the same order as follows: 0.97 mscc and 6.75 mnsec for the 21 pS channel from
N(;108-15 cells, 0.69 msec and 4.55 misec for the mlKv,3. Ia channel. These two
channels had similar reversal potentials; -61 .8 + 7.4 nik (n =11) from N(i 108-15
cells and -64.4 ± 12.5 mV (n =18) from nmKv.la-transformed cells. But they,
had Jifferenlt open probabilities at 0 mV: 0.40 + 0. 14 (n = 11) for the 2 1 pS channel
from NC 108-I 5 cells and 0.15S + 0. 12 (n = 1 8) for the inKy3. Ia channel. Thus,
it can bae summarized that most of the parameters from these two channels sho\wcd
simia va-lues except for the voiltage dependence of activation. tiov. ever, we could
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FIGURE 8. Representative single-channel recordings of a mKv3 I a channel from a transformed
cell (A) and a 21 pS voltage-gated K* channel from an NG108-15 cell (B) under cell-attached
configuration. The voltage pulse protocol is shown at the top Records were low-pass tiltered at I
kHz and sampled at 5 kHz. Cells were superfused with a solution of the following composition (in
mM) ISO potassium aspartate, 5 MgC12. 5 EGTA, 10 glucose. 10 YIEPES. pY- adjusted to 7 4 with
KOH The patch pipette solution used was the same as in Fic. 7.
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not 'Identify rKvl.2-like channels out of 47 successful patches fromn NG1O8-15 cells.
This reasonably agrees with its low-level mRNA expression.

CONCLUSION

In Xenopus oocytes and mammalian fibroblast cells, we expressed the rKvl .2 and
inKy 3. 1Ia cDNAs and analyzed the channel properties. In both expression systems.
the rKv 1.2 and inKy3.1 la currents exhibited a marked difference. The inK 3. I a current
decayed faster and greater than the rKvl.2 current, but much slower than the typical
transient, rapidly inactivating A-type current, which occurs within 20-50 msec. The
present results show that the mKv3.la protein is the essential component of the
voltage-gated K* channel that generates the transient, slowly insictivating outward
current in NGI08-1 5 cells. Recently, many reports of transient, slowly inactivating
outward currents have been described in the mammalian brain."`~ Theyv display the
inactivation time course similar to the mKv3 .1a current or the transient outward
current in NGI108-15 cells. It would he of interest to investigate 'if the mKv3 .lIa protein
may contribute to such current in vivo.
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INTRODUCTION

Voltage-dependent K' channels have three principal functional components: the
ion conduction pathway or pore, a voltage sensor responsive to changes in membrane
potential, and a mechanism coupling the sensor to the pore. The moving parts of
the coupling mechanism are thought to be gates. An electromechanical model of
voltage-gated K' channels depicting these components is shown in FiGUiR 1.

This paper deals only with the K* pore. A linear sequence has been identified
that embodies most of the pore and the experimental evidence supporting this conclu-
sion will be reviewed. Within the pore, residues have been identified that are involved
in ionic selectivity and binding. From these results we will present a unique [3-barrel
model of the pore.

LOCALIZING THE PORE WITHIN THE LINEAR AMINO ACID
SEQUENCE OF K+ CHANNELS

The linker between the fifth and sixth transmembrane segments (S5-$6 loop) is
the most conserved region in voltage-dependent K' channels.' The possibility that a
homologous region in Na* channels formed the channel pore was raised when a
gtutamate-*arginine mutation in this region greatly reduced blockade by tetrodotoxin
(TTX).2 The first functional evidence in K* channels was the observation that open
channel block of a Shaker K* channel by the peptide toxin, charybdotoxin, was
modified by point mutations in the $5-$6 loop.' Other point mutations in the linker
affected open channel block by the small quaternary ammonium ion tetraethylammo-
nium (TEA).' Yellen et al.' showed that internal TEA blockade could be changed

'This work supported in part by National Institutes of Health Grants 111.37044, 1H1.39262.
HL36930, and NS23877 to A. M. Brown and NS29473 to G. Kirsch.
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FIGURE I. Electromechanical model of K" channel.

by a threonine-serine substitution at a position almost midway between mutations
producing changes in external TEA blockade. Yool and Schwarz6 showed that the
same mutation involved in blockade by internal TEA produced large increases in the
relative permeability of NH4 ' as did a nearby phenylalanine-serine mutation.

Rather than using point mutations, Hartmann et al. used large scale mutagenesis
to identify the pore. A DNA sequence thought to embody the pore of two related
K' channels with markedly different pore properties was transplanted from one channel
to the other. An NGK2-like (Kv3.1)' K* channel had a conductance of about 26 pS
and was sensitive to external TEA while a delayed rectifier K* channel DRK I (Kv2. 1)'
had a conductance of about 8 pS and was sensitive to internal TEA. When a stretch
of DNA that encoded 21 amino acids was transplanted from NGK2 (Kv 3. 1) to DRK I
(Kv2. 1), the chimeric channel CHM adopted the pore behavior of the parental NGK2-
like (Kv3.1) phenotype.

With regards to voltage sensitivity, the behavior of the chimeric channel resembled
that of the host phenotype DRK 1. The fact that pore properties were mainly exchanged
made it likely that the effects were local rather than global and suggests that the voltage
sensor, gate, and pore are discrete modular structures."'

The transplanted sequence of amino acids included the mutations of Yellen et al.'
and Yool and Schwarz.' From considerations of the length of the sequence involved
and the positions for blockade by external and internal TEA, the arrangement favored
for the pore (P) region was a 13-hairpin of 18-20 amino acids (FIG. 2).

FUNCTIONS OF RESIDUES IN THE K+ PORE

The transplanted K' pore was studied further by mutational analysis taking advan-
tage of the differences in phenotype and genotype (nine residues) differences between
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Kv3. 1 . . ..G. .CHM

FIGURE 2. ,Model of a K" pore. The loop between transniembrane segments Sr and 6 ot (V.\M
is shown. Nine residues account for the differences between the donnr NGK2 and the host I)RK I
The arrows at the top and bottom of the figure indicate the residues that align w•ith Shaker residues
responsible for blockade by charybdotoxin, external and internal TE~A Also ndicated are' the residues
at positions 369 and 374. The residues determine the differences in pore phenotype betwee n l)RKI
and NGK2.

CHM and DRKI. Point reversions in CHM outside the deep pore defined by proline
residues at 361 and 381, and downstream or towards the C-terminus from P 38 I had
either no effect in the case of the conservative reversions, or had consequences predicted

: from a change in side-chain charge in this region affecting the local concentration ot
. K. Ii The substitution Q3 82K reduced inward and outward current with the reduction

in inward current being greater, resulting in a decrease in outward rectification of the
j single channel current. Similar, but less marked, results were obtained for M387K.

Within the deep pore or tunnel between amino acid residues 361 and 38! there
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were four differences between CHM and DRK I, three of which were conservative
(FIG. 2). The reversions at 368 and 379 had little effect. Surprisingly, the conservative
reversions at 369 and 374 introduced novel phenotypes. For both positions, open times
were shortened almost tenfold but for V3691 the shortening was due to stabilization of
an inactivated state that was apparent in the whole cell currents producing P-type
inactivation. For L3 74V, the reduced open time was due to rapid departure from the
open state to a closed state and the currents rather than inactivating remained steady
during standard test pulses. In L374V, single channel K' conductance was greatly
reduced.

The next surprise was that combined reversions at 369 and 374 rcs.c,rcd the host
pore phenotype. None of the other five possible double reversions had this effect,
suggesting that positions 369 and 374 interacted with each other. The likelihood
of interaction among separate subunits was confirmed when it was established that
co-injection ofV3691 and L374V cRNAs produced channels having properties similar
to those of the double reversion. 2 This result implies that interaction between positions
369 and 374 occurs within and between subunits.

The substitution L3 74V in CHM and DRK I switched the pore from beingselective
for K' to being selective for Rb ." To analyze this selectivity filter, extensive substitu-
tions were introduced at position 374.14 We found that hydrophobic residues favored
Rb- whereas polar residues favored K'. Hydrophobic substitutions enhanced TEA
blockade consistent with a hydrophobic component in the interaction between TEA
and the pore. Interactions between conducting ions and TEA blockade led to an
interpretation in which both the side chains at 374 and the peptide backbone were
involved in selectivity and internal TEA blockade.

PORE OR CORE INACTIVATION

Three regions of the amino acid sequence of K' channels are important for inactiva-
tion, the N terminus, the sixth transmembrane segment S6, and the P region. A
comparison of the inactivation properties expressed by alternatively spliced Shaker
cRNAs showed that differences in the N or C termini were responsible for differences
in rates of inactivation."5

An N-terminus stretch of 19 residues was shown to be responsible for fast inactiva-
tion, and a more distal stretch of residues modified the rate at which inactivation
occurred.'" This gave use to the term N-terminus (N-type) inactivation and the ball-and-
chain physical model for the process.

Inactivation was different in alternatively spliced Shaker channels that shared com-
mon N termini but differed in C termini (C-type).'" Sbak A and B channels with the
same N-terminal deletions differed markedly in their inactivation rates.'-

The S6 residue responsible for the C-type inactivation in Shaker was located near
the external mouth of the pore.' 7 In lymphocytes, a His at a corresponding position part
of the external TEA receptor when protonated produced large changes in inactivation, "
Thus residues in the hydrophobic core as opposed to the charged, non-hydrophobic
N-terminus appeared to contribute to inactivation of the non-"ball" type. Point rever-
sions of a chimeric K* channel showed that a Val-Ile reversion at a position in the
tunnel or deep part of the pore" produced a novel phenotype with the unique property



78 ANNALS NEW YORK ACADEMY OF SCIENCES

of rapid inactivation but unitary conductance was unchanged. Subsequently, a ValhSer
substitution at the same position produced more complete inactivation and marked
reduction in conductance, confirming this position to be in the pore.'

P-type inactivation differed from C-type inactivation as originally described, be-
cause external TEA rather than slowing inactivation, increased channel availability.
At higher concentrations external TEA did produce blockade. It was unlikely that
the pore mutations introduced a receptor for N-terminus inactivation since internal
TEA scaled the current downward but did not slow inactivation.

For inactivation produced by substitutions of pore residues, external K- slowed
inactivation and increased recovery from inactivation. Thc results seem to indicate a
highly complex situation in which TEA and K' receptors near the external mouth
of the pore couple to an inactivation process within the pore. There appears to be
an external site at which TEA produces blockade, another site at which TEA has an
enhancing effect on K' currents, possibly the same site as the one responsible for the
enhancing effect of K., and there may be a site at which increased Ko slows inactivation.

The effects of external TEA can be accounted for by a closed-closed-open-block
model including transitions between CQ and I4. A fifth state is the blocked state [3,
produced by higher concentrations of TEA. Thus, wc have:

Q, C2 03 B5

14

The I4"Q-C-O transitions are stabilized by lowei concentrations of TEA and enhance
currents. The OB5 transition is stabilized by higher concentrations of TEA to
produce blockade. The potentiating effects of increased K,,' were accounted for simi-
larly while omitting B,.

P- and N-types of inactivation can be compared by testing the effects of internal
TEA injected into oocytes with the method described by Taglialatela et al.2' For N-type
inactivation, internal TEA prolonged the currents whereas for P-type inactivation
internal TEA simply reduced the currents."

Both P- and C-types of inactivation involve residues in or near the pores and ma'
share a similar mechanism. They may be distinguished from the N-terminus "ball"

type of activation'" and from deletions of the C-terminus, which in Kv2.1 increased
the rate of inactivation.' Since the distinction lies between inactivation mechanisms
involving the non-conserved cytoplasmic N- and C-termini and inactivation mecha-
nisms involving the conserved hydrophobic core, a more suitable nomenclature would
be core and non-core inactivation.
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UNIQUE P-BARREL K' PORE

A [3-barrel structure composed of four P3-hairpins has been proposed.-7. Based on
these results, two more specific examples of 03-barrel K* pores have been described.'2 2 

2

Neither of these structures predicts the results presented here. Also, they do not
incorporate new findings indicating that the residues at 37414 and 369'" are at the
surface and that position 369 appears to be closer to the external mouth of the pore."'

We have developed a unique [3-barrel model that deals with the region of the
pore where positions 369 and 374 interact. The strands consist of amino acids 364-
371 and 372-389, and have a "right-handed" tilt. Intra- and inter-strand hydrogen
bonding of the backbone as is found in [3-sheets are present. Residues 369 and 374
are at the surface and residue 369 is closer to the external mouth than residue 374.
The strands are joined to obtain a continuous stretch from 364 to 379 and additional
subunits are generated by fourfold rotation around the axis of the 13-barrel.

The side chains at 369 and 374 may interact between subunits and within a
subunit, residues 369 and 374 are in register for 13-sheet hydrogen bonding.

Small energy differences resulting from mutations at 369 and 374 produce changes
in TEA affinity and ion conduction and these are explained by changes in van der
Waals interactions. Side chains that are too large or have altered flexibility may have
unfavorable van der Waals interaction, leading to a less stable barrel, shortened open
times, and altered ion conduction. Side chains that are too small produce a pore that
is too capacious and Rb" is preferred over K'." When the side chains are optimal.
a unique K* pore phenotype is expressed.
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INTRODUCTION

Voltage-dependent calcium channels play important roles in the regulation of a
variety of cellular functions, including membrane excitability, muscle contraction.
synaptic transmission, and secretion."- Several types of calcium channels are known
to be co-expressed in single cells and different types of cells apparently use these channels
for different purposes. We are interested in the structure-function relationships of
calcium channels and the molecular basis of specialization of individual types of channels
for particular functions. For this purpose we have used skeletal muscle and cardiac
dihydropyridine (DHP) receptor cDNAs as important representatives of the voltage-
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dependent calcium channels and have used primary cultured myotubes of skeletal
muscle from dysgenic mice as an expression system.

EXPRESSION OF SKELETAL MUSCLE
AND CARDIAC DHP RECEPTOR

Both skeletal muscle and cardiac DHP receptors function as calcium channels and
as essential components of excitation-contraction (E-C) coupling but these two kinds
of DHP receptors display important functional differences.' To understand the molecu-
lar basis for these differences, we have injected expression plasmids carrying the entire
protein coding sequence of the rabbit skeletal muscle DHP receptor cDNA' (pCAC6)
or the cardiac DHP receptor cDNA' (pCARDI) into nuclei of dysgenic myotubes
in primary culture.

As a consequence of a mutation of the gene encoding the skeletal muscle DHP
receptor,"' depolarization does not cause contraction of dysgenic myotubes.i-' How-
ever, both pCAC6-injected and pCARD1-injected dysgenic myotubes, examined 2-3
days after injection, displayed spontaneous and electrically evoked contractions. Thus,
both skeletal muscle and cardiac DHP receptors restored depolarization-contraction
coupling, although the nature of this coupling is different for the two kinds of DHP
receptor. Like normal myotubes, dysgenic myotubes injected with pCAC6 underwent
electrically evoked contractions in normal rodent Ringer's solution, in Ca: -- free Ringer,
and in 0.5 mM Cd-"-containing Ringer. Thus, Ca"2 entering across the sarcolemma
is not necessary for E-C coupling mediated by the skeletal muscle DHP receptor."4 "
On the other hand, pCARD I-injected dysgenic myotubes displayed electrically evoked
contractions in normal rodent Ringer, but not in Ca• -free Ringer or in 0.5 mM
Cd2 -containing Ringer. Thus, unlike the E-C coupling that is restored in dysgenic
myotubes by injection of pCACo, depolarizauon-contraLlion coupling rcstorcd in
dysgenic myotuhes by injection of pCARD1 requires the voltage-dependent entry
of Ca 2'. Experiments using caffeine-treated myotubes suggested the involvement of
Ca2`-induced release of Ca2

* from the sarcoplasmic reticulum (SR)" in depolarization-
contraction coupling in pCARD I injected myotubes. Thus, it appears that depolariza-
tion-contraction couphing in pCARDI-injected dysgenic myotubes mimics coupling
in cardiac cells' 7 -': Ca"' entry is required and the Ca2" that enters triggcrs adilion.ý
Ca2` release from the SR.

All dysgenic myotubes that had been injected with pCAC6 or pCARDI and
observed to contract expressed L-type calcium current, but the nature of these currents
was very different.' In pCAC6-injected myotubes, the rate of activation was slow,
similar to that observed in normal skeletal muscle.2"' In contrast, the L-type calcium
current in pCARD I-injected myotubes activated more rapidly, like the L-type current
in cardiac muscle. 22 2'

LOCALIZATION OF FUNCTIONAL REGIONS

As described above, injection of an expression plasmid carrying the skeletal muscle
DHP receptor cDNA restores both E-C coupling and skeletal I[-type calcium current.
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The restored coupling resembles normal skeletal muscle E-C coupling, which does
not require entry of extracellular Ca"2 By contrast, injection of an expression plasmid
carryingthe cardiac DHP receptor cDNA into dysgcnic myotubes produces cardiac-like
L-type current and cardiac-type E-C coupling, which does require entry of extracellular
Ca". To investigate the molecular basis for these differences in calcium currents and
in E-C coupling, various chimeric DHP receptor cDNAs were expressed in dysgenic
myotubes.

Regions Critical for Skeletal-rype E-C Coupling

In skeletal muscle it has been suggested" " that depolarization causes a molecular
rearrangement of a hypothetical structure, the "voltage sensor," and that this re-
arrangement gates calcium flow across the SR. If the DHP receptor corresponds to this
voltage sensor and controls the release of Ca2 - from the SR"9 in an electromechanical
fashion,2 1.1 then discrete regions of the DHP receptor might interact directly (or
indirectly through a putative linking protein) with the foot region of the rvanodine
receptor2

7 to gate the calcium release channel. 'The main differences in primarm structure
between the skeletal muscle and cardiac DHP receptors reside in the large, putative
cytoplasmic regions, that is, the amino- and carboxy-terminal regions as well as the
regions linking repeats I and II and repeats II and 111. To determine whether any of
these regions are critical for interaction between the DHP receptor and ryanodine
receptor, cDNAs encoding chimeric proteins with one or more of the large, putative
cytoplasmic regions of the cardiac DHP receptor replaced by corresponding regions
of the skeletal muscle DHP receptor were expressed in dysgenic myotubes Examination
of the electrically evoked contraction of these myotubes showed that the putative
cytzplasmic repion linking repeats II and Ill of the skeletal muscle DHP receptor is
a major determinant site for skeletal-type E-C coupling.2 " Furthermore, analysis of
calcium current and intramembrane charge movement indicated that the slow activa-
tion of the skeletal muscle L-type channel is not an obligatory consequence of the
DHP receptor serving as the voltage sensor for E-C coupling. In addition, participation
in direct, skeletal-type E-C coupling does not necessarily -ause a DIIP reccptor to
lose its efficiency as a calcium channel.2"

Regions Critical in Determining Activation Kinetics

For both sodium channels and calcium channels, kinetic analysis of current has
suggested that during activation the channel undergoes several distinct conformational
changes before reaching the open state.`-`4 Based on the structural characteristics of
these channels, it has been postulated that the distinct conformational transitions
inferred from kinetic analysis may be equated with conformational changes of the
individual structural repeats. As a means of testing this hypothesis, cDNAs encoding
chimeric calcium channels in which one or more of the four repeats of the skeletal
muscle DHP receptor were replaced by the corresponding repeats derived from the
cardiac DHP receptor were expressed in dysgenic mvotubes." The current produced
by the expression of pSkCl 5, in which repeat I is skeletal and repeats l1-IV are cardiac,
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activated slowly', resembling the current produced by pCAC6. In contrast, the Lurrent
produced by pSkC 11. in which repeat I , cardiac and repeats 11-IV are skelctal.
activated rapidly, resembling that for pCARD I. Ihe measured currents could be
approximated by a single exponential function, providing a simple measure (T,,,) of
the activation kinetics for different constructs. Because the rate of activation xaries
with test potential. T', was determined in each mvotube expressing a c)NA for a
test potential at or lust above the potential that elicited maximal inward current For
any given plasmid, z.,, shows a considerable range of values. but the data (-ear[. tfal
into two groups with almost no overlap. The only consistent structurad feature that
distinguishes these two groups of chimeric plasrnids is repeat 1. For all chimeric plasmIds
in which repeat I is of skeletal muscle origin. T_, is large, whereas for those in whirh
repeat I is of cardiac origin, T,, is small. Thus a single repeat, the first, governs whether
the calcium channel shows slow (skeletal-like) or rapid (cardiac-like) activation. One
simple mechanism that can account for the results is that each of the four repeats can
independently and reversibly interconvert between resting and activated states, and
that the conformational transition of repeat I might be slow Alternatively, the identirs
of repeat I might affect the interconversion of other repeats.

Functional Significance of the Carbox vi-terminal Regions of Skeleral
Muscle DHP Receptor

Biochemical analysis indicates the presence of two fiorms of the I)1MP receptor
polypeptide in skeletal muscle: a full-length translation product present as a minor
species and a much more abundant form that has a truncated C-terminus. " Ihi,
raises the possibility of different roles for these two molecules "' I o resolve this issue
we have constructed a cDNA (pC6A I) encoding a protein corresponding to the
truncated DHP receptor in skeletal muscle and expressed this cl)N'\ in dvsgenic
myotubes.4"

Dysgenic myotubes injected with pC6A I were found to have restored [-(I cou-
pling, and the fraction with restored E-C coupling was comparable to that obser% ed for
dvsgenic mvotubes injected with pCAC6 Contractions of pC6A 1-injected mvotubes
could be elicited in the absence of external calcium or in the presence of () 5 mM
external cadmium, indicating that the truncated l)--IP receptor encoded b. p('6A I
mediates skeletal muscle-type E-C coupling, which does not require the entry of external
calcium. Expression ot pC6A I restored the intramembrane charge movement that
has been implicated as representing voltage-driven conformational changes of the !)1 tP
receptor functioning a.s the voltage sensor for E-C coupling. l'hus the truncated D)ItP
receptor is able to function as a voltage sensor for skeletal muscle-type E-C coupling

Injection of dysgenic myotubes with pC6A I also rc';totcd skeletal I.-typc calcnii
current with a density, time course of activation. I)MP sensitivity, and efficiencY of
channel function all being very similar to those of I.-type current in dysgenic myotubes
injected with pCAC6. Thus IHP receptors produced by expression of the full-length
or truncated cDNAs seem to differ little in their ability to function as calcium channels
Our results demonstrate that a truncated DI IP receptor, which probably corresponds
closely in length to the predominant form detected biochemically in skeletal m1Uscl.
is able to function not only a-s a voltage sensor for E-C coupling but also as a calcium
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channel. Although we cannot conclude that individual DHP receptors function simulta-
neously as channel and voltage sensor, our results are consistent with the idea that
both of these functions are performed in skeletal muscle by a single class of DHP
receptors.

CONCLUSIONS

Bv- expressing the cDNAs encoding skeletal muscle, cardiac, chimeric, and truncated
DIIP receptors in dysgenic myotubes, we have identified several significant regions
that determine the specific character of calcium channel molecules. Expression of
cDNAs encoding chimeras with one or more of the large, putative cytoplasmic regions
of the cardiac DHP receptor replaced by corresponding regions of the skeletal muscle
DHP receptor, showed that the putative cytoplasmic region linking repeats 11 and IIl
is a major determinant of skeletal muscle-type E-C coupling. Expression of cDNAs
encoding chimeras in which one or more of the four repeats of the skeletal muscle
DHP receptor are replaced by the corresponding repeats derived from the cardiac
DHP receptor, showed that the repeat I determines whether the chimeric calcium
channel shows slow (skeletal muscle-like) or rapid (cardiac-like) activation. Expression
of eDNA encoding a truncated skeletal muscle DHP receptor suggests that a single
molecular species of DHP receptors performs dual functions as calcium channel and
voltage seosor for E-C coupling.
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The influx of calcium through voltage-dependent calcium channels plays a vital
role in the regulation of a variety of cellular functions, including membrane exci,abilitv,
enzyme activity, axonal outgrowth, muscle contraction, and neurotransmitter release.
Establishing criteria for distinguishing between the many types of calcium channels
is a prerequisite for elucidation of molecular mechanisms that underlie diverse cellular
processes.'

Biophysical and pharmacological criteria are usually employed as a first step towards
identifying the type of channel involved in a particular physiological process. On the
basis of electrophysiological and pharmacological properties, at least four types of
calcium channel (designated T-, L-, N-, and P-type) have been distinguished (TABLE
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1).' 2 L-type calcium channels are high voltage-activated, sensitive to dihydropyridinc

(DIHP), and show a single-channel conductance of 22-27 pS. They are found in
virtually all excitable tissues and in many non-excitable cells. They trigger excitation-
contraction coupling in skeletal muscle, heart, and smooth muscle and they control
hormone or transmitter release from endocrine cells and some neurons. The N-type
channel is a high voltage-activated calcium channel largely restricted to neurons. It
differs pharmacologically from L-type in being resistant to DHP and irreversibly
blocked by .0-conotoxin (w-CgTx)."- In addition, .o-Cglx inhibits transmitter release
in a variety of mammalian neuronal preparationsY" thus supporting the hypothesis"'
that influx of calcium through N-type calcium channels controls neurotransmitter
release. Additionally, N-type calcium channels also appear to play a role in directed
migration of immature neurons."' P-type calcium channels, first identified in Purkinje
cells,'12' are found in a variety of neurons. 4 They are high voltage-activated calcium
channels selectively blocked by co-agatoxin-IVA (w.0-AgalVA)' or funnel-web spider
toxin (FTX),'' but insensitive to both DHP and w-CgTx. P-type channels play an
essential role in inducing long-term depression. T-type calcium channels are known
as low voltage-activated calcium channels and called "fast" because they inactivate
rapidly. T-type channels are sensitive to Ni2', amirolide, and octanol, but they are
resistant to DHP and (o-CgTx. They have a single-channel conductance of - 8 pS.
T-type channels have been implicated in repetitive firing and pacemaker activity in
heart and neurons.

However, recent results indicate that on the basis of these criteria it ma' not be
possible to assign unequivocally a measured calcium current to the currently defined
T, N, L, or P categories, and that currents of a particular pharmacological specificity
may vary considerably in their biophysical properties. "-`1 Thus, it is critical to establish
the electrophysiological and pharmacological properties for calcium channels of known
molecular identity. Over the last five years, there have been rapid advances in molecular
biological approaches to calcium channels. The approaches have been proven to be
a powerful way to aid the understanding of the diversity of volt age-dependent calcium
channels.

TABLE 1. Functional Classification of Voltage-dependent Calcium Channels

Type Properties Function

T type Low voltage-activated, blocked by Pacemaker activity and repetitive
low Ni*' and octanol, inactivates firing in heart anti neurons
rapidly

L type High voltage-activated, blocked by Excitation-contraction coupling,
dihydropyridine antagonists and excitation-secretion coupling in
low Cd 2' endocrine cells and some neuron,

N type High voltage-activated, blocked by Trigger neurotransmitter release
co-conotoxin and low Cd1 '

P type High-voltage activated, blocked by Trigger neurotransmitter release,
co-AgaIVA, insensitive to calcium spike in some neurons,
dihydropyridine and co-conotoxin induces long-term depression



MORI er a.: MOLECULAR DIVERSITY OF CA"+ CHANNEL 89

TABLE 2. Molecular Classification of Voltage-dependent Calcium Channels

Numa Snutch Perez-Reyes Functional
Class Class Class Primary Tissue Location Class

Sk - I skeletal muscle L type
C C 2 heart, smooth muscle L. type
BIV D 3 brain, pancreas 1. type
BI A 4 brain P type
BII E - brain
Bill B 5 brain N type

STRUCTURAL DIVERSITY AND DIFFERENTIAL EXPRESSION
OF CALCIUM CHANNELS

Biochemical and molecular biological approaches began with studies of the L-type
calcium channel (the DHP receptor) complex in skeletal muscle.2 2 The DHP receptor
has been purified from skeletal muscle by several laboratories.21-28 The receptor is
composed of the al subunit (170 kD polypeptide), thea 2 subunit (140 kD polypeptide),
the 13 subunit (55 kD polypeptide), and the y subunit (33 kD polypeptide). A stoichio-
metric ratio of 1: 1:1:1 was obtained for the a,, a12, [3, and y subunits, respectively,
which suggests that all four subunits are integral components of the DHP receptor. '
The 8 subunit has been observed as small proteins of 24-33 kD disulfide-linked to
a2 subunits to form a 2/8 .2' The subunit compositions of calcium channel complexes
from other tissues are not exactly the same as those from skeletal muscle. 1 -'"2 One
form of [-type calcium channels in brain contains at,-like subunit in association with
a 2/8-like and 13-like subunits. The brain o-CgTx-sensitive N-type calcium channel
contains components homologous to the a, subunit,'-. the a2 subunit," "0 and the
13 subunit'-" of the DHP receptor. An additional polypeptide of 110 kD'` or 100
kD" is present in N-type or L-type calcium channels, respectively, from brain. Other
polypeptides of 36 kD, 28 kD," and 58 kD`" associated with (o-CgTx receptors have
also been reported. Using FTX to form an affinity gel, a protein with an apparent
molecular mass of 90-100 kD was isolated from brain.'

Molecular biological studies have revealed an even greater diversity than functional
studies among calcium channels, arising from multiple genes and alternative splicing
of the composing subunits. Recent evidence suggests that a, subunits are encoded by
a gene family comprising at least six distinct genes (TABLE 2). Amino acid sequences

FIGURE I. (Followingfour pages.) Alignment of amino acid sequence of the different calcium chan-
nels. The six sequences compared (from top to bottom). Bill, BP%; BI•P4 rabbit cardiac musle
DHP-sensitive calcium channel (C)'; rabbit skeletal muscle DHP-sensitive calcium channel (Sk)">
human brain DHP-sensitive calcium channel am (D)." The sequences for BI and BII are those of
the BI-2 and B11-2 isoforms, respectively. Sets of six identical residues at one position are enclosed
with solid lines, and sets of six identical or conservative residues," with broken lines. The conserved
sequences (aligned positions 106-827 and 1333-213 1) adopted to infer the phylogenetic tree (Fl(.
3) are indicated by arrows. The numbers of the amino acid residues at the right end of the individual
lines are given. Segments S1-S6 in each repeat are shown.
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of the six classes of calcium channels have been deduced by cloning the sequencing
of the cDNAs (FIG. 1). All the a, subunits share general structural features with
voltage-dependent sodium channels, thus apparently having the same transmembrane
topology proposed for sodium channels.42 They contain four repeating homologous
units and each repeat has one positively charged segment (S4), which probably repre-
sents a voltage-sensing region,4" and five hydrophobic segments (SI, S2, S3, S5, and
S6). The conserved charged residues in segments S2 and S3 are also retained. 2 The
glutamic acid residues in the SSI-SS2 region, which may be critical for ion selectivity
of calcium channels,44 are conserved among the ct, subunits. Previous cDNA expression
studies suggest that the function of the sodium channel can be manifested by the large
subunit.4 Thus the striking structural similarity found between the at, subunit and
the sodium channel may imply that the at subunit itself is a voltage-dependent channel
protein. cDNA expression studies of calcium channels support this notion and are
discussed later in this paper.

The skeletal muscle DHP receptor (class Sk calcium channel) cDNA was cloned
first of all the a, subunits.24 Using immunochemical techniques, this channel was
detected only in skeletal muscle.4" A prominent transcript of the class Sk channel was
detected onl) in RNA preparations from skeletal muscle by Northern blot analysis.4

However, successful isolation of class Sk channel cDNAs from brain, pancreatic [3-cell-
derived HIT cells, and ovary implies that this class cannot be considered as exclusively
a Nkeletal muscle gene." The class Sk channel is expressed in a developmentally regulated
fashion, being induced upon myogenic differentiation .4649 Splice variants of this class,
which differ in the region between S 3 and S4 of repeat IV,48 and, interestingly, cDNAs
encoding a two-motif isoform of the class Sk channel have been isolated."

The class C calcium channel is a ubiquitous calcium channel. cDNAs encoding
the class C channel were isolated from heart," lung, 2 aorta," brain,' 4 skin fibroblast
cell line," ovarian cells, and hamster pancreatic 13-cell-derived HIT cells.4" Expression
of this class in intestine, stomach, sp;nal cord, pituitary, adrenal gland, liver, kidney,
testes, and spleen was shown by Northern blot analyses and analyses using polymerase
chain reaction (PCR).485 '"4 The class C channel mRNA was also found in earlNx
skeletal muscle myotubes." Numerous isoforms of the class C channel are generated
by alternative splicing at different sites." Q2-54.5,7 The sites of structural variation due
to alternative splicing are located in the N-terminal portion, the region between segment
S5 and S6 of repeat I (IS5 and IS6, respectively), IS6, two regions in the vicinity of
IIS6, the region between repeats I and 11 (1-I loop), the I-III loop, IIIS2, IVS3 and
its vicinity, and the carboxy-terminal region. The variability within IVS3 is generated
by a developmentally regulated, mutually exclusive splicing mechanism."' Differential
expression of these variants was shown by PCR analysis of RNAs from different
tissues.54

Class BIV (or class D) calcium channel cDNAs were isolated from brain, human
neuroblastoma IMR 3 2 cell line, pancreatic islet cells, hamster pancreatic 13-cell-derived
HIT cells, and ovarian cells. " 8 - Therefore the BIV channel is called the neuroendo-
crine type.'" Expression of this class in pancreatic 13 cells'9 and in cells from the central
nervous system"' was shown by in situ hybridization. Multiple types of the class BIV
channel isoform are generated by alternative splicing.41 '9 ° Variable regions of this
channel are located in IS6, the I-Il loop, IVS3 and its vicinity, and the carboxy-terminal
region.
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Until recently, molecular identification of calcium channel has been limited to
L-type calcium channels. The class BI (or class A) calcium channel cDNA is the first
cloned non-L-type calcium channel cDNA." " The presence of multiple isoforms of
this class, generated by alternative RNA splicing, has been reported. 2 The sites of
variation are located in the II-III loop, the vicinity of IVS6, and the carboxy terminal
region. The class BI channel is distributed widely in the brain, being abundant in the
cerebellum.62 Blotting analysis of RNA from the cerebellums of mutant mice with
different types of cerebellar degeneration suggested that this channel is expressed in
Purkinje cells and granule cells. Expression of this class in the heart"2 and pituitaryv
was also demonstrated.

The class BII (or class E) calcium channel cDNA was also isolated from the brain."
Two isoforms, possibly generated by alternative splicing, differ from each other in
the carboxy-terminal sequence. The spatial distribution of the class B11 channel in the
brain is different from that of the class BI channel. This class is abundant in cerebral
cortex, hippocampus, and corpus striatum.

Class Bill (or class B) calcium channel cDNAs were clckied from brain"' and human
neuroblastoma IMR32 cell line.66 Two isoforms, that differ at the carboxy-terminal
region, are generated by alternative RNA splicing.6 Polyclonal antiserum generated
against a peptide from the class Bill sequence selectively immunoprecipitates high-
affinity c0-CgTx binding sites from forebrain membranes." RNA preparations from
different rabbit tissues and from different regions of rabbit brain were subjected to
Northern blot analysis with a Bill cDNA probe (data not shown). Of all the tissues
studied, only the brain expressed a major hybridizable RNA species (- 9.500 nucleo-
tides in length). A Bill mRNA species of - 9,500 nucleotides was present in the cerebral
cortex, hippocampus, corpus striatum, midbrain, and cerebellum. An additional mRNA
species of - 9,300 nucleotides was observed in the striatum and midbzain. This class
is expressed also in calcitonin-secreting C-cells and undifferentiated and differentiated
rat pheochromocytoma PC- 12 cells." Notably, the distribution of BIll mRNA within
rabbit brain is rather different from that of rbB-I mRNA within rat brain."' In rabbit,
Bill mRNA appears most abundantly expressed in the striatum and midbrain, while
in rat, rbB- I is relatively more abundant in the cerebellum, hippocampus, and thalamus-
hypothalamus than in other brain regions. This suggests the possibilities that similar
neuronal functions in the two species are carried out by different types of calcium
channels or that there are differences in synaptic architecture. Alternatively, differences
in developmental age may account for the distinct patterns of tissue distribution.

In situ hybridization histochemistry of the Bill channel revealed widespread but
uneven signals throughout rabbit brain (FIG. 2). The Bill mRNA was detectable in
the olfactory bulb (the external and internal plexiform layers and the mitral and granular
cell layers), anterior olfactory cortex, olfactory tubercle, caudate-putamen, primary
olfactory cortex, neocortex, entorhinal cortex, hippocampal formation, amygdaloid
nucleus, thalamus-hypothalamus, colliculus, cerebellar cortex, and medulla-pons (the
motor trigeminal nucleus, facial nucleus, lateral reticular nucleus, and inferior olivarv
nucleus). The BI mRNA was found in similar brain regions as the Bill mRNA, but
at different expression levels (autoradiography carried out for 18 days and 5 days for
Bill and BI probes, respectively, in FIG. 2(A); 38 days and 12 days in FIG. 2(B and
C)). Dark-field observation of emulsion-dipped hippocampal sections (FIG. 2, B) showed
that BI mRNA expression was prominent in CA 3 hippocampal pyramidal cells and
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FIGURE 2. Spatial distribution of Bill and BI calcium channel mRNAs determined with in siau
hybridization histochemistry. Cryosection preparation (12 ptm in thickness) and in situ . ,;bridization
were performed essentially as described previously " (A) Film autoradiogram of coronal section,
hybridized with l"SIBIII and BI cRNA probes. Bar = 5 mm The film was Htyper [-max (Amersham.
Buckinghamshire, UK). (B and C) Dark-field observation of emulsion-dipped coronal sections of the
hippocampal formation (B) and cerebellar lobes (C). hybridized with ["SIBIII and BI cRNA probes
(B) Bar = 100 p.m (C) Bar = 50 p.m The emulsion was NB2 (Kodak, Rochester. NY)

hilar cells, whereas the expression level of Bill mRNA was relatively lower in these
neurons than that in CA 1-2 pyramidal cells or dentate granular cells. In the cerebellum
(FIG. 2, C), BI mRNA was predominantly expressed in the Purkinje cell laver and,
at a slightly lower level, in the granular cell layer. I'his distribution agrees well with
the distribution inferred from Northern blot analysis of RNA from cerebellums of
mutant mice having different types of cerebellar degeneration." The Bill mRNA was
also present in Purkinje cells and in granular cells at a low density. The BI mRNA
encodes a calcium channel insensitive to both o)-CgTx and DHP,": whereas the BIll
mRNA encodes a (o-CgTx-sensitive calcium channel (see below). Thus, differential
expression of the BI and BIll channels may underlie the electrophysiological and
pharmacological heterogeneity of calcium currents that has been described for neurons
of different types.' 4

A phylogenetic tree indicates that the a, subunits of voltage-dependent calcium
channels can be classified into two subfamilies (FIG. 3). One is the DHP-sensitive
L-type calcium channel subfamily consisting of the cardiac muscle, skeletal muscle.
and neuroendocrine BIV (aom) channels. The second is the channel subfamily consisting
of the BI, BII, and Bill calcium channels, which are predominantly or exclusivel,'
expressed in neuronal tissues. These two subfamilies diverged from a common ancestor.
although it remains unclear when the divergence occurred. It is evident that each of
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FIGURE 3. Identitv (similarity) matrix (A) and phylogenetic tree (B) for members of the calcium
channel family. (A) The calculations are based on the alignment in FiGuocL 2 Gaps are counted a,
one substitution regardless of their length. The percentages of overall amino acid identity (or sinmlarity
calculated for identical plus conservatie residues-) of the calcium channel pairs are show n on the
upper right side of the diagonal. and the percentages of identity (or similarity) %& [thin the conriser d
sequences (aligned positions 106-827 and 13 3 3-2131 in FiG 2) on the lowver left side BI and BII
represent BI-2 and B1I-2 sequences, respectively. (B) The neighbor-joining method" was used. the
conserved sequences were adopted for the calculation ILengths of horizontal lines arc proportional
to estimated numbers of amino acid substitutions.

the subfamilies further diverged at about the same time, creating the six currently
known members of the calcium channel family. The phylogenetic tree also indicates
that the relationship between BIII and BI is closer than those between Bill and BIi
and between BI and BIl. The regions corresponding to the four internal repeats and
the short segment between repeats III and IV (Ill-IV loop) are relatively well conserved.
However, the remaining regions, all of which are assigned to the cxtoplasmic side of
the membrane, are less well conserved. The amino acid sequences of the putative
cytoplasmic region between repeats 1I and III (Il-Ill loop) and the C-terminal region
are highly diverged among calcium channels.

HETEROLOGOUS EXPRESSION OF CALCIUM CHANNELS

To relate the molecular classification of calcium channels to their functional classifi-
cation, expression of mRNAs or cDNAs in foreign cells has proven to be essential.
This form of functional reconstitution is termed heterologous expression, and several
expression systems have been developed for calcium channels. The most favored expres-
sion system for calcium channels is based on the injection of mRNAs into Xenopus
oocytes, which serves both as decisive proof of successful cloning and as a useful tool
for studying structure-function relationships of various types of ion channels. To
reconstitute a particular calcium channel subtype, it is desirable to inject the subtype-
specific mRNA in oocytes. This has become possible by in vitro transcription of cDNAs
using the bacteriophage SP6 promoter.5 : The technique has provided an effective
approach to the study of whli roles the individual subunits, domains, or amino acids



98 ANNALS NEW YORK ACADEMY OF SCIENCES

play in the operation of calcium channels. Techniques of expression in mammalian
cells also offer a useful way to study functional properties of calcium channels

In Xenopus oocytes, mRNA derived from the class C calcium channel cI)NA
isolated from heart directed the formation of a functional DHP-sensitive calcium
channel current." The Ba:' current carried by the channel was high voltage-activated.
increased several times in amplitude by BAY K 8644, and virtually abolished by
nifedipine and Cd:" Properties of a splice variant of the class C channel from lung
were similar to those of the class C variant from heart in oocvtes.l These resultsindicate that the a: subunit alone is sufficient to exhibit L-type calcium channel activity
Co-injection of th,. skeletal muscle 0.2 subunit enhanced the peak inward current about
three times in amplitude. The increasing effect on the activity of class C channel was
observed also for coexpression of the class CaB I 3 subunit from skeletal muscle,' "
the class CaB2 13 subunit from brain-' and heart,'" the class ('aB3 13 subunit from
heart,' 2 and the y subunit from skeletal muscle In Chinese hamster ovary (CHO)
cells, the class C channel cDNA from smooth muscle alone was sufficient for stable
expression of functional calcium channels.-' The single-channel conductance was 26
pS with 80 mM Ba2" as the charge carrier, corresponding with 24.6 pS in vascular
smooth muscle.

The class Sk channel-specific mRNA has failed to direct l.-type calcium channel
activity in oocvtes. Skeletal muscle mvotubes from mice with muscular dvsgenesis
(mdg has proved to be a useful expression system for various classes of calcium channels
mdg is a fatal autosomal recessive mutation' that is expressed in skeletal muscle as a
failure of excitation-contraction (E-C) coupling-' and absence of the slow 1)1IP-PsensitlC
l.-tNpe calcium current.-' Blot hybridization analysis of genomic DNA and skeletal
muscle RNA suggested that the mdg mutation alters the struitural gene for skeletal
muscle DHP receptor." Both functional defects of dysgenic myotubes were restored
by microinjection of the class Sk channel (the skeletal muscle DtIP receptor) cDN..\
Cardiac L.-type calcium channel, which activates more rapidly than the skeletal muscle
calcium channel. was also expressed in myotubes from mdg mice by microinjection
of the class C channel cDNA from heart."' E-C coupling restored by injection of the
class C cDNA didn't require entry of extracellular Ca' * . in contrast to that restored
by injection of the class Sk channel. Thus the behaviors of the expressed calcium
chiannels mirror the physiological situation in skeletal and cardiac muscle

Skeletal muscle l.-type channel was stably expressed in murne 1.-cells -' The class
CaBI 13 subunit eDNA from skeletal muscle was transfected to examine its functional
roles. Coexpression of the 13 subunit accelerated activation kinetics and increased drug
binding sites, but did not increase the currents.' "

The two class BI (class A) channel isoforms (BI-I and BI-2) were expressed in
oocytes.P Both isoforms were high voltage-activated; insensitive to Ni , nifedipine.
and w-CgTx, and inhibited moderately by Bay K 8644 and strongly by funnel web
spider venom and low' concentrations of Cd' with the half-blocking concentrations
of 0.5 uM. The single-channel slope conductance of the BI channel was 16 pS with
I10 mM Ba'" as the charge carrier. Thus the properties of the BI channel as well as
its tissue distribution suggest that the BI channel represents the P-type channel. Oocvtcs
injected with the BI-specific mRNA alone showed only small inward Ba2" current in
40 mM external Ba"2 . But when the a2 subunit and the class CaB I 13 subunit from
skeletal muscle were coexpressed, the Ba'" current increased by two orders of magni-
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tude. Coexpression of the a2 or the 13 subunit alone increased the current to a much
smaller extent, the latter being more effective than the former, whereas coexpression
of the skeletal muscle y subunit exerted no significant effect.

The class BIV (class D) channel expressed in oocytes was the DHP-sensitive L-type
channel.'"' Coexpression of the neuronal-type splice variant of the class CaBI 13 subunit
was necessary for the functional expression of the BIV channel, whereas the neuronal-
type splice variant of the a2 subunit played an accessory role that potentiates calcium
channel activity. The BIV channel was reversibly blocked by co-CgTx. This observa-
tion, together with the distribution of both the class C and class BIV channels in
neurons, may imply that the class BIV represents the neuronal L-type reversibly in-
hibited by k-CgTx' and the class C represents the neuronal L-type insensitive to
(o-CgTx. "

To address functional properties of the Bill calcium channel, an expression plasmid
carryingthe full-length Bill cDNA (pKCRB 3) was injected into cultured skeletal muscle
myotubes from mice homozygous for the muscular dysgenesis mutation. Dysgenic
myotubes endogenously express only a low voltage-activated (T-type) calcium cur-
rent," and also a very low level of , a high voltage-activated (HVA) calcium
current that is blocked by dihydropyridines. Previous studies have shown that dysgenic
myotubes injected with cDNAs encoding cardiac and skeletal muscle DHP receptors
express high levels of DHP-sensitive calcium current. In these studies, the injected
myotubes that were expressing cDNAs encoding DHP receptors could be identified
on the basis of contraction in response to electrical stimulation. " However, in the
case ofdysgenic myotubes injected with pKCRB 3, contractions in response to electrical
stimulation were not observed. Thus, 3-4 days after injection of pKCRB3, we ran-
domly assayed the injected myotubes using the whole-cell patch clamp technique to
determine whether they were expressing HVA calcium current. Of 43 injected inro-
tubes examined, 14 expressed an appreciable density of HVA calcium current.

An example of currents recorded from a Bill-expressing cell are illustrated in Fi(;LRF.
4(A). In this cell, test depolarizations to potentials > - 10 mV elicited a partially
inactivating current that became maximal for a test pulse to + 30 mV (FIG. 4. B). In
other cells, the maximal current occurred at potentials ranging from + 10 to + 30
mV, with + 20 mV being the most common. This voltage dependence is similar to
that previously reported for N-type current.' 2 The time course of the expressed
current, which was similar with either Ca" or Ba 2 as the charge carrier (data not
shown), resembles that of both the ensemble average determined for a single N-type
channel in a differentiated PC 12 cell' 6 and the o-CgTx-sensitive currents produced
in HEK293 cells by transfection with eDNA isolated from human neuroblastoma
cells."6 At a test potential for + 20 mV, the magnitude of the peak current averaged
6.89 ± 0.65 pA/pF (n = 14). The expressed current was insensitive to dihydropyridine
antagonists. In 7 cells, the maximal current after addition of I mM (+) PN 200-110
was nearly identical (110 ± 4%) to the current recorded prior to the addition (run-up
of the expressed current, which occurred even in the absence of any solution change,
probably accounts for the small increase). It has been shown that depolarizing prepulses,
which are too weak to activate N-type current (as defined by sensitivity to o-CgTx),
substantially inactivate the transient component of the current activated by a subse-
quent, stronger depolarization."' FIGURE 4(C) shows that this is also the case for the
current present in myotubes expressing pKCRB3 since the transient component of
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the current elicited by depolarization from - 80 to + 20 mV is substantially reduced
when the depolarization to + 20 mV is preceded by a 1 sec prepulse to -20 miV.
On average, I sec prepulses to - 20 mV and - 30 mV reduced the transient component
at +20 mV by 75.2 + 3.1% (n = 3) and 62.6 + 2.3% (n = 6), respectively.

An irreversible block by o)-CgTx is increasingly accepted as a defining attribute
of N-type calcium channels."4' 6 FIGURE 4(D) illustrates the effect of 10 mM (o-CgTx
on the current in a myotube expressing the Bill calcium channel. This block required
several minutes to reach a steady-state and could not be reversed by prolonged washing.
For a 300 msec test pulse to +20 mV, 10 mM o-CgTx reduced the peak current,
and the current sustained to the end of the test pulse, respectively, bv 85.6 + 4.1

A B Test Voltage (mV)
-10 -60 +60

+ 10-

+ 50

+30

C D CL
U/

0

50 ms -2000

2

<<

0o
0o
0 0

50 ms 50 ms

FIGURE 4. N-type whole-cell calcium currents in dysgenic mvotubes expressing Bill ct)NA (A)
Family of calcium currents elicited by test depolarizations ( ,i,) to the indicated potentials ()n\
that were applied from a holding potential (HP) of - 80 mV (B) Peak current-voltage relationship
for the cell illustrated in (A). The small amount of current at negative test potentials represents the
endogenous T-type current (1,,) of dysgenic myotubes " (C) A depolarizing prepulse pretcrentially
inactivates the transient component of expressed N-type current The test depolarization ( + 20 mV)
waus applied either directly from the HP of -80 mV (I) or after a I sec prepulse to -20 rnV (2)
(D) Expressed N-type current recorded before (1) and after (2) exposure to wo-Cgxl' Between the
recordings of traces I and 2, the cell was exposed for 5 min to 10 iaM o-Cgl'x (GVIA and then
extensively washed with toxin-free solution for another 5 mim. The residual current after exposure
to wo-CgTx likely represents unblocked T-type current. V\', = + 40 mV. lip = - 80 mV In both
(C) and (D) I laM ( + ) PN 2(X)-I 10 was present throughout the experiment to block an' endogenous
I,',,"I All currents were measured with an 'external solution" containing (all concentrations are given
in mM) 10 CaCI, 145 Tetraethylammonium-CI, 0.003 tetrodotoxin, and l0 tIEPES (plt 7 4 with
CsOH) and an "internal solution" containing 140 Cs-aspartate, 10 Cs,-EGTA, 5 MgI. and 10
HEPES (pH 7.4 with CsOtl).
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and 87.5 + 5.8% (n = 5 cells, including 4 that were exposed continuously to 1 mM
(+) PN 200-110 to block any endogenous U).

In addition to examining whole-cell currents in pKCRB3-injected myotubes, we
also examined currents in cell-attached patches. FIGURE 5(A-C) illustrates unitary activ-
ity of Bill calcium channel in response to test depolarizations to - 10, + 10, and + 30
mV. Channel openings were relatively rare at a test potential of - t0 mV, became
increasingly frequent at + 10 mV, and still more frequent at + 30 mV. Occasionally,
as many as three channels were observed to be open simultaneously in this patch
(e.g., beginning of second trace in FIG. 5, C). A plot of unitary current amplitude
versus membrane potential (FIG. 5, D) yielded a slope conductance of 15 pS for the
channels in this patch. Based on a total of five experiments, the average slope conduc-
tance was 14.3 ± 2.2 pS, a value similar to previously published values for N-type
channels."'. 17.84

As noted above, dysgenic myotubes endogenously express both T-type calcium
current and a low density of the DHP-sensitive calcium current ,. However, it is
very unlikely that the calcium channels that produce these endogenous currents are
contributing to the unitary activity like that illustrated in FIGURE 5. First, for all the
cell-attached recordings, the pipette solution contained 1 mM (+) PN 200-1 10, a
concentration sufficient to produce nearly complete block of I,,,. 8 Second, for T-type
channels, the unitary slope conductance is considerably smaller (only - 10 pS), and
activation occurs over a range of potentials >30 mV hyperpolarized, compared to
the expressed Bill channels.4 7"s 6

The ensemble averages of unitary BIII currents (FIG. 5) have a time course qualita-
tively similar to that of whole-cell Bill currents (FIG. 4, A). Each displays both transient
and sustained phase. Thus, these data provide strong support for the notion that a
single molecular species can produce an N-type calcium current exhibiting both inacti-
vating and non-inactivating components"6 and for identifying the Bill calcium channel
as that molecular species.

In initial descriptions, the inactivating and non-inactivating components of HVA
calcium current were assigned to N-type and DHP-sensitive L-type channels, respec-
tively." 2 However, more recent work has demonstrated that in many cells W-CgTx
blocks both inactivating HVA calcium current and a part of the non-inactivating
HVA calcium current that is insensitive to DHP.' 6 ' ,2 8 This sensitivity to co-CgTx
suggested the existence of a non-inactivating component of N current, but did not
establish whether the non-inactivating and inactivating components arose from the
identical channel type. A strong argument that both components do arise from a single
type of channel is the demonstration that both components are reconstructed in
ensemble averages of individual HVA calcium channels in PC 12 , and rat sympathetic
ganglion cells.)7 By a process of exclusion, the recorded individual channels analyzed
in both cell types were very likely of the co-CgTx-sensitive type, but the molecular
identity of individual channels is difficult to establish in native neuronal tissues. Thus,
our results-that inactivating and non-inactivating components are present in both
the unitary and macroscopic currents that are produced by expression of the Bill
channel in dysgenic myotubes-is important evidence in support of the conclusion
that single N-type channels produce both components of current. Additionally, brief
depolarizing prepulses do not provide a useful method of distinguishing N-type channels
from other types since a I sec prepulse to - 20 mV had a comparatively small effect on
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FIGURE 5. Cell-attached patch recordings of N-type calcium channels in a dysgenic myotubc
expressing Bill cDNA. (A-C) Six representative (non-consecutive) records of unitary activity (above)
and the ensemble average (below) obtained from a three-channel patch for each of the indicated test

depolarizations, which were 200 msec in duration and applied from HP = - 90 mV. The pipette
solution contained (in mM): I1O BaCI2, 10 HEPES, 0.003 tetrodotoxin, and 0.001 (+) PN 200-1 10

(pH = 7.4 with tetraethylammonium-OH). The bath solution contained: 145 NaCI, 5 KCI, 2 CaCl,

I MgCI2 and 10 HEPES (pH = 7.4 with NaOH). Linear components of capacitative and leak current
were removed by null subtraction. Ensemble currents are averages of 40 (A), 120 (B). or 100 (C)
individual sweeps. Horizontal scale bars: 50 msec. Vertical scale bars 2 pA (unitary records) or 0.
pA (ensemble averages). (D) Unitary current-voltage relationship for the same experiment as in (A-

C). Each point represents the mean ± s e.m. of at least 6 5 individual openings (except at - 10 mV
where only 12 openings were observed in 40 sweeps) Data were fit by a linear regression, yielding

a slope of 15 pS (R = 0.994).
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the maintained component of current through Bill channels while almost completely
inactivating the transient component (FIG. 4, C).

The effect of the coexpression of the auxiliary subunits on the macroscopic current
properties and pharmacological sensitivities of the class C and class BI channel had
not been reported. However, recent works have shown that the auxiliary subunits
have pronounced effects on macroscopic characteristics such as drug sensitivity, kinetics,
and voltage dependence of activation and inactivation of the class C calcium chan-
nels. 68

.
69

.
72

.
88 The presence of the P3 subunit was required for cAMP-mediated increase

of the class C calcium channel activity.89 It is conceivable that different combinations
between multiple a, subunits and 13 subunits comprise heterologous calcium channel
complexes and contribute to the functional heterogeneity of calcium channels.

CONCLUSIONS

So far, molecular biological studies of calcium channels have justified the former
existing functional classification. Two subfamilies of at subunit, defined from the
molecular point of view, correspond to two classes, L-types and non-L-types, which
can be distinguished by DHP sensitivity (TABLE 2). The L-type subfamily consists of
the class Sk, C, and BIV channels. The expressed class Sk and C channels mirror the
physiological situation in skeletal and cardiac muscle, respectively. The class BIV
channel is the neuroendocrine calcium channel reversibly blocked by co-CgTx. On
the other hand, the non-L-type subfamily consists of the BI, BII, and Bill channel.
The presence of the BI channel in cerebellar Purkinje cells and in granule cells as well
as the pharmacological and electrophysiological properties suggest that the BI channel
represents the P-type calcium channel in neurons. The Bill calcium channel is the
N-type calcium channel in neurons. Because the voltage-sensing region S4,4" the pore-
forming region between SS and S6," and the region between repeats III and IV,
involved in inactivation process,43 are highly conserved among the class BI, BII, and
BIll channels, the class BII channel is supposed be a high vokage-activated non-
L-type channel. Molecular biological studies also aid to settle ambiguity in functional
categorization, i.e., inactivation kinetics of N-type channels and o0-CgTx sensitivities
of the N-type and L-type channels in neurons.

In the future, in which direction should the study of voltage-dependent calcium
channels head? One possible direction is to disintegrate a calcium channel molecule
into structural elements responsible for specific functions, such as Ca2' selectivity,
voltage-sensing, and gating. Another direction is to find other proteins associated with
calcium channels and to integrate them into subcellular structures, i. e., dendritic spines
and presynaptic active zones in neurons, or triads in myotubes. This will be a direct
approach to elucidate molecular mechanisms of memory in brain, neurotransmitter
release, and excitation-contraction coupling.
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Neurotransmission at Lhemical synapses is mediated by receptors that transduce
transmitter binding into alterations of membrane potential. Receptors containing inte-
gral ion channels mediate rapid (in the range of a millisecond or less) transduction
events, whereas receptors activating G protein-coupled channels operate at slower
time scales (in the range of a millisecond to second). At resting membrane potential,
excitation results from cation influx, but inhibition of neuronal firing is generated by
increased chloride permeability.

The nicotinic acetylcholine receptor (nAChR) at the neuromuscular junction initi-
ates muscle contraction. Because of its abundance in fish electric organ. it is the best
characterized ion channel protein known. " The major inhibitory neurotransmitters
at central synapses, glycine and y-aminobutyric acid (GABA), gate chloride channel-
forming receptors of similar conductance properties t but distinct pharmacology.' The
convulsive alkaloid strychnine antagonizes postsynaptic inhibition by gdycine, the pre-
dominant inhibitory neurotransmitter in brainstem and spinal cord, whereas benzodiaz-
epines and barbiturates modify inhibitory GABA, receptor responses in many regions
of the central nervous system (CNS). This report summarizes recent data on the
structure and biology of inhibitory glycine receptors (GlyRs).

PRIMARY STRUCTURE OF GLYCINE RECEPTOR SUBUNITS

The GIyR was the first receptor protein to be isolated from the mammalian central
nervous system. - Affinity-purified GIyR contains two glycosylated integral membrane
proteins of 48 kD (a) and 58 kD ([), which form the chloride channel of the receptor.
A co-purifying peripheral membrane protein of 93 kD, gephyrin," is associated with
the cytoplasmic domains of the GIyR and has been implicated in the synaptic localiza-
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tion of the receptor7> Consistent with this view, gephyrin binds with high affinity
to polymerized tubulin,6 and thus may anchor the GIyR to subsynaptic cytoskeletal
structures.

The a and D subunits of the GlyR share remarkable similarities in primary structure,
as deduced by cDNA sequencing...... The putative signal sequences of both polypep-
tides are clearly different, but the amino terminal regions of the mature proteins display
50 to 70% sequence identity. In the C-terminal half of the polypeptide, four highly
conserved hydrophobic segments (M I to M4) are thought to form membrane-spanning
a-helices. This arrangement resembles that of nAChR and GABAA receptor proteins,
suggesting that all channel-forming receptors are composed of subunits sharing a com-
mon transmembrane topology.2 Moreover, significant amino acid sequence homology
exists between the subunits of different ligand-gated ion channels. Thus, these receptors
constitute a protein superfamily that evolved by gene duplication from a common
ancestor early in phylogeny.

GLYR a SUBUNITS FORM HOMO-OLIGOMERIC CHANNELS

GIyR a subunits contain domains for both ligand binding and ion conduction.
Indeed, heterologous expression of rat or human GIyR a subunits in Xenopus oocytes'
or mammalian cells'" creates glycine-gated chloride channels, which are blocked by
nanomolar concentrations of strychnine, as is the GIyR in spinal neurons. Moreover,
these channels are gated by the agonists glycine, 03-alanine, and taurine and show a
biphasic desensitization behavior.'" Thus, GIyR a subunits assemble efficiently into
homo-oJigomeric channels, which closely resemble the native GIyR in biophysical and
pharmacological properties. This finding suggests that homomeric GlyRs may exist
in vivo, an interpretation supported by biochemical data obtained with embyronic
neurons.'" Moreover, it has been exploited for the characterization of different GkYR
a subunit isoforms in heterologous expression studies (see below).

THE GLYR IS A PENTAMERIC PROTEIN

Analysis of the subunit composition of the purified GIyR by cross-linking and
sedimentation techniques indicates a pentameric quaternary structure with three a
and two 10 subunits, respectively.'" Interestingly, this closely resembles the nAChR.
which also contains five membrane-spanning subunits. ' In view of the above-discussed
sequence homology and common transmembrane topology of different channel-
forming receptor proteins, 2 16 a quasisymmetrical pentameric complex of transmem-
brane polypeptides around a central ion pore is thought to represent the common
quaternary structure of different members of the ligand-gated ion channel super-
family.

2 
-1.16

THE LIGAND-BINDING DOMAIN

The extracellular N-terminal domain of GIyR subunits contains two precisely
conserved cysteine residues that also are found in nAChR and GABA.A receptor pol.v-
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peptides and may form a disulfide bridge essential for receptor tertiary structure.-
Photoaffinity labeling experiments with ['Histrychnine indicate that the ligand binding
site of the GlyR resides on the a subunit.1 7

.
8 Based on theoretical considerations'

and proteolytic cleavage of I'Hjstrychnine-labeled GIyR preparations,' 8 
' a stretch of

charged residues preceding the first transmembrane segment has been postulated to
be part of the binding pocket. Interestingly, a corresponding region containing two
neighboring cysteine residues is known to be important for acetylcholine binding to
the a subunits of the nAChR.'8

Site-directed mutagenesis of human and rat GlyR a-subunit isoforms, combined
with heterologous expression in Xenopus oocytes or mammalian cells, has led to a
more detailed picture of the ligand binding region. By comparing the pharmacology
of different variants of the neonatal a2 subunit, residue 160 was identified as crucial
for high-affinity strychnine binding." Moreover, amino acids 200 and 202 preceding
transmembrane segment MI have been shown to represent important determinants
of glycine binding,"' and exchanges of residues 111 and 212 were found to strongly
affect the potency of the glycinergic agonists 13-alanine and taurine.2 " Based on these
data, a model of the ligand pocket of the GlyR has been proposed where agonist
binding involves multiple interactions with at least three different domains in the
extracellular region of the a subunit.12 Interestingly, their positions correspond to
regions of nAChR a subunits known to be involved in agonist and antagonist binding.
These results suggest that a common folding pattern of the extracellular domain of a
subunits generates the ligand binding pocket of all members of this receptor superfamily.

THE CHLORIDE CHANNEL-FORMING SEGMENT M2

The transmembrane segments MI to M3 are highly conserved between GlyR
and GABAA receptor subunits, pointing to their potential importance in chloride
channel function.'623 Segment M2 contains a high content of uncharged polar amino
acid residues and therefore is thought to provide the hydrophilic inner lining of the
chloride channel. Here, eight consecutive amino acid residues are identical in most
GABAA receptor and GlyR a subunits. Interestingly, transmembrane segment M2
of nAChR proteins is known to be involved in cation transport and channel blocker
binding. Segment M2 thus is considered a common structural determinant of ligand-
gated ion channel function. 2

The M2 segments of anion-selective GlyR and GABAA receptor subunits terminate
with positively charged residues both intra- and extracellularly. Patch-clamp data indi-
cate two sequentially occupied anion binding sites in both GlyR and GABAA receptor
channels.' The charged residues at the termini of the M2 segments may be the structural
correlate of these sites at the presumptive inner and outer mouths of receptor ion
channels, and thus may provide their ion selectivity. Consistent with this proposals.
a synthetic peptide corresponding to segment M2 of the G.yR a subunit has been
shown to produce randomly gated "channels" on incorporation into planar lipid bi-
layers. 4 Notably, the ion selectivity of these channels was altered by inverting the
terminal charges of the peptide.
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ROLE OF THE P SUBUNIT

The importance of segment M2 in ion channel formation is corroborated further
by studies of GlyRs generated by coexpression of the a and P3 subunits.2" Although
the resulting chloride channels show no obvious differences in agonist pharmacology
and strychnine inhibition, they differ greatly in sensitivity to the channel blocking
agent picrotoxinin. This alkaloid is a potent antagonist of both GABAA receptors and
homomeric GlyRs generated by a subunit expression." 2 '' However, the channels
coassembled from GIyR a and I3 subunits display a 50-100 fold reduced sensitivity
to picrotoxinin block." Site-directed mutagenesis identified transmembrane segment
M2 of the 13 polypeptide as the molecular determinant of picrotoxinin resistance and
showed that its substitution by the corresponding residues of the cc subunit generates
picrotoxinin-sensitive heteromeric receptors." Moreover, preliminary patch clamp data
show that the single channel conductances of heteromeric GlyRs are drastically reduced
as compared to those of homomeric a subunit receptors.'"

GLYCINE RECEPTOR DIVERSITY

Biochemical and cDNA sequence data have established subtype diversity as a
general phenomenon for brain neurotransmitter receptors. For the GlyR, subtype
heterogeneity was first noted during spinal cord development.tm There, a neonatal
receptor isoform is prevalent at birth, which differs in strychnine binding affinity.
immunological properties, molecular weight (49 kD) of its ligand binding subunit.:
and mRNA size2

1 from the adult receptor protein. This neonatal GIyR isoform is
abundantly expressed in primary cultures of embryonic spinal cord, a condition that
facilitated its biochemical analysis."4 Pulse-chase experiments indicate that the neonatal
GlyR is a metabolically stable protein (half-life approximately 2 days) that may have
a homo-oligomeric structure.'"

Evidence for GlyR heterogeneity also came from DNA sequencing data. By screen-
ing cDNA and genomic libraries under conditions of low stringency, variants of the
originally isolated GIyR a subunit (now termed a I) have been isolated. The a 2 subunit
sequences predicted from human"i and rat 2

0,
2
Y '0 cDNAs display about 80% amino

acid identity to their a] counterparts and correspond to the ligand binding subunits
of the neonatal GlyR. In addition, an at3 sequence has been isolated from rat,' and
clones encoding exons of a fourth variant, a4, have been identified in mouse genomic
libraries.4" Thus, considerable a subunit diversity exists for the GlyRk.f So far, no
variants of the 13 subunit have been detected (A. Kuryatov, unpublished data).

In situ hybridization experiments with sequence-specific oligonucleotides have re-
vealed a complex picture of the developmental and regional distribution of the different
GIyR subunit mRNAs.`2 In the rat, a l transcripts are found in spinal cord, brain
stem, and the colliculi, whereas aX2 mRNA is also seen in several forebrain regions
including the hippocampus, cerebral cortex, and thalamus. " Low levels of a 3 subunit
mRNA are detected in the olfactory bulb, the hippocampus, and in particular the
cerebellum, whereas 13 subunit transcripts are abundantly expressed throughout the
entire brain and spinal cord, suggesting that further GIyR subtypes may exist. GIxR



BETZ er al.: INHIBITORY GLYCINE RECEPTORS 113

a2 and 13 transcript accumulate already at embryonic stages, whereas a I and a3
mRNAs appear only postnatally.

Alternative splicing in addition contributes to GlyR heterogeneity. For the rat at I
subunit, variant cDNAs have been identified that originate from alternate splice ac-
ceptor site selection at an exon encoding the cytoplasmic domain adjacent to transmem-
brane segment M3."4 The resulting insertion contains eight additional amino acid
residues and creates a novel phosphorylation site. Similarly, the rat a2 polypeptide
exists in two versions, which originate from alternative use of exon 3 and differ
by only two conservative amino acid substitutions in the extracellular region of the
polypeptide.-9 SI nuclease mapping, polymerase chain reaction, and/or in situ hybrid-
ization experiments indicate that these splice variants are expressed at all stages of
postnatal development.

CONCLUSIONS AND PERSPECTIVES

The currently available structural and functional data on GlyRs provide a detailed
view of these ion channel proteins. Moreover, they underline the importance of
glycinergic synapses in the control of neuronal activity. The crucial role of GlyRs in
regulating diverse motor and sensory functions is supported further by studies on
animal mutants. Spastic mice' " and myoclonic Poll Hereford cattle' display severe
motor deficits resulting from GIyR deficiencies that reduce the life-span of the affected
animals. GlyR anomalies also may be implicated in human neurological diseases Inter-
estingly, the GlyR cr2 subunit gene in humans has been localized in close vicinity to
the Duchenne-Becker muscular dystrophy locus on the X chromosome. Thus, further
unraveling of the molecular biology of inhibitory GlyRs may not only contribute to
understanding the function and pharmacology of this neuronal channel protein. but
also help to elucidate pathogenic mechanisms in animals and man.
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INTRODUCTION

The application of molecular biology to the study of thc vertebrate brain GABA
receptor has, in the period of only five years from the initial cloning of four of
its cDNAs,' 2 produced a vast body of totally new information and insights for the
understanding of this, the major inhibitory neurotransmitter receptor of the brain
Four different subunit types of this ion-channel receptor (a, 13, y, and 8) have thus
been recognized and work from several laboratories (for references, see the review\ in
Burt & Kamatchi3) has resulted in the reporting, to date, of the cDNA and deduced
amino acid sequences for six at subunits (a I -a6), four 13 subunits (13 1-134), three y
subunits (yI-y3), a 8 subunit, as well as p1 in the retina, which may substitute for
an a subunit there. Each is encoded by a separate gene.

The co-expression of these subunits, in either Xenopus oocytes' or transfected
mammalian cells,' has permitted the pharmacologies produced by different subunit
combinations to be defined. Thus, the y2 subunit (but not the yI subunit") confers
on the complex the normal response to benzodiazepine (BZ) positive and inverse
agonists. We shall describe here how variation of the a subunit type in t13y combina-
tions also affects specific pharmacological properties.

Such co-expression studies led to the now generally accepted view that the ;ABA,
receptors in vivo are comprised of combinations of particular isoforms of these subunits.
For the BZ-sensitive types this would require, on present knowledge, one of the a13y
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combinations (though the stoichiometry there is undefined). However, since -also some
BZ-insensitive types have been detected, in studies on native GABAA receptors in situ
this would indicate that additional combinations exist where the y is replaced presum-
ably by 5 or an extra a or 0.

In all, the various possibilities compatible with the properties seen in co-expressions
could allow a theoretical total on the order of 3,000 GABAx receptor subtypes. It
is not believed that all, or more than a fraction, of these potential combinations actually
exist in vivo. Mapping the co-distributions of the subunits by in situ hybridization of
their mRNAs does not have the resolution needed to determine the actual number
of combinations, although there is clearly a complex set of non-matching distributions.'
This demonstrates that high diversity in the receptor subtypes does indeed exist.

What is the reason for the great multiplicity of combinations of these subunits
in vivo? It is presumed that each natural combination represents one subtype of the
GABAA receptor, which differs from other subtypes in the detailed configuration of
one or more of the functional sites of the receptor. Significant functional differences
have been detected when the isoform of a in a given combination is changed, as in
the case of the benzodiazepine site ligands.' Further analysis of this has recently been
made and will be presented in this paper. In addition, the programming of neuronal
development to provide the switching-on of two different isoform genes in different
pathways, or at different stages, may permit their differential regulation even if the
two receptors are very similar. A high multiplicity of the receptors may, for both of
these reasons, allow GABA to be employed in constructing a variety of complex
neuronal circuits, although it is a ubiquitous, single inhibitory transmitter in the nervous
system.

If each permitted combination of isoforms indeed represents a different subtype
of GABAA receptor, the pharmacology of this receptor must be far more complex than
any that could be analyzed by conventional methods. The different pharmacologies can
only be defined by expressing different mixtures of recombinant isoforms. This should
preferably be done in permanent cell lines, for constant reference and general availabil-
ity. Since a comparable level of stable expression of several DNAs is required together,
this operation is less straightforward to perform successfully than for single-subunit
receptors. Multiple GABAA-receptor subunits can, however, be so expressed when
an inducible promoter system is used.' when the exogenous receptors are not present
on the cells except when being analyzed, so that an ionic imbalance due to channel
openings does not accumulate. Such cells, when induced, are suitable for patch-
clamping analysis of channel properties, as well as for pharmacological distinctions
made both by ligand binding measurements and by recording of currents. That system.
initially used with stable ct3 combinations,"' has recently been extended to a stable
a0Iy cell line.

CHICKEN GABAA RECEPTOR SUBUNIT cDNAs

The recombinant GABA receptor subunits obtained in this laboratory and else-
where have hitherto been derived only from mammals (bovine, human, rat, mouse).
We have recently gone on to use mammalian GABAA receptor subunit cDNAs to
isolate the corresponding eDNA sequences from the chicken. We have chosen this
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animal for further molecular biological analysis of GABAA receptors (1) to look for
sequence features conserved through the vertebrates; (2) because of its amenability to
experimental manipulation in relation to gene expression (e.g., for developmental
studies); and (3) because the original work on the expression of GABAA receptors in
Xenopus oocytes showed that poly(A)Y RNA isolated from chick brain induced a
particularly strong and robust response"' 2 indicating this as an excellent source (as it
has indeed proved) for the cloning of further subtypes.

Using low-stringency hybridization conditions, a series of a-, P3-, and y-subunit
clones were isolated from an embryonic chick whole-brain cDNA library. The se-
quences of the chicken GABAA receptor mature polypeptides that we have obtained
are highly homologous to their mammalian counterparts. For example, the chicken
al subunit sequence" is 98% identical to the corresponding bovine sequence, the
chicken ]33-subunit sequence'" is 92% identical to the bovine ]33-subunit sequence,
and the chicken y2-subunit sequence"5 is 96% identical to the corresponding rat
sequence. This extremely high degree of homology is surprising, considering the large
evolutionary distance between avian and mammalian species. The majority of these
differences are found in the region of the polypeptide that is presumed to be intracellular,
i.e. between transmembrane domains M3 and M4, or near the amino terminus.

Further, we have isolated a novel chicken 134-subunit cDNA" not previously
known from the mammal. This exhibits only - 72% identity to the mammalian 131-,
132-, and 133-subunit sequences. In contrast, as noted above, other chicken GABAý.
receptor subunits are highly homologous (>92 % identical) to their precise mammalian
counterparts.

Interestingly, DNA sequencing of the 134 subunit cDNA clones described above
revealed that two forms of the 134 subunit exist that differ by the piesence or absence
of an extra four amino acids (Val-Arg-Glu-Gln) in the presumed intracellular loop

region. 6 Sequencing of genomic DNA in the region corresponding to the 12 bp
insertion, which is found in one of the three cDNA clones isolated and which encodes
the additional four amino acids, reveals an intron in the gene at the position correspond-
ing to that where the two different 134 subunit cDNA sequences differ. Two possible
5' donor splice sites that are separated by 12 bp are found in this region of the gene;
use of the more 5' of these results in a 134 subunit that lacks the four amino acid
insertion, while use of the more 3' of these yields a subunit (designated 134') that has
the extra four amino acids.' 7

Further, a recombinant y2 subunit was obtained from the chicken, in two forms
that differ by the presence or absence of an extra eight amino acids in the presumed
intracellular loop region.' This is of interest because the shorter form of y2 has lost
one of the consensus sites for serine phosphorylation by protein kinase C. The same
alternative splicing, at an equivalent position, was concurrently found in the bovine
y2 mRNA"' and likewise in the mouse y220 and the actual phosphorylation of this
sequence has been demonstrated.'

Hence, in the vertebrates in general the GABAA receptor is encoded by a set of
15 or more genes, and the subunits produced can be further diversified (at least in
some cases) by alternative splicing of the gene transcript. Each isoform (" 1, a2, etc.)
of a given subunit is maintained throughout vertebrate evolution and has an exceptional
degree of conservation of its separate identity.
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CLONING OF AN INVERTEBRATE GABA, RECEPTOR
SUBUNIT cDNA

It is clearly of interest to extend this comparison across the much greater phyloge-
netic distances to the invertebrates, where GABAA type receptors have been identified
pharmacologically, forexample, in much detail on molluscan neurons. There they show
behavior in common with mammalian GABAA receptors, e.g., in anionic selectivity,
blockade by bicuculline and by picrotoxin, although some differences can also be
found.21 2 2 By low-stringency screening of a Lymnaean genomic library with the full-
length bovine GABAA receptor 31 -subunit cDNA,' we were able to isolate a series
of clones. Analysis of these has shown that several types of sequence related to vertebrate
GABAA receptor subunits exist in Lymnaea. From such 03-subunit-like coding sequences
we proceeded to the cloning of a full-length Lymnaean cDNA. This encodes a polypep-
tide2

1 with a signal prepeptide sequence followed by a mature 54,000-dalton subunit
sequence. The latter is much more like the 1 subunits than the others of mammalian
GABAA receptors, being - 50% identical to any of the vertebrate 13 subunits, suggesting
these diversified later in evolution. In its structure (FIG. 1), the molluscan subunit
shows the features common to all of the vertebrate subunits, and in particular the
four deduced transmembrane domains MI-M4 and the same relative positions of
these in the chain. The conservation of the subunit sequence between the mammals
and the mollusc is high in MI-M3, but notably lower in M4, perhaps denoting a
less important structural role for M4 in the receptor in general. The loop between
M3 and M4, which is presumed to be intracellular in the topology of the GABAA
receptor generally,' is poorly conserved (FIG. 1), suggesting that much of the loop is
needed for its length rather than its specific structure. This loop does, however, contain
two overlapping consensus sequences for phosphorylation by cAMP-dependent protein
kinase, a type found there in all vertebrate 13 subunits, so that we deduce that parts
of the loop are maintained for functional intracellular interactions.

Also noteworthy is the high conservation (FIG. 1) of the 15-residue "cys loop"
structure in the N-terminal region, a feature common to all vertebrate GABAX receptor

Lymnaea 13

NH2  COOH
i I II II I I
I I I I I Ii

26% 49X 73%61% 76X 21% 41%
I I I I I I 3 I

3 i I I I 3I

NH2  iIE-COOH

Signal Cys- M1 M2 M3 M4
Peptide Cys

Bovine p1

FIGURE 1. The percentages of sequence identity between the Lymrnaea 03 subunit and the bovine
031 subunit are shown for the different regions of the polypeptide.

I,I

1: _ _ _ _ _ _ _ _
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subunits and indeed to the whole of a superfamily of transmitter-gated ion channels
to which they belong.' All of those residues in this loop, which appear to be important
in other GABA receptors,-" are uit.hanged i*. the irnvcrtcbratc.

There is, in addition, a relatively high degree of conservation of the rest of the
large N-terminal (deduced extracellular') domain, which on inspection shows many
blocks of complete sequence identity with all of the known 13 subunits.2" The substitu-
tions that occur outside these blocks represent natural mutations that are compatible
with 13-subunit function and offer a guide to mutagenesis experiments and their interpre-
tations.

This molluscan subunit is part of a functional GABAA receptor, since when ex-
pressed and assembled in the Xenopus oocyte system" an anion channel was opened
by GABA and muscimol and showed bicuculline blockade. 2' The homo-oligomeric
receptor thus evidenced is not thought to be a natural form, since the expression
obtainable was low, but a hybrid a13 receptor with high expression could be obtained
when the bovine al subunit was co-expressed with the molluscan 13 subunit. This
functional association of invertebrate and vertebrate polypeptides, which has not been
reported before with neuroreceptors, shows that despite the - 50% difference between
a mammalian and a molluscan 13 subunit the invertebrate sequence encodes all of the
features necessary for co-operative assembly and function of a 13 subunit in the mamma-
lian GABAA receptor.

THE CONSERVATION OF THE GENOMIC STRUCTURE
IN GABA RECEPTORS

The constancy of the amino acid sequence for any given subunit isoform (a I or
a2 or etc.) is, as we have seen, exceptionally high in vertebrate phylogeny (>90%),
so far as it has been sampled. This supports the concept that each subunit isoform
of the GABAA receptor has a separate and significant functional role Moreover,
construction of the most parsimonious phylogenetic tree for the entire superfamily
suggests that the divergence of the GABAA and acetylcholine receptors arose early in
metazoan evolution.24 It is, therefore, of much interest to see whether the GABA
receptor genes show an evolution into subtype-specific exon patterns. Likewise, the
proposal that the nicotinic acetylcholine and GABAA receptors arose in evolution
from a common ancestor can be examined further at the level of genomic organization.

Partial structures of some of the genes for GABA receptor isoforms have been
determined in our laboratory for representative cases from man and from the chicken,
so that the positions of all or some of the introns have been located in each. Thus,
the intron/exon pattern was determined fully across the coding sequence for the
chicken 134 subunit gene,' 7 for most of it in the human atI and a2 genes and for a
few of the boundary positions in the human a5 and y2 genes. " Isolated boundary
positions were also found in the course of studies on the chicken y2 cDNA'" and
the bovine a3 cDNA.' Others have reported the boundary positions for the mouse
8 subunit gene2" and recently for a partial human 131 gene structure."

From each of these studies, the same pattern has emerged (FIG. 2). The vertebrate
a, 13, and 'y subunit genes are exceptionally large for receptor genes, - 100-200 kb,
and their introns are therefore very large. The mouse 5 gene,'" in contrast, is only
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13 kb. I arc nine cxouns in all cases (plus a tcath, not Jlways used, lound so far
only in y2, being involved in the alternative splicing to give a variant structure of the
intracellular loop, as described above). The positions of the exons are constant or
extremely close (in all the cases where they have been determined) to give the fixed
pattern shown in FIGURE 2. There the exons (between the arrows) are shown under
the corresponding points in the subunit polypeptide. Two exons cover M I-M 3, with
M4 always separated.The Cys loop in the extracellular region (noted above) is always
in a separate small exon. The constancy of the intron positions in vertebrate evolution
and in the different subunit types is remarkable.

Further, similar analysis of the gene for the above-described molluscan f3 subunit"
shows-as far as has been determined-that the positions of these boundaries are
maintained with high precision (FIG. 2). This invariance of the genomic organization
in the subunits across the evolutionary distance involved is, again, highly exceptional
and reinforces the argument for the very high selection pressure on the subunit structure
in the GABAA receptors.

The genomic organization has also been determined for the nicotinic acetylcholine
receptors, for various subunits from muscle receptor from man,"'"Ž• mouse,"' and
chicken." This can be compared with that for the neuronal nicotinic receptor subunits
from chicken"' and rat." The pattern is constant for all of the neuronal subunits
analyzed, whereas the muscle gene pattern varies somewhat with the subunit type (9
exons in a, 12 in the others). The neuronal nicotinic receptors have a simpler genomic
organization: the first four exons have the same locations as in the muscle genes, but
the fifth exon covers four or seven exons of the latter.

Few features of the pattern are common to GABA. and nicotinic receptor genes
The boundaries are certainly not in conserved locations between the two series. In
contrast, the preservation of the organization of the GABAA receptor genes through
all subunit types, isoforms, and evolution stands out as a feature. Their intronic
sequences (where examined) vary, of course, greatly between species, whereas the
exons and their boundaries are maintained almost constant for all isoforms. The combi-
nation of a high multiplicity of the GABAA receptor genes and an invariancy of each
of them may be required, therefore, as discussed above, for the subunits of such a
receptor series employed in the construction of most neuronal pathways.

SUBUNIT FUNCTIONAL DIFFERENCES

The effect of both the y and the a subunit types on the benzodiazepine pharmacol-
ogy of the receptor is profound and is discussed by others in this volume. For the
interaction with the transmitter, GABA, it appears that each subunit has some form
of an agonist site, since homo-oligomeic receptors can form from either a or 0 or
y subunits expressed singly (albeit very poorly and not with all the native receptor
properties) and these respond weakly to GABA to open the channel. "" However,
in the well-expressed ai3y combinations the GABA affinity can be much stronger.
and there the a subunit isoform present can greatly affect the EC,, for GABA.' '

In recent studies the modulatory site for neurosteroids has, also, been compared
between subunit compositions. Neurosteroids of the pregnanolone series, which po-
tentiate GABA action, show considerable differencer in their dose-response curves as,
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GABA Receptor Subunit Genes f=

signa - M' M2 3 MR

Human Alpha and Beta
DM EY MRLT SYAY TGEY LGVT

t tt tt I i

Human and chick Gamma 2

SYGY

f - -TF ý

Chick Beta
ChckBta " DY I.RIT SYGY TGSY LGVT E

T' 1 T ' 1T f T

Lymnaea Beta

DM DY MR1Fr SYGY TGDY LGIT

FIGURE 2. Schematic representation of the genomic organization for the subunits of GABA.
receptors. At the top. the encoded polypeptide is shown, with features common to all of the subunits.
the positions of the signal peptide, the cysteine-loop region (C-C), and the four membrane-spanning
domains (MI to M4) are shown. For the genes, designated below this, the arrows indicate the
positions of the introns relative to the coding regions above. For references., see the text For the
y2 subunit, only three of the introns have yet been located; two are at equivalent positions to
boundaries in the a and 0 genes, while the extra exon shown (of only 24 nucleotidce) has thus far
only been detected in the y2 subunit, given rise to an alternative splicing of the primary gene transcript
In the chicken 034 subunit pattern shown below this, the box shows the additional sequence that
can be inserted due to an alternative choice of the splice site. For Lymnaea. only six of the mtrons
present have as yet been mapped. Not shown is the mouse 8 gene pattern, which is identical to that
for the 0. and 03 patterns here. Likewise, the two introns located so far in the bovine a3 gene (2)
coincide with the fourth and the eighth introns of the human a and 0 genes. It can be seen that
the positions of the introns are identical through all subunits and species examined. The one-letter
amino acid code symbols show the codons that are split or (where a space is shown) divided, bv the
intron. Again, it is clear that even at the level of the insertion in or around a particular codon, there
is a remarkable conservation of the pattern through the phyla.
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the a subunit is varied.3 7 Pre-nenolone sulfate. which acts in *he inverse manner,
inhibiting GABA action, again shows differences in its potency in some cases of ctfry
combinations when the a subunit isoform is varied. 6 Although a neurosteroid is
expected to interact to some extent with hydrophobic receptor structures within the
membrane, there is nevertheless obviously also some interaction with a site on the
a subunit whose sequence varies significantly between the a isoforms.

In summary, functional differences Lztween subunit combinations exist in the
agonist site, the benzodiazepine site, and the neurosteroid site. It is proposed that,
with sufficiently structure-sensitive pharmacological probing, functional differences will
occur between all of the combinations that exist in vivo, and this (with presumed
natural modulators) will contribute to the need for the great heterogeneity of subtypes
of the GABAA receptor that is now observed.
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Glutamate is the major excitatory neurotransmitter in the central nervous system
(CNS). In general, glutamate directly gates two different types of nonselective cationic
chanicls, designated as AMPA (S-ct-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid)/KA (kainate) and NMDA (N-methyl-D-aspartic acid) glutamate receptors (GluRs).
Both types of channels are involved in mediating excitatory synaptic transmission.
The present paper reviews the functional properties of native GIuR channels character-
ized using the patch-clamp technique, predominantly applied to cells in brain slices.
This method has the advantage that it is possible to record, with high resolution, from
visually identified central neurons within an intact synaptic environment. Two different
aspects of the functional properties of GIuR channels will be addressed here. On the
one hand, we 2" wanted to mimic synaptic events by fast application of glutamate to
outside-out patches excised from neurons in slices. Thereby, it might be possible to
find out how GIuR channels are gated during a synaptic event and which factors
determine time course and amplitude of excitatory postsynaptic currents (EPSCs). On
the other hand, we2 4 wanted to compare the properties of the native GluR channels
with the characteristics of cloned and functionally expressed receptors."- The aim
was to propose a likely molecular subunit composition of the native GIuR channels
in different neuronal (and non-neuronal) cell types. Most of the experiments were
done on the cells of the hippocampal trisynaptic circuit: dentate gyrus granule cells,
CA 3, and CA I pyramidal cells. The hippocampal formation is of great interest for many
neurophysiologists because long-term changes at the level of hippocampal glutamatergic
synapses have been demonstrated, which presumably are related to the formation of
short-term memory.

It has been reported that in hippocampal as well as other types of neurons, EPSCs
consist of an AMPA/KA and a NMDA receptor-mediated component.' The two
components showed substantial differences in their kinetic properties. The rise time
of the AMPA/KA component was very fast, about 500 psec under the most favorable
voltage-clamp conditions obtained so far."' The decay time constant wa~s also compara-
tively fast, 3.2-9.5 msec for dentate gyrus granule cells,'' 3.0-6.6 msec for mossy
fiber synapses on CA3 pyramidal cells,'' and 4-8 msec for CAI pyramidal cells.'"
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However, the exact value of the EPSC decay time constant is influenced by the quality
of the voltage clamp, and hence the real conductance changes at the postsynaptic
membrane are probably faster than the currents recorded with somatic patch pipettes."'

In contrast, the kinetics of the NMDA component of the EPSC were more than
one order of ma nitude slower. The rise time was about 10 msec; the decay was
slow, with time constants between 50 and 250 msec. ' 12 Evidence has been obtained
that both types of channels may be co-localized at the same postsynaptic density.' "
If this is the case, the question arises: How is it possible that the same synaptically
released glutamate pulse activates two current components with so strikingly different
kinetic properties?

FAST APPLICATION OF GLUTAMATE TO MEMBRANE
PATCHES: MIMICKING EPSCs

A common feature of all ligand-gated ion channels is that they show desensitization.
i.e. current decrease in the maintained presence of the agonist. To study their kinetic
features quantitatively, it is therefore essential to apply the agonist very rapidly. At
present, this is only possible with outside-out membrane patches, usually obtained
from the soma of different cell types. Fast application techniques originally developed
by Franke et al. were modified as described by Jonas and Sakmann' and Colquhoun
et al.' Briefly, a patch pipette with an outside-out membrane patch was positioned
near the tip of a double-barrelled application pipette pulled from theta glass tubing
The application pipette was then moved rapidly with a piezo-electric element, and
the patch thereby crossed the interface between the solutions flowing out of the two
barrels (FiG. I). Solution changes occurred within 100 lpsec on an open patch pipette
and within 200 pisec on an intact membrane patch.' Pulses of glutamate as brief as
I msec could be applied reliably, making it possible to mimic synaptic release from

a presynaptic terminal. The comparison of currents activated by fast application of
glutamate with synaptic currents requires the assumption that postsynaptic GIuR chan-
nels and channels in somatic membrane patches have identical functional properties.

COACTIVATION OF AMPA/KA AND NMDA RECEPTORS BY
FAST APPLICATION OF GLUTAMATE IN THE SAME

MEMBRANE PATCH

SOutside-out patches isolated from the soma of hippocampal neurons in slices
contained a high density of AMPA/KA as well as NMI)A receptor channels. Appro-
priate experimental conditions can be chosen to activate either one of the two compo-
nents separately or both simultaneously.

The AMPA/KA GIuR channels can be investigated in isolation at negative mem-
brane potentials in glycirie-free extracellular solutions with I mM Mg. (;lycine strongly
potentiates NMDA responses or is even an essential cofactor'6; the absence of glycine
therefore minimizes NMDA receptor activation. Mg ions are known to block NMDA
type GIuR channels at negative membrane potentials.

The NMDA receptor channels can be investigated in the presence of glycine (I 0
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FIGUREI Fistappliction t onist% toi excised outside-out patchex isolated trni the onmi
bippocarnp~il neurons in brain slices 'I le two barrels of the application pipette \ocrtc pert'Used %ktit
physiological ext racellular solution and %kic 10% phiysiological ext racell ular '0LIiiion. re~speckts eI
The sharp interface between the two solutions, doe to their different retrac:tors indices. ix dclid
visible, The diameter ot the application pipette tip %Nis ipproxiituaielv 20 gi (.I nt i u ( l~uhmini
et al. Wiith permission.)

riM) and in Mg-frcc extracellular solutions. To) stud ' these channels in isolation. 10
NAM 6-cvano- 7-niltroquinoxaline-2. 3-dionec ((:NQX), a soelcctix e MPA, K.\ t pe (d1UR

channel' antagonist, was added to the external solutiOn.
AMPA/KA and NMDA receptor channels are activated simu tlt aneously in thet

same membrane patch in glycine-containing. Mg-tree extracellUlar solution (lit. 2).
There are striking differences in kinetics between thle AMPA/K. and the N.\t).
component activated by a b~rief (10 msec) pulse ot a high concentratiot I 111M\) of,
glutamate. The AMPA/KA compoinetnt showed a rapid rise (less than ý00 pisec) and
also a rapid decay, partly due to desensitization during the pulse, partlY due to channel
closure after the end of the p~ulse (see below). The N MIA componnlt, in contrast,
rosý and decaved much more slowly. The rise time wkas 10 mSecC, And thle decayl time
constant was more than 100 nsecC, FIGURi, 2 shows that a brief glutamiate: pulse kan
qualitatively mimic the fast AMPA/KA as well as the slow N MIA component of*
an EPSC, suggesting that different gating properties of the twvo vpOf chanunels arc
responsible for the different time courses. Variation ofi thle lciliqtl oit the gliitanitte
pulse within the range I to 100 mnscc strongly influenced the decay kinetics O id hc
AMPA/KA component (see below), but did not noticecibl Ii ange thet dcciv timer
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FIGURE 2. AMPA/KA and NMDA components of current actirated ivN glutamate pulses CAI
pyramidal cell patch. membrane piotential was -50 mV I0k msec pulse of I mM glutamate. five
single traces were averaged. Physiological extracellular solution contained 10 tM glycinc and was
nowinatly Mg free. Filter frequency I kHz. Note that the NMDA component. represented by the
slow tail following the termination of the pulsc, showoed much slower kinetics a& compared to the
AMPA/KA component

course of the NMDA component (data not shown). This suggests that the AMPA/KA
GIuR channel (rather than the NMDA GIuR channel) would be suitable to "monitor"
the rapid time course of transmitter concentration in the synaptic cleft during an
EPSC. Therefore, the dependence of decay kinetics of AMPA/KA rcccptor-mediated
currents on the length and the concentration of the glutamate pulse was studied.

TIME COURSE OF CURRENTS MEDIATED BY AMPA/KA TYPE
CHANNELS ACTIVATED BY GLUTAMATE PULSES OF

DIFFERENT LENGTHS

The decay time course of the AMPA/KA receptor-mediated component was
strongly dependent on the lengh of the glutamate pulse (Fi,. 3). For I msec pulses
of 1 mM glutamate, the decay time constant (designated as "offset T"') was between
2.3 msec and 3.0 mscc for the three principal neurons of the hippocampal circuit
For 100 msec pulses of I mM glutamate, the decay time constant (designated a&s
"desensitization T") was between 9.3 and 11.3 msec. T'hus, offset kinetics were by a
factor of about four faster than desensitization. For a pulse of intermediate length (10
msec), the current initially decayed slowly as for the long pulse. when the agonist
was removed, it became faster, and the decay time constant was then similar to the
offset "T (FiG. 3).
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FIGURE 3. Comparison of offset time constant and desensitization time constant of the AMPA/
KA component. CA3 pyramidal cell patch, membrane potential was - 50 mV Responses to I msec,
10 msec, and 100 msec pulses of 1 mM glutamate are superimposed; single traces Extracellular
solution was glycine free and contained I mM Mg. Filter frequency 3 kHz. Note that the decay at
the end of the 10 msec pulse is faster than the initial decay. (From Colquhoun et al With permission

The offset T was not measurably dependent on the concentration of glutamate
during the pulse.' The desensitization T decreased with increasing glutamate concentra-
tion in the range from 100 4iM to 3 mM,2 although the concentration dependence
was rather weak. Therefore, offset kinetics were faster than desensitization over a
wide range of glutamate concentrations. Comparison of offset and desensitization T

with the decay of synaptic currents in hippocampal neurons shows that the fastest
measured EPSC decay time constants are very close to the values of the offset T. Even
the slowest EPSCs decay more rapidly than the desensitization T. This implies that
the glutamate pulse in the synaptic cleft during excitatory synaptic trrnsmission must
be relatively brief, about I msec or only slightly longer than this. Such a result would
be expected if there is free diffusion of transmitter in the synaptic cleft."

DESENSITIZATION OF AMPA/KA TYPE GLUR CHANNELS:
BRIEF-PULSE DESENSITIZATION AND EQUILIBRIUM

DESENSITIZATION

The results described in the previous section suggested that offset kinetics rather
than desensitization may determine the decay time course of an EPSC. However,
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this does not mean that desensitization of GIuR channels does not play a role in
excitatory synaptic transmission, because a fraction of channels could enter the desensi-
tized state(s) during or after a brief pulse of glutamate applied to the receptors. To
quantify the amount of this "brief-pulse desensitization," double-pulse experiments
were performed, one l-msec glutamate pulse being followed by a second one after
variable intervals. The second pulse thus tested the amount of desensitization caused
by the first one. For intervals longer than 20 msec, the response to the second pulse was
smaller as compared to the first. Back-extrapolation (towards brief recovery intervals)
revealed that about 50% of GIuR channels of the AMPA/KA type were desensitized
after a I msec pulse of I mM glutamate. The recovery from brief-pulse desensitization
occurred with a time constant of about 50 msec in CA 3 and CAI pyramidal cell
patches and with two time constants of 33 and 450 msec in dentate gyrus granule
cell patches.' Slow recovery from desensitization might thus play a role in synaptic
transmission when the presynaptic neurons fire at high frequencies. Under these condi-
tions, desensitization of postsynaptic GluRs may contribute to synaptic depression. 8

It has been reported that the concentration of ambient glutamate in the cerebrospi-
nal fluid is between I and 3 pM.M9 '21 Moreover, thermodynamic considerations suggest
that the equilibrium concentration of extracellular glutamate generated by glutamate
uptake mechanisms is in the same range.2 Since desensitization occurs in the maintained
presence of glutamate, it is possible that in vivo a significant fraction of GIuR channels
might be desensitized by ambient glutamate. To address this question experimentally,
prepulse experiments were performed. One msec pulses of 1 mM glutamate were
preceded by 30 sec prepulses of micromolar concentrations of glutamate, and it was
tested if the response with the prepulse was reduced as compared to the response
without prepulse. Surprisingly low concentrations of glutamate caused desensitization
of AMPA/KA type GIuR channels at equilibrium; the half-maximal inhibitory concen-
trations were between 2.4 and 9.6 pM for the three principal types of neurons of
the hippocampal circuit) Therefore, under physiological conditions, a considerable
fraction of AMPA/KA type GIuR channels may be desensitized. Moreover, during
ischemia the ambient glutamate concentration in the CNS rises to values as high as
10 gM,'9 and a major fraction of AMPA/KA type GIuR channels would become
desensitized. This suggests a (probably protective) role of desensitization under patho-
physiological conditions.

MOLECULAR IDENTIFICATION OF NATIVE GLuR CHANNELS

The functional properties of native GIuR channels described above show many
similarities to recombinant receptors of the AMPA/KA family (assembled from GIuR- I
to -4 or, equivalently, GIuR-A to -D subunits) and the NMDA family (assembled
from NRI + NR2A to NR2D subunits), respectively.22 -24 To obtain further insight
into the molecular composition of native receptors, it was necessary to correlate
electrophysiological properties of native channels, functional properties of recombinant
channels, and subunit expression patterns. This task was, however, complicated by
the fact that many subunits are coexpressed in different cell types and that they may
form mosaics of heteromeric channels. Moreover, subunits of one family often cannot
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be distinguished electrophysiologically because they have similar functional properties.
It is therefore only possible to identify dominant subunits.

Among all recombinant GIuR channels characterized so far, the most striking
subunit-specific differences have been found for the AMPA/KA-GIuR-B subunit as
compared to other subunits of the AMPA/KA family. One parameter of channels
assembled in expression systems that has been studied extensively was the shape of
the macroscopic steady-state current-voltage relationship (I-V). Homomeric channels
assembled from AMPA/KA-GIuR-B channels are characterized by outward rectifica-
tion, whereas channels assembled from AMPA/KA-GIuR-A, -C, or -D subunits have
doubly-rectifying I-V relations. 7 Another well-characterized parameter of the ionic
channels formed by these subunits is the Ca permeability. Homomeric channels assem-
bled from AMPA/KA-GIuR-B subunits have low Ca permeability (P( /P(, < 0. 1),
whereas channels assembled from AMPA/KA-GIuR-A, -C, or -D subunits show high
Ca permeability (PeJPc, > 1).' In heteromeric combinations, the GluR-B subunit
dominates these functional properties. .2"

HIPPOCAMPAL NEURONS: "AMPA/KA-GituR-B CELL TYPES"

In situ hybridization demonstrated that hippocampal neurons strongly express
GIuR subunits of the AMPA/KA family,' and that all of them express the GIuR-B
subunit. We therefore determined rectification properties and Ca permeability of
AMPA/KA GIuR channels in the three principal hippocampal neurons of rat brain
slices. F(GuRu. 4 shows, as an example, results from CA3 pyramidal cell patches. With
physiological extracellular solution on the outer side of the membrane, the steady-state
current activated by KA showed outward rectification and reversed at potentials close
to 0 mV, as expected for a nonselective cationic conductance. With a high-Ca solution
on the outer side of the membrane, the reversal potential shifted to negative values,
indicating that the Ca permeability is small (P(,,/P(, < 0.1).- Similar results were
obtained for dentate gyrus granule cell and CA I pyramidal cell patches. This suggests
that the GluR-B subunit-as predicted from the properties of recombinant channels
and the expression pattern -dominates the functional properties of the native channels
in these cells. It also seems likely that there is only limited Ca influx through postsynaptic
AMPA/KA receptors during excitatory synaptic transmission if somatic and postsynap-
tic receptors have the same subunit composition. In contrast, doubly-rectifying I-V
relations and high Ca permeability have been found in a subset of cultured hippocampal
neurons,2 

26 but the origin and the expression pattern of these cells is not known vet.

BERGMANN GLIAL CELLS: "AMPA/KA-NON-GituR-B CELL TYPE"

Uniquely in the whole CNS, Bergmann glial cells in the cerebellum lack the
expression of the AMPA/KA-GIuR-B subunit. The first evidence that Bergmann glial
cells do not express the GIuR-B subunit, but only the GluR-A and GIuR-I) subunit,
came from in situ hybridization studies. 4' Recently, studies with subunit-specific anti-
bodies confirmed these findings. 27 In situ hybridization and antibody staining made
clear predictions for the electrophysiological properties. This allowed us to test the
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FIGURE 4. Outward rectification and low Ca permeability of AMPA/KA type GluR channels in
hippocampal neurons. Ramp (2 see) from - 120 to + 120 mV. Physiological extracellular solution
and 100 mM CaCI2 , respectively. Data from two different CA3 cell patches; current was normaliued
to the value at + 120 mV. The reversal potential in physiological extracellular solution was close to
0 mV, the reversal potential in 100 mM CaCIŽ was -62 mV. Filter frequency I.5 k{i ( Modified
from Jonas & Sakmann.:)

hypothesis that the native channels are assembled from subunits of the AMPA/KA
family in a more rigorous way than previously possible. We therefore studied GluR
channels in cultured fusiform cerebellar glial cells presumably derived from Bergmann
gIia.4

,
2 It was demonstrated that these cultured cells lacked the expression of the

AMPA/KA-GIuR-B subunit, as did the native cells.
The electrophysiological properties of the GIuR channels in these cerebellar glial

cells were characterized by a doubly-rectifying I-V relation and a high Ca permeability
(Pci/Pc, = 1.44)4 The properties of the KA-activated current were -almost indistin-
guishable from that of a GIuR-A/D heteromeric recombinant channel. Influx of Ca
ions into Bergmann glial cells after application of KA has -also been demonstrated
using imaging techniques.2" The functional role of these Ca-permeable AMPA/KA
receptors is, however, still unclear. It is conceivable that glutamate released from
excitatory synapses made by the parallel-fiber nerve endings on Purkinje cells could
spill over from the synaptic cleft and activate GluR channels on Bergmann glial cells,
which sheathe these synapses. Thereby, second messenger cascades in glial cells could
be triggered.

The results presented in this paper strongly suggested that native AMPA/KA type



134 ANNALS NEW YORK ACADEMY OF SCIENCES

GIuR channels were assembled from subunits of the GluR-A to -D family and that
the presence or absence of the GIuR-B subunit determined their likely most important
functional properties: rectification and Ca permeability.

CONCLUSIONS

Fast application techniques allow one to mimic release of glutamate from presynap-
tic terminals. Brief pulses of a high concentration of glutamate applied to excised
membrane patches can simulate fast AMPA/KA as well as slow NMDA receptor-
mediated components of EPSCs. It is likely that closure of AMPA/KA type channels
after removal of glutamate rather than desensitization determines the decay time course
of an EPSC. Brief-pulse desensitization and equilibrium desensitization may, however,
play a role in setting the amplitude of synaptic currents. The presence of the AMPA/
KA-GIuR-B subunit seems to be a critical factor for the functional properties of native
AMPA/KA type GIuR channels. Hippocampal neurons express the GIuR-B subunit.
AMPA/KA type GluRs in these cells show outwardly rectifying steady-state I-V
relations and low Ca permeability. Bergmann glial cells do not express the GIuR-B
subunit- AMPA/KA type GluRs in these cclls al,ow doubly-rectifying I-V relations
and high Ca permeability. The differential expression of the AMPA/KA-GluR-B
subunit may thus determine the Ca permeability of AMPA/KA receptors in various
types of cells in the CNS.
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INTRODUCTION

The glutamate receptor (GIuR) channel plays a key role in brain function by
mediating most of the fast excitatory synaptic transmission in the central nervous
system.' The heterogeneity of the GluR channel was suggested by electrophysiological
and pharmacological studies, which led to the classification of the GluR channel into
the a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), kainate, and
N-methyl-D-aspartate (NMDA) receptors. '2 The NMDA receptor channel is highly
permeable to Ca2' but is blocked by Mg2 ' in a voltage-dependent manner. These
characteristics are essential for the NMDA receptor channel to mediate the induction
of long-term potentiation of synaptic efficacy, which is thought to underlie memory
acquisition and learning.' Furthermore, cumulative evidence suggests the involvement
of the NMDA receptor channel in experience-dependent synaptic plasticity in the
developing brain.4 In addition, abnormal activation of the NMDA receptor channel
may trigger neuronal cell death observed in various acute and chronic brain disorders.'6

Recently, the molecular entity of the NMDA receptor channel has been revealed
by cloning and expression of the subunit cDNAs. The NMDA receptor channel
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subunits show significant amino acid sequence homology with the subunits of the
AMPA- or kainate-selective GluR channel and thus arc the members of the GluR
channel subunit family. Clear differences in pharmacological and clectrophysiological
properties and regulation have been found among diverse NMDA receptor channel
subunits. Furthermore, distinct distributions of the NMDA receptor channel subunit
mRNAs in the brain have been visualized by in situ hybridization analyses using cloned
cDNAs as probes. These studies have clearly shown the molecular and functional
diversity of the NMDA receptor channel and provide solid bases for future investigation
of higher brain functions and neurological disorders.

MOLECULAR DIVERSITY

In an attempt to understand the molecular basis of higher brain functions, we
have identified numbers of mouse GluR channel subunits by successive screening of
mouse brain cDNA libraries under low stringency conditions with al and as2 subunit
cDNAs 7 and newly identified subunit cDNAs as probes."' 4 The entire primary struc-
tures of these subunits were deduced by nucleotide sequence analysis of the cloned
cDNAs (FIG. 1). We have classified these subunits into six subfamilies according to
the amino acid sequence identity (TABLE I); the rat counterparts of the a. 13 y, F,

and C, subunits are differently named by the groups of Heinemann,"-•" Seeburg,•' 2

and Nakanishi. 4 Amino acid sequence identity is as high as - 40% to - 70%7c within
a subfamily, but is as lo-.' as - 107 to -40% between subfamilies. The presence
of variants produced most likely by alternative splicing is noted for some subunits.

GIuR channel subunits possess four hydrophobic putative transmembrane segments
(M I-M4) and a putative signal peptide at the amino terminus. These structural charac-
teristics are common for neurotransmitter-gated ion channels, the nicotinic acetylcho-
line receptor channel, the GABA receptor channel, and the glycine receptor channel
Segment M2 is assumed to constitute the inner wall of the ion channel, analogous
to the acetylcholine receptor channel. Highly conserved regions among GluR channel
subunits are putative transmembrane segments, the region preceding segment MN and
the regions between segments M 3 and M4. The region preceding segment M I contains
potential N-glycosylation sites and putative agonist binding sites.i-2 Point mutations
introduced into these regions have been found to affect dose-response relationships
for agonists of the AMPA-selective GIuR channel. 11-7 The putative cytoplasmic domain
between segments M3 and M4 contains potential phosphorylation sites for Ca' - /
calmodulin-dependent protein kinase and protein kinase C, which have been suggested
to mediate the induction and maintainance of long-term potentiation.2x

Functional properties of the respective subunits were examined after expression
in Xenopus oocytes by injection of the subunit-specific mRNAs synthesized in vitro using
cloned cDNAs as templates. The al subunit alone forms functional GluR channels, but
the current responses are much larger when the 0.l and a2 subunits are expressed
together.''" •t. The increases in channel activity and Hill coefficient values for the
dose-response curves for agonists indicate a positive cooperative interaction between
the 0.l and a.2 subunits. The apparent affinities for agonists of the a] /Gt2 heteromeric
channel as well as the a.l homomeric channel are quisqualate > AMPA > L-glutamate
> kainate. Thus, the 0. subfamily represents the AMPA-selective GluR channel. The
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TABLE 1. Subunit Families of the Rodent GIuR Channels
Subunit

Subfamily Mouse Rat Functjon

a atl, a2. a33, a4 (;luR 1, 2. 3, 4 AMPA-sdlcc1%C

(G(iuR A, B, C. D))

, 132, P33 GIuR 5, 6. 7 Kainatc-,clectivc

y y 1, y2 KA-I KA-2 Kainate-sclcctmi

6 61 L nkno%% n

el. s2, E3, E4 NR2A, 2B. 2C NMI).\

N,%IDAR I NMDA

132 subunit forms homomeric channels responsive to i-glutamate, kainate, and quisqua-
late.""- The y2 subunit, when expressed together with the P32 subunit, forms GluR
channels selective for kainate.' " The order of potency is kainate > i-_lutamate ý quis-
qualate. Co-expression of the y'2 subunit increases channel activity several fold and
the apparent affinity for i-glutamate and quisqualate, compared with the [32 subunit
expressed alone. Therefore, the members of the 13 and y subfamilies constitute the
kainate-selective GIuR channel,

The ý I subunit forms homomeric channels responsive to I-glutamate. i -aspartate.
NMDA, and quisqualate in the presence ofglycine. '.2 However, highly active NMDA
receptor channels are observed only when the ý I subunit is expressed together with
one of four F_ subunits, suggesting the heteromeric nature of the NMD:\ receptor
channel (FIG. 2).2-"2' The responses to 10 iM i.-glutamate plus 10 ptM glycine of
the 1/(,1, &2/11, G3/(l, and E4/ýI heteromeric channels were suppressed by 100
PtM D-2-amino-5-phosphonovalerate (APV), a specific competitive antagonist of the
NMDA receptor, and 30 M 7-chlorokvnurenate (7CK). reported to be a competitive
antagonist for the glycine modulatory site of the NMDA receptor (Fic. 3V) Fhe
responses of ýhe 1l/ýI, 62/1,, &3/Ii and E4/t1 channels were inhibited also by
non-competitive antagonists of the NMDA receptor channel, such as 100 PM M\l:&.
100 gM Zn", and I pM (+)-MK-801. The effects of the channel blockers were
apparently weaker for the s3/'l and F,4/,l channels than I10 to, l/,1 and c,2/.l
channels. The l/(-, e2/•l, E3/-,, and 64/,1 channels exhibited clear iMnard cur-
rents in Na '- and K '-free Ringer's solution containing 20 mM (af whereas a marginil
outward current was observed in control Na'- and K -free Ringer's solution. indicating
that the heteromeric channels are permeable to Ca"'. The tinding of the presence of
four & subunits indicates the diversity of the NMDA receptor channel at the molecular
level.

FUNCTIONAL DIVERSIT Y

The question then arises whether the molecular diversity of the NIMDA receptor
channel results in the functional diversity. Pharmacological properties of the c 1/; 1.
E;2/I, I3/(I, and F_4/.l channels were examined by analviing the dose-response
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'~rG~u/GIy +~ Giu/Gly Gin/Gly + Glu/Gly + GIuIGI'.F_/ I~ Glu/Glv APV 7CK kMg
2
, Zn: MK-80W

"'G)uGl + GluIGiy +- Gin/Gly + GluGly +- Gin/Gly+31 uGl APV 7CK Mg2* Zn' .MK-8OJ

FIGURE 3. Effects of compethitie and non-competitive antagonists on dthe currcint respon~c, ot the
E2/1[ and E_3/ýI channels to 10 iaM i-glutamtate plus 10 p,\1 gdiecine (.\odificd tromn referncric

relationships for i-glutamate and giveine in Ba>-Ringer's solution to minimiz.e the
effect of secondarily activated CaZ-dependent (.1 currents (FIG. 4). '[he E(>. vaue
for i.-glutamate were 1.7 laM, 0.8 4aM, 0.7 jiMl, and 0.4 jiMl for the c1/~l. F,21

~ ,c/iandc4/~l channels, respectively, xhereas those for grlycine were 2.1 PMN,
0. 3 jiM. 0.2 laM, and 0.09 pM, respectively. Furthermore, the sensitivities of' the

ci/ F, 2/ýi, c3/ýI, and c4/ýl channels to competitiveantagon .ists were compared
at the agonist concentrations 10 times as high as the EC2 , values (FIG. 5)_ i'he sensitivity\

to APVS is El/ýl > F_2/ýl > &3/ýl > c;4/ýl channels, whereas the senisitivitv to
7(:KBis3/ýl >c,2/ýl >&l/ýi = /~I channels. These results suggest that pharma-
cologically distinct NMI)A receptor channels can be formed depending on the consti-
tuting e subunit. In accord with these findings, the regional variation in lihand-binding
properties of the NMDA receptor has been noted in the brain

Mgý' at the concentrations of 0. 1 mM and I mM exerted an inhibitorv etict
on the E/4 heteromeric NMDA receptor channels in I voltage-dependent manner
(FIG. 6). A clear difference, however, was found among the heteromecric channels
'The &3/ýI channel was rather resistant to Mgý' blocking, being active even at - 70
mV and - 100 rnV membrane potentials In the presence of I in.\1 Mgý ' . wheras
bo0th the E I /ý I and c2/ý 1 channels were strongly suppressed under these conditionsý

DISTINCT DISTRIBUTIONS OF THE SUBUNIT \tRNA,,
IN THE BRAIN

Distributions of the subunit mRNA~s in the adult mouse b~rain were examined by
in situ h., hr, 1iiation analses.' Th rI subunit mrRN/\ is distributed wi delY in
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FIGURE 4. Dose-response curves for I.-Outamate in the presence of 10 IaM goycine (top) and tor
glycine in the prc:sence of 10 (.M i-glutamate (hottom) of the EI/ýI, E2/l. E3•/,1. and c4/ýl
channels (From references 13 and 14.)
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1.0 --

SE2/ýl

D] £3/Q•

0
C.

c) 0.5

a)

100 ýM APV 3 pM 7CK

FIGURE 5. Effects of APV and 7CK on the responses to i-glutamate plus .yvcinc of the I/[,]
62/•1, c3/ 1, and c4/ýl channels. The agonist concentrations wecre - tenfold of the EC,, %alues
of the respective heteromeric channels. (From references 13 and 14 )

the brain, but the level of expression is higher in the cerebral cortex and the hippocampal
formation. In contrast, the c2 subunit mRNA is expressed selectively in the forebrain
High levels of expression are observed in the cerebral cortex, the hippocampal forma-
tion, the septum, the caudate-putamen, the olfactory bulb, and the thalamus. The E3
subunit mRNA is found predominantly in the cerebellum. Strong expression is observed
in the granule cell layer of the cerebellum, while weak expression is detected in the
olfactory bulb and the thalamus. Low levels of the F,4 subunit mRNA are found in
the midbrain, the thalamus, and the olfactory bulb. In contrast to the characteristic
distributions of the four F subunit mRNAs, the ,l subunit mRNA distribution is
ubiquitous in the brain.

Furthermore, the expressions of the respective c subunit mRNAs are differentialh'
regulated during development."' In the embryonic brain, only the E:2 and E:4 subunit
mRNAs are expressed. In contrast to the wide distribution of the F2 subunit mRNA,
the F4 subunit mRNA is found exclusively in the diencephalon and the brainstem.
During the first two weeks after birth, the expression patterns of the F- subunit mRNAs
change drastically. The &I subunit mRNA appears in the entire brain and the E3
subunit mRNA in the cerebellum. In contrast, the expression of the F2 subunit mRNA
becomes restricted in the forebrain and that of the F4 subunit mRNA is almost
diminished The I subunit mRNA is ubiquitously expressed in the brain throughout
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1.0- l.O~L [-£3/t,1

2 E1/tI
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-40 mV -70 mV -1O0mV
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FIGURE 6. Effects of O 1 mM and I mM Mg2 ' on the cl/C1. c2/,L and 0/c1 channels at
various membrane potentials. (From reference I3.)
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1Os
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a,
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C')
a,

a, 2

C_ +Staurosporine
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Time (min)
FIGURE 7. Effect of TPA treatment on the C I homomeric (top) and cl /ý 1 and i2/•,1 hctcrt)mcri,
NMDA receptor channels (bottom). (From references I I and 13 .)

developmental stages. Thesc results suggest that the subunit composition of the NMDA
receptor channel alters drastically during development, which would result in changes
of the functional properties of the NMDA receptor channel. In accord with this notion.
it has been reported that the pharmacological and electrophysiological properties of
the NMDA receptor channel, such as the sensitivity to Mgý' block, the apparent
affinity for glycine, and the channel kinetics, change during brain development." "
A precedent for such developmental regulation is the changes of the functional proper-
ties the muscle acetylcholine receptor channel based on the switch of the subunit
composition during neuromuscular junction formation.4
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S-M2 --
£2 DGREPGGPSFTIGKAIWLLWGLVFNNSVPVQ

s2-N589Q - Q

ý1 NSEEEEEDALTLSSAMWFSWGVLLNSGIGEG

ýl-N598Q ---------------------- Q----

+2/• 1 - ,Znl + MK-801

2000 nA

(os

£2-N589Q/ + Mg2+ + Zn 2* + MK-801

Sl-N598Q

FT 15000 nA

10s

FIGURE 8. Substitution mutations introduced into the C2 and C1 subunits (top) and the effects
of the mutations on the sensitivities to non-competitive antagonists (bottom) Amino acid sequences
of the mutagenized region encompassing putative transmembrane segment M2 are shown Bars
represent residues identical to those above in the aligned position. The heteromeric £2/•1 and
c2-N589Q/ýl-N598Q channels were expressed in Xenopus oocytes and current responses to 10 •,M
L-glutamate plus 10 igM glycine were measured in normal frog Ringer's solution at - 70 mV membrane
potential. Effects of non-competitive antagonists were examined in Ringer's solution containing I
mM MgCI2, 100 gM ZnCI2 , or I i.M (+)-MK-801. The sensitivity to MK-801 was evaluated after
two successive applications. (Modified from reference 36.)
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REGULATION OF THE CHANNEL ACTIVITY

The ýl homomeric NMDA receptor channel expressed in Xenopus oocytes is
transiently potentiated by treatment with 1 gM 12-O-tetradecanoyl phorbol 13-acetate
(TPA) (FIG. 7). This enhancing effect cannot be nonspecific because the TPA treatment
exerts no appreciable effect on the current response of the AMPA-selective al /1a2
GluR channel. Furthermore, the effect of TPA is abolished by the simultaneous treat-
ment with 5 gM staurosporine, a protein kinase inhibitor.

The effects on heteromeric channels were examined by measuring responses to
10 iM i.-glutamate plus 10 piM glycine in Ba2- -Ringer's solution. Treatment ofoocytes
with I pM TPA for 10 min potentiated the responses of the £2/11 and 81/C,]
heteromeric channels (FIG. 7), but not the response of the 830/ý 1 channel. No significant
enhancement of the channel activity was observed by mock treatment or TPA treat-
ment in the presence of 5 4iM staurosporine. Failure of potentiation in the presence
of staurosporine suggests the involvement of protein kinases in the TPA effect. These
observations raise an intriguing possibility that NMDA receptor channels can be posi-
tively modulated by protein kinases. The level of NMDA receptor channel activity
may hence be regulated by various stimuli leading to activation of protein kinases,
for example through G protein-coupled receptors. Such modulation may play a role
in determining the threshold of the induction of long-term potentiation, since Ca2

-

entry through the NMDA receptor channel triggers the persistent change in the efficacy
of synaptic transmission.'

IDENTIFICATION OF THE MG2' BLOCK SITE

The AMPA-selective al/a2 GIuR channel is essentially impermeable to Ca2',
like most of native AMPA receptor channels, whereas the a I homomeric channel
is permeable to Ca".21' 2 Thus, the a2 subunit regulates the ion selectivity of the
AMPA-selective GIuR channel. Inspection of the amino acid sequence of the a2
subunit reveals the unique presence of arginine 586 in putative channel-forming seg-
ment M2. To examine whether this positively charged residue plays a role in selective
cation permeation through the channel, we introduced a point mutation into the a2
subunit to substitute glutamate for arginine (mutation a2-R586Q).'6 The heteromeric
channel composed of the wild-type atl subunit and the mutant a2-R586Q subunit
is highly permeable to Ca2 '. These results show that arginine 586 in segment M2 of
the a2 subunit is a critical determinant of the Ca-" permeability of the AMPA-selective
GIuR channel.

Voltage-dependent Mg' block is the key to the depolarization-dependent activa-
tion of the NMDA receptor channel, which is the basis of an activity-dependent
change of synaptic efficacy, thought to underlie memory, learning, and development.
All subunits of the NMDA receptor channel possess asparagine in putative transmem-
brane segment M2 at the position corresponding to glutamine/arginine of the a
subunits that determine the Ca2 permeability of the AMPA-selective GluR channel
(FIG. I). To test the idea that this asparagmne residue causes the NMDA receptor
channel to be sensitive to voltage-dependent Mg2 * block, we introduced substitution
mutations into the 62 and Cl subunits of the NMDA receptor channel (Fie;. 8).
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The wild-type 62/cl channel is almost completely suppressed by the physiological
concentration of Mge in a voltage-dependent manner. Replacement by glutamine of
the asparagine in either or both of the subunits strongly reduces the sensitivity to
Mg`* block of the &2/ýl heteromeric NMDA receptor channel (FIG. 8). Repetitive
application of 1 igM MK-801 suppresses the wild-type &2/ýl channel. However, the
heteromeric channel with the mutation on both subunits bccomef resistant to MJ(-80 I.
The sensitivity to Zn2 is partly reduced by the point mutations. 6 These findings
suggest that the conserved asparagine in segment M2 constitutes a Mge block site
and that the MK-801 site overlaps the Mg`' site. There is strong evidence that Mge
produces a voltage-dependent block of the channel by binding a site deep within the
ionophore,3 7 thus our results are consistent with the view that segment M2 constitutes
the transmembrane ion channel of the NMDA receptor channel. Because the F 3/CjI
and s,4/(, channels are less sensitive to Mg2 block than the I- I /( 1 and F2 /ý,I channels
and the asparagine is conserved among these subunits, there are probably additional
residues involved in interaction with Mg2-. The observation that the sensitivity to
Zn> is only slightly affected by the substitutions at the Mge' site is consistent with
the proposal that Mge - and Zn2

-' act on different sites of the NMDA receptor channel."
Although the main effect of Zn 2 on the NMDA receptor channel is voltage-insensitive.
a small portion of the Zn 2 block is voltage dependent."' The slight decrease in the
sensitivity to Zn 2 of the mutant channels can be explained if the voltage-dependent
block by Zn 2 is caused by binding to the Mg' site.

CONCLUSION

We have identified more than a dozen subunits of the mouse GluR channel by
molecular cloning. These subunits can be classified into six subfamilies according to
the amino acid sequence homology. Functional analysis of GIuR channel subunits
expressed from the cloned cDNAs shows that this classification purely based on the
structural similarity corresponds very well to the pharmacological properties (TABI.E

I). When the amino acid sequences of the GIuR channel subunits are compared, the
asparagine constituting a Mg2 - block site of the NMDA receptor channel corresponds
in position to the glutamine and arginine that determine the Ca" permeability of the
AMPA-selective GluR channel.2'- 4.. This suggests that the channel structure motif
is similar between the NMDA and non-NMDA receptor channels.

We have demonstrated that NMDA receptor channels with high activity are
formed by co-expression of the distantly related c and , subunits. The four , subunits
are homologous in primary structure, but are clearly distinct in distribution, functional
properties, and regulation. In contrast to the wide distribution of the c I and ,,I subunit
mRNAs in the brain, the F-2 subunit mRNA is expressed selectively in the forebrain.
The F-3 subunit mRNA is found predominantly in the cerebellum, whereas the C4
subunit mRNA is weakly expressed in the brainstem and the diencephalon. It is
remarkahie that ii the 1uicbrain the distribution patterns of the CI and &2 subunit
mRNAs coincide well with those of the antagonist-preferring and agonist-preferring
forms of the NMDA receptor channel, 4 respectively. Of the s/, heteromeric NMDA
receptor channels, the &4/rl channel exhibits the highest apparent affinities for
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L-glutamate and glycine, and the c1/ý,l channel the lowest affinities. Furthermore,
the c1/,1 channel is most sensitive to APV, whereas the 03/ýi channel is most
sensitive to 7CK. The c4/Vl channel is least sensitive to both antagonists. Remarkably,
the e 3/ý,I and c,4/ I channels are less sensitive to Mge' block than the &I/•1 and
s2/(,l channels. Furthermore, we have found that the l/ýl and c2/.1 channels,
but not the E 3/ I and V4/• I channels, can be positively modulated by TPA treatment.
These findings suggest that the functional properties of the NMDA receptor channel
are critically determined by the constituting F subunit, and thus the molecular diversity
of the c subunit family underlies the functional heterogeneity of the NMDA receptor
channel.

Because the activity-dependent change in synaptic efficacy mediated by the NMDA
receptor channel is found in forebrain regions such as the hippocampus and the cerebral
cortex,'-34 it is likely that the F-1 and &2 subunits expressed in the forebrain play a
role in the synaptic plasticity. In accord with this assignment, the cI/(,l and c2/ý1
channels are highly sensitive to voltage-dependent Mg`* block, which is essential
for the NMDA receptor channel to mediate the induction of the activity-dependent
long-term potentiation of synaptic efficacy. It is of interest that the IC/.I and F22/
ý1 channels, but not the 83/Cl and c4/Cl channels, are positively regulated by TPA
treatment. Thus, modulation of the cIl/Ci and s2/Cl channels by protein kinases
may represent an important regulatory mechanism of the threshold of 'he induction
of long-term potentiation, because Ca2l entry through the NMDA receptor channel
triggers the persistent change in the efficacy of synaptic transmission. Furthermore,
the c•;2/I channel expressed from early stages of development would play an important
role in experience-dependent synaptic plasticity in the developing brain. The predomi-
nant distribution of the F,3 subunit mRNA in the cerebellar granule cell layer and the
weak sensitivity of the 03/(l channel to Mge block suggest that the F-3 subunit is
a key component of cerebellar NMDA receptor channels mediating mossy fiber-granule
cell synaptic transmission. Similarly, the F4 subunit may mediate synaptic transmission
at early stages of development. The proposed physiological roles of the respective 6
subunits of the NMDA receptor channel could be tested in vivo through transgenic
mouse techniques including gene targeting. Our cDNA clones of the mouse NMDA
receptor channel subunits will provide valuable tools for future investigation of higher
brain functions and brain disorders at the molecular level.
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INTRODUCTION

Glutamate is a major excitatory neurotransmitter and plays an important role in
many neuronal functions in the central nervous system (CNS).1 ' The glutamate func-
tions include the ordinary synaptic transmission, the modification of synaptic connec-
tion during development, and the modulation of transmission efficacy during plastic
changes in the adult brain.'" Glutamate is thus thought to be involved in many higher
brain functions such as learning and memory acquisition. In contrast, overactivation
of glutamate receptors under pathological conditions causes neurodegeneration and
neuronal cell death and may also lead to some slowly progressive neurodegencrative
disorders such as Huntington's disease and Alzheimer's disease.')

The diverse functions of glutamate neurotransmission are mediated by a variety
of glutamate receptors that can be categorized into two distinct groups termed
ionotropic and metabotropic receptors (mGluRs).' 2 The ionotropic receptors can be
subdivided into N-methyl-D-aspartate (NMDA) receptors and a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate (AMPA)/kainate receptors. They contain glutamate-

gated, integral cation channels in their molecules. The metabotropic receptors are
coupled to the modulation of intracellular second messengers through GTP-binding
proteins."-'4 We have been working on molecular characterization of the NMDA

receptors and mGluRs and have revealed the existence of many subtypes or subunits
of these receptors in the CNS. This article deals with our recent studies concerning
the molecular diversity of the glutamate receptors and discusses some new aspects in
this field of research.
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PHYSIOLOGICAL IMPLICATIONS OF THE NMDA RECEPTOR

The NMDA receptor plays a key role in many neuronal functions in the CNS.2

This receptor is essential for inducing long-term potentiation (LTP), a long-lasting and
activity-dependent enhancement of transmission efficacy thought to underlie funda-
mental processes for learning and memory." This receptor also plays a crucial role
in inducing neurodegeneration and neuronal cell death under pathological conditions
such as cerebral ischemia and epilepsy.'

The NMDA receptor has several characteristic properties that clearly distinguish
it from other types of glutamate receptors.' The integral channel of the NMDA
receptor is highly permeable to Ca" *, and the increased intracellular Ca2 ' in neurona]
cells is thought to be responsible for evoking glutamate-mediated neuronal plasticitV
and neurotoxicity. This receptor also shows several unique features, including voltage-
dependent Mg` blockade, Zn2 " inhibition, the modulation by glycine, and channel
blockade by selective channel blockers such as MK-80 I The voltage-dependent Mge
blockade of the NMDA receptor channel is postulated to be a key switch in controlling
the induction of LTP during tetanic stimulif 6

MOLECULAR CLONING OF NMDA RECEPTORS

Using a Xenopus oocyte expression system combined with electrophysiolog', we
first isolated and characterized a key subunit of the rat NMDA receptor (NMDAR 1).-
The cloned receptor expressed in Xenopus oocytes faithfully reproduces the characteris-
tic properties of the NMDA receptor and shows a high Ca` permeability and voltage-
dependent Mg`* blockade. The pharmacological profile is also in good agreement
with that reported for the NMDA receptor in the brain. Therefore the single protein
encoded by NMDARI forms a functional receptor-channel complex possessing all
pharmacological and electrophysiological properties characteristic of the NMDA recep-
tor in neuronal cells.- The major isoform of NMDARI consists of 938 amino acid
residues but there are at least seven isoforms of NMDARI generated by alternative
splicing.8

The above characterization of the homomeric NMDARI receptor, however, also
showed a low channel activity of the cloned receptor and some disparities between
the expression sites of NMDARI mRNA and the radioligand binding sites of the
NMDA receptor in the brain." We extended molecular screening of the NMDA
receptors and identified four additional cDNA clones encoding different subunits of
the NMDA receptor, termed NMDAR2A-NMDAR2D.' The molecular cloning of
these subunits has also been reported from the laboratories of Mishina and Seeburg.

The NMDAR2A-NMDAR2D subunits share only 15% amino acid sequence
homology with NMDARI but show 40-50% homology with one another. They'
consist of about 1,250-1,500 amino acid residues and have a peculiar large carboxyi-
terminal extension following the transmembrane segments." All NMDAR subunits
are thought to comprise four transmembrane segments and belong to the ligand-gated
ion channel family.'-"

None of the NMDAR2 subunits evoked any appreciable electrophysiological re-
sponses after agonist application in homomeric expression in Xenopus oocytes. How-
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ever, the combined expression of the NMDAR2 subunits with the NMDARI subunit
markedly potentiated the responses to agonistsY' 2 The combination of NMDARI
with different NMDAR2 subunits also conferred a functional variability in the electro-
physiological and pharmacological properties. Depending on the subunit combination,
the affinity for agonists and antagonists and the sensitivity to Mge" blockade are
different from one another. 9 "''2 Therefore, NMDARI serves as a key subunit neces-
sary for the NMDA receptor activity, while the individual NMDAR2 subunits are
involved in potentiating the glutamate response and producing the functional variability
by forming the heteromeric configuration of the NMDA receptor-channel complex
(TABLE 1).

STRUCTURE-FUNCTION RELATIONSHIP OF NMDA
RECEPTOR CHANNEL

All the NMDAR subunits can fit into a transmembrane model of the ligand-gated
ion channels, in which the second transmembrane (TM II) segment is thought to be
involved in lining a channel pore." To investigate the structural features that control
Ca2 ' permeation and channel blockade of the NMDA receptor, we systematically
changed single amino acids in the vicinity of TM II segment of NMDAR I and examined
the channel properties of the resultant mutants in combined expression with the
wild-type NMDAR2A in Xenopus oocytes. 4 In the mutants examined, the substitution
of the asparagine in TM II segment by either glutamine or arginine dramatically reduced
Ca 2

* permeability and the sensitivity to the blockades by Mg2* and MK-801." '
These mutations also reduced the inhibitory effects of Zn2 - and an antidepressant
desipramine.' 4 All NMDA receptor subunits contain asparagine at the corresponding
positions of TM I segments.' Therefore an asparagine ring could be formed at the
central part of the channel pore of the NMDA receptor and may provide a constriction
that controls both the Ca 2" permeation and the blockades by Mg2" and other cationic
channel blockers.

EXPRESSION OF NMDAR SUBUNITS

In situ hybridization analysis indicated that the NMDARI mRNA is expressed
in almost all the neuronal cells in both central and peripheral nervous systems (FIG
]).717 The mRNAs for different NMDAR2 subunits show overlapping but different
expression patterns in the brain.9'J.' 2 The NMDAR2A mRNA is prominently ex-
pressed in the cerebral cortex and hippocampus, while the NMDAR2B mRNA is
distributed throughout the forebrain region. The NMDAR2C mRNA predominates
in the cerebellum and the NMDAR2D mRNA is expressed in the diencephalic/lower
brain stem regions (FIG. 1)1.1,12 It has been reported that the pharmacological and
physiological properties of the NMDA receptors vary in different brain regions."
Thus, the anatomical and functional differences of the NMDAR2 subunits provide
the molecular basis for the heterogeneity of the NMDA receptors.

The timing of the appearance of each NMDAR subunit mRNA during develop-
ment is also different from subunit to subunit.'9 NMDARI appears early in the



156 ANNALS NEW YORK ACADEMY OF SCIENCES

e

- 7

7 -

7

C - -�

-�-

C

- .-� -7.-
- -C

� CZ �
- -� - � f

*C- �-.-

-I-,

- �-

/

C -

C /



MASU et aL.: GLUTAMATE RECEPTORS 157

NMDAR1
NMDAR2A NMDAR2B
NMDAR2C NMDAR2D

FIGURE 1. Distribution of mRNAs for the NMVDARI and NNMDAR2 subunits in the adult rat
brain Negative film images of in situ hs'bridization of parasagittal sections ire shown Indixidual
NM4DAR subunits show different expression patterns in the brain

embryonic stage and maintains thereafter a ver high level of expression througjhou~t
the brain regions. NMDAR2B and NMDAR2D also appear in the embryonic'brain
and show a broad range of expression during the neonatal stage, T'heir expics.1011
then gradually decline and converge to more limited portions. NMDAR2A and
NMDAR2C, on the other hand, gradually appear after birth and reach a plateau of
expression in the adult brain." The different ontogenic change in the expresson oif
the different NMDA receptor subunits may subserve specific functions durin2. neuronal
development, but its physiological meaning remains to be elucidaited.

MOLECULAR CLONING OF METABOTROPIC
GLUTAMATE RECEPTORS

Our molecular cloning studies have now revealed that there are at least Nix different
subtypes (of the m(iluR famly11 (IAMi.F 2) 1.' Ihese six subtype's, termned mi( duR I -
mn( , uR6. po~sses ' mmon structural architecture with a1 large extracellullar amitno-
terminal domain p. (.cding the seve-n trnitmrn emnsadare highly homiolo-
gous in both their tiransmembrane segizrcnits and ext racellular domains , I hle ii ~h
conservation (iftcystvino residues in the cxtra~clluldir domains is also st riking2 mu~ Is
thought to be crucial for the structural formiation of the mi( uRs " I he mi( uR,
(1o not shoiw an1 v seq u en e h im ut ogx 55ith oither mntivnervis of ri t ci n -ýkiipled

re-(I e irs and rer ai t ni ovii el 11a111I1Y of (, pro'i1t ci ~onplex rc~ciiti irs it( l iexi
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receptor subtypes can be divided into three subgroups according to their sequence
similarities; mGluRI/mGluR5, mGluR2/mGluR3, and mGluR4/mGluR6. They
show about 60-70% homology within the same subgroups and about 40% homology
between different subgroups (TABLE 2).

FUNCTIONAL ANALYSES OF THE CLONED mGluRs

To investigate signal transduction mechanisms and pharmacological properties of
individual mGluR subtypes, we established cell lines permanently expressing each
mGluR subtype by DNA transfection and then examined the modulation of the second
messengers after agonist stimulation.

mGluRl and mGluR5 stimulate inositol trisphosphate (IP3 formation and lead
to the intracellular Ca2" mobilization. 2 2 " The agonist selectivity is virtually the same
between these two receptor subtypes and the rank order of agonist potencies is quis-
qualate > glutamate >, ibotenate > trans- I-aminocyclopentane- , 3-dicarboxylate
(tACPD).

22 .2 6

AN other subtypes, on the other hand, mediate the inhibition of the forskolin-
stimulated accumulation of intracelular adenosine 3',5'-monophosphate (cAMP) in
agonist-dependent manner.' 2 "24 mGluR2 and mGluR3 resemble each other in their
agonist selectivity and the rank order of agonist potencies is glutamate > tACPD >
ibotenate > quisqualate.2 2" mGluR4 and mGluR6 are totally different from mGluR2
and mGluR3 in their pharmacological properties. These subtypes potently react with
L-2-amino-4-phosphonobutyrate (L-AP4) in a stereoselective manner and also respond
to L-serine-O-phosphate (L-SOP).

2 
2'4 Therefore the mGluR subtypes can be classified

into three subgroups according to not only their sequence similarities but also their
signal transduction pathways and agonist selectivities (TABLE 2)

L-AP4 has been shown to suppress synaptic transmission by inhibiting glutamate
release at presynaptic sites in many brain regions.2 The agonist selectivity of mGluR4
corresponds well to that of the putative AP4 receptor." Furthermore, tACPD. which
is a potent agonist for mGluR2/mGluR3, has also been reported to act suppressively at
the presynaptic site." Therefore, mGluR2, mGluR3, and mGluR4 appear to represent
presynaptic autoreceptors and may play an important role in controlling glutamate
transmission.

EXPRESSION OF METABOTROPIC GLUTAMATE RECEPTORS

The mRNAs for different mGluR subtypes show overlapping but distinct expres-
sion patterns in the rat brain (Ftc. 2).2' ) . The mGluRI mRNA is highly expressed
in the cerebellum and the hippocampal dentate gvrus and pyramidal cells of CA2-3
regions.1) 29 The mGluRg mRNA is prominently expressed in the cerebral cortex.
striatum, olfactory bulb, and pyramidal cells throughout the hippocampal (?\I-;
regions. The expression of this mRNA is very low in the cerebelltlm)" The mGluR2
mRNA is highly expressed in cerebellar Golgi cells, the accessory olfactory bull), and
granule cells of the hippocampal dentate gyrus.) ' .Theh mGluR 3 mRNA is prominently
expressed in the cerebral cortex, striatum, hippocampal dentate grus. and thalamus
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mGluRl
mGluR2 mGluR3
mGluR4 mGluR5

FIGURE 2. Distribution of mRNAs for the mGluR I -mGluRS subunits in the adult brain Negatixe
film images of in situ hybridization of parasagittal sections are shown. Each mGluR subunit shows
a characteristic expression pattern in the brain.

The .haracteristic feature of this mRNA is its expression in both glial cells and neuronal
cells."• The mGluR4 mRNA is more restrictedly expressed and is confined to granule
cells of the cerebellum, the thalamus, and olfactory bulb."

RETINAL L-AP4-SENSITIVE mGluR

Several lines of evidence suggested some regulatory functions of metabotropic
glutamate receptors in the CNS .-. However, many of the physiological roles of
mGluRs still remain to be elucidated. Recent electrophysiological studies indicated
that the mGluR that is sensitive to L-AP4 plays an important role in the synaptic
transmission between photoreceptor cells and ON-bipolar cells in the visual system
through the coupling to the guanosine 3', 5'-monophosphate (cGMP) cascade. We
thus focused on the putative t.-AP4-sensitive receptor in the retina.

By molecular screening of a rat retinal cDNA library, we isolated a novel subtype
of the metabotropic glutamate receptor, termed miluR6."4 When mGluR6 is
transfected and expressed in Chinese hamster ovary (CHO) cells, this receptor inhibits
the forskolin-stimulated cAMP formation with an agonist selectivity to i-AP4 and
i.-serine-O-phosphate." lhe rank order of agonist potency is thus in good agreement
with that reported for the mGluR in retinal ON-bipolar cells. RNA blot hybridization
analysis indicated that mGluR6 mRNA is exclusively expressed in the retina "4 Further-
more, in situ hybridization analysis revealed the distribution of m(iluR6 mRNA con-
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fined to the outer zone of the inner nuclear laver of the retina, where ON-bipolar
cells are localized. 4 In contrast to our observation that mGluR6 is coupled to the
inhibitory cAMP cascade, the t-AP4-sensitive mGluR in ON-bipolar cells is linked
to the cGMP cascade. However, it is also known that under a heterologous expression
system where preferred G proteins or subsequent effectors are absent, a transfected
receptor can be coupled to a different signal transduction pathway. Therefore, the
difference in the signal transduction of the bipolar cell receptor and mGluR6 may be
due to the lack of appropriate cGMP signal transduction machinery in CHO cells.

On the basis of our results and the previous reports from other laboratories, the
following model can be proposed as a mechanism mediated by the mGluR6 function
in the visual transduction system (FIG. )). When light reaches eyes, intracellular concen-
tration of cGMP in photoreceptor cells decreases as a result of the stimulation of
cGMP phosphodiesterase through the activation of transducin. The decrease in cGMP
concentrations, in turn, leads to the closure of the cGMP-gated cation channels and
hyperpolarizes photoreceptor cells. This hyperpolarization then results in the reduction
of glutamate release. Under this situation the mGluR6-G protein-phosphodiesterase
system in ON-bipolar cells becomes inactive and increases intracellular concentration of
cGMP. The cGMP-gated cation channel is then opened and depolarizes the ON-bipolar
cells. This depolarization releases glutamate from ON-bipolar cells and excites ganglion
cells. It is thus conceivable that different subtypes of mGluRs are linked to distinct
intracellular effectors and may play differential roles in glutamate transmission.

SUMMARY

Our molecular studies have revealed the existence of a large number of different
subunits or subtypes for the NMDA and metabotropic glutamate receptors. The
individual receptors show ft::cnional variabilities and distinct expression patterns in
the CNS. The NMDA receptors belong to the ligand-gated ion channel family and
consist of a key subunit NMDARI and four accessory subunits NMDAR2A-
NMDAR2D. The combination of NMDARI and NMDAR2 in heteromeric configu-
rations potentiates glutamate response and produces a functional variability. All the
NMDAR subunits have an asparagine residue at the corresponding position of the
second transmembrane segments, and these residues are thought to be responsible for
controlling Ca2 permeation and the channel blockade by Mg•" and cationic channel
blockers. Individual NMDAR subunit mRNAs are different in their expression patterns
during development and in the adult brain. The mGluR family consists of at least six
different subtypes. These subtypes are divided into three subgroups according to their
sequence similarities, signal transduction mechanisms, and pharmacological properties
Although their physiological roles largely remain to be elucidated, the retinal i -AP4-
sensitive mGluR may have a specific function that mediates excitatory neurotransmis-
sion in the visual system. It is thus undoubtedly important to investigate specific
functions of different combinations of the NMDA receptor subunits and different
subtypes of mGluRs and to explore the molecular mechanisms of glutamate receptor-
mediated neuronal plasticity and neurotoxicitv
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INTRODUCTION

The characterization of the ryanodine receptor/calcium release channel has pro-
gressed physiologically and biochemically in recent years.' ' Skeletal muscle sarcoplas-
mic reticulum (SR) provides the richest source of the ryanodine receptor. The purified
ryanodine receptor with a monomeric relative molecular mass (Mr) of 400-450 kD
is thought to form a homotetrameric complex and is morphologicallv identified wkith the
"foot" structure, which spans the gap between the SR and transverse tubule membranes
When reconstituted into a planar lipid bilayer the receptor has been shown to function
as a calcium-release channel. The channel properties and subcellular distribution of
the ryanodine receptor suggest its involvement in the SR calcium release that occurs
during excitation-contraction (E-C) coupling in skeletal muscle.

Recently, ryanodine receptors were also purified from heart and brain and their
functional properties were investigated. 2-'4 These results, together with evidence from
physiological experiments, suggest that ryanodine receptors take part in calcium signal-
ing in muscle cells and neurons. This paper reviews our experiments on three types
of ryanodine receptor using recombinant DNAs.

SKELETAL MUSCLE RYANODINE RECEPTOR

After purification of the rvanodine receptor from rabbit skeletal muscle SR. the
eDNA encoding this protein was cloned on the basis of the partial amino acid se-
quences. Sequence analysis of the eDNA revealed that the rabbit skeletal muscle
rvanodine receptor is composed of 5,037 amino acid residues and the calculated .l,
is 565 kD (FIG. 1). The deduced amino acid sequence of the ryanodine receptor sas
analyzed for local hydropathicity and predicted secondary structure (FIG. 2). The

1This investigation was supported in pan• by research grants~ from ,Ministry ni Educati+n. Sciencc

and Culture of Japan and the Institute of Physical and Chemical Research

165



166 ANNALS NEW YORK ACADEMY OF SCIENCES

r-iLZ-I -a

SKI~ 77Oý0

VL'

Li z'i77

Mn 7ff

g=-i



TAKESlIIMA: RYANODINE RECEPTOR 167

T0 = 10321 X0 z00 Z! 10001ý :;Z A-ý

LtLJj

LZLaLJ al.LZ

o 0 od Hd o i ol o d d .s ol .a -



168 ANNALS NEW YORK ACADEMY OF SCIENCES

~-;~27A-- A

__k k_[

kiti

itLi
t!:

__ u I Lr:i-i,--
'~f E5~ Rig

_Q _uj _ _l Hu ul md ol m ' U x 0A ml w o



TAKESHIMA: RYANODINE RECEPTOR 169

S.... n l . ..a ... .. 0..

mm Li

_Lin ~00_

OOk-au



170 ANNALS NEW YORK ACADEMY OF SCIENCEFS

Cd E

EC

E

CC

S E

cr 9

-c l.
CI

S tu
ad A134ediA

E



TAKESHIMA: RYANODINE RECEPTOR 171

receptor molecule has four highly hydrophobic segments with predicted secondary
structure in its C-terminal tenth. These segments (M1-M4), each comprising about

20 amino acid residues, presumably represent transmembrane a-helices. The ryanodine
receptor does not possess a hydrophobic amino-terminal sequence indicative of the
signal sequence. This may indicate that the portion preceding segment M l, which

constitutes nine-tenths of the receptor molecule, is located on the cytoplasmic side
of the SR membrane. The C-terminal region of the ryanodine receptor, including
segments M3 and M4, shows remarkable amino acid sequence similarity to the corre-
sponding region of the inositol-l,4,5-triphosphate receptor, which functions as a cal-
cium channel of endoplasmic reticulum. Thus the C-terminal region of both the
receptors may be important in forming intracellular membrane channels. These obser-
vations suggest that the ryanodine receptor molecule consists of two main parts: the
C-terminal channel region and the large cytoplasmic region that apparently corresponds
to the "foot" structure (FiG. 3).

Dihydropyridine receptor

++T-tubule

N H 2" _W4 W. _l C O O H

Foot region Cytoplasm

el__ A % j COOH

-Channel I
region M1 M2 M3 M4 SR

V- V Lumen

Ryanodine receptor

FIGURE 3. Proposed transmembrane topology and molecular architecturc of the rvanodine retelp-
tor, together with the DIIP receptor in the triad junction of skeletal muscle (From Takeshima et
al.' Reprinted with permission.)
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FIGURE 4. Functional expression of the skeletal muscle ryndn eeptor cI)NA in CHOl( cell'
(A) Immunoblotting analysis of the heavy SR fraction from rabbit skeletal muscle (lane a) and
membrane preparations from C731I1 cells (lane b), C798 cells (lane c). and non-transfected CHO)
cells (lane A, using monoclonal antibody against the rabbit skeletal muscle ryanodinc ecpo(B
Binding of IFilryanodine to membrane preparations from C7 311I cells (0). C798 cells (E), anti
non-transfected CHO cells (A); the inset shows Scatchard plots of the data (C) Caffeinec-induced
calcium release in fura-2-AM-loaded C7 311 cell. Application of caffeine (10 mNI) was indicated b.%
the bar and the second application was performed after replacing the normal saline 1y the nominall.%
calcium-free saline. (A and B. From Takeshimaaal. "C: From Penneret at. Reprinted with permission
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FIGURE 5. Profile of local amino acid sequence identity between the rabbit cardiac and skeletal
muscle ryanodine receptors. The horizontal line indicates the overall percent sequence identity between
the two ryanodine receptors. The positions of the putative transmembrane segments MI -M4 are
shown by filled boxes. (From Nakai et aI Reprinted with permission.)

To examine whether the functional calcium-release channel is formed by the
ryanodine receptor cDNA, expression plasmids were constructed that carry the entire
protein-coding sequence of the ryanodine receptor cDNA, linked to the SV40 early
promoter, and the neomycin-resistance marker gene. 7 Chinese hamster ovary (CHO)
cells were transfected with the expression plasmids and G418-resistant clones that
were shown by RNA blot hybridization analysis to promote ryanodine receptor mRNA
were selected. Immunoblotting analysis of membrane preparations using antibody
against the ryanodine receptor revealed that the transformed clones produced a protein
indistinguishable in M, from the ryanodine reLeptor in skeletal muscle SR (FIG. 4,
A). FIGURE 4 (B) shows that membrane preparations from the transformed clones were
capable of binding ryanodine and Scatchard analysis yields an apparent dissociation
constant (Kd) of 19 nM, which is in the same range as the Kd measured with skeletal
muscle SR membrane. Fura-2 measurements were performed to study the calcium-
release properties of the transformed clones (FIG. 4, C). We used caffeine, a well-known
activator of the Ca2 -induced Ca2 release in skeletal muscle. Calcium responses to
caffeine were observed in the transformed cells but not in non-transfected cells. The
responses were clearly due to release of calcium from intracellular stores, since similar
responses were observed after removing calcium from bath solution. Ryanodine also
induced calcium release in the transformed clones.' These results indicate that functional
calcium release channels are formed by expression of the ryanodine receptor cDNA.

CARDIAC RYANODINE RECEPTOR

A rabbit cardiac cDNA library was screened by cross-hybridization with a skeletal
muscle ryanodine receptor cDNA probe and the cardiac ryanodine receptor cDNA was
isolated. The rabbit cardiac ryanodine receptor, deduced from the cDNA sequence! is
homologous in amino acid sequence (67% identity) and shares characteristic structural
features with the skeletal muscle counterpart (FIG. I). FIGURE 5 shows the profile of
local amino acid sequence identity between the cardiac and skeletal muscle ryanodine
receptors. The C-terminal region that encompasses segnicnts M3 and M4 is highly
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conserved, whereas other regions, for example, the region immediately preceding
segment Ml and the region around position 13 50 are rather divergent. The SR calcium
release channel is activated or inhibited by various modulators, including calcium
ion, adenine nucleotides, caffeine, calmodulin, and ryanodine. Some candidates for
modulator binding sites were discussed in comparison between the amino acid sequence
of the skeletal muscle receptor and that of the cardiac receptor elsewhere.' And func-
tional calcium release channels were expressed from the cardiac ryanodine receptor
cDNA in Xenopus oocytes and CHO cells.89

BRAIN COUNTERPART OF THE RYANODINE RECEPTOR AND
DISTRIBUTION OF THE RYANODINE RECEPTORS

A brain cDNA library was screened for ryanodine receptor related protein with
probes from the skeletal muscle and cardiac ryanodine receptor cDNAs and the cDNA
of a novel brain counterpart of the ryanodine receptor was isolated recently." The
cDNA carries an open reading frame that encodes a sequence of 4,872 amino acids
and the deduced protein is homologous in amino acid sequence and shares characteristic
structural features with the skeletal muscle and cardiac ryanodine receptors (FIG. 1).
These results indicate that this protein functions as a calcium release channel and
involves in calcium signaling in neurons. However physiological and pharmacological
properties of this protein remain to be investigated.

The distribution of the three mRNA types (designated as skeletal muscle, cardiac,
and brain types) was examined using RNA blot hybridization analysis (FIG. 6).80 The
skeletal muscle ryanodine receptor mRNA is detected only in skeletal muscle. The
cardiac ryanodine receptor mRNA is distributed throughout the brain and smooth
muscles. On the other hand, the brain ryanodine receptor mRNA is found abundantly
in restricted areas of the brain (corpus striatum, thalamus, and hippocampus) and also
in aorta. Abundant experimental data have suggested that the major species of the
ryanodine receptor in brain is the product of the cardiac ryanodine receptor gene.
However different distribution of the ryanodine receptor types may suggest that cal-
cium signaling is divergent in regions of the brain.

CONCLUSIONS

The primary structures of the ryanodine receptors from skeletal muscle and heart
have been deduced by cloning and sequencing the cDNAs. Expression of the cDNAs
yielded functional calcium release channels. A third ryanodine receptor species has
been identified by cloning the cDNA from brain.
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INTRODUCTION

Many external signals utilize the phosphoinositide signaling pathway to regulate
cellular function. The phosphoinositide (PI) turnover system acts as a signal-transducing
cascade in the central nervous system.1.2 Many of the receptors coupled w ith G protcin
activate phospholipase C (PLC), which hydlrolvzes phosphatidylinositol 4.5-his-
phosphate generating inositol I 4,5-trisphosphate (InsP0) and I .2-diacvlglvcerol
(DAG). DAG is known to activate protein kinase C.' lnsP, is now generallyN accepted
to work as an intracellular second messenger.' lnsP, hinds to the specific lrisP~ receptor
(InsP,-R) that releases Ca`' from intracellular storage sites.' T'he released Ca' modu-
lates various Ca' -associated proteins, such as calImodulin and Ca'Ž -/ca-lmodulin-
dependent protein kinase 11 (CaM kinase 11).

lnsP3-R was originally characterized in 1979 as a protein P4X present in the cerebel-
lum in normal mice but not in cerebellar Purkinie-cell-deficient mutant mice' and
also as PCPP-260' and GP-Ar long before the importance of InsP, was recognized
as a second messenger to release Ca*. InsP,-binding protein and P41x protein were
shown to he identical immunologically by using specific monoclonal antibodies.' Re-

178
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cently, the primary structure of InsPr-R has been determined through cDNA cloning
from rodents.-" Here, we describe the molecular properties of lnsP,-R and the role
of InsP,-R in Ca`' signaling.

P 40o PROTEIN AND PURKINJE-CELL- DEFICIENT
MUTANT MOUSE

The mouse cerebellar cortex contains five types of neurons. One type, the Purkinje
cell, plays an important role in information processing, since the sole output from
the cerebellar cortex is the axons of Purkinje cells.'" SDS-polyacrylamide gel electropho-
resis has revealed that a membrane glycoprotein P4,,, (M, 2 50 kD) capable of binding
to concanavalin A (ConA) was found to be greatly decreased in Purkinje-cell-deficient
mutant mice such as pcd, nervous (FIG. I), and Lurcher.' ' P,,, was also decreased
in the staggerer mutant, which has poor dendritic arborization lacking tertiary branched
spines that serve as the sites of synapse of the Purkinje cells. The weaver mutant.
which lacks only granule cells in the cerebellum, contains a slight increase in the protein
content (FiG. 0)."4 This increased content is presumably due to a relative increase in
the proportion of Purkinje cells in the cerebellum caused by the death of granule
cells. P, was labeled by [I4Clieucine in vivo and was one of the major proteins
phosphorylated. These results suggested that P ,0,) has an active function in the Purkinje
cells.' "4

Purification and Characterization of P411,

P,,, is localized in the submicrosomal fraction (P31 fraction) of the mouse cerebel-
lum, solubilized by a solution containing 4% Zwittergent 3-14 and 4 M guanidinium
chloride, and purified by Sepharose CL-4B and ConA column into homogeneity.
Endo-ID-N-acetylglucosaminidase F digestion of PR, revealed that P4,, has asparagine-
linked oligosaccharide chains."

The purified InsP3-R was phosphorylated in vitro by the catalytic subunit of cAMP-
dependent protein kinase (PKA) and by the Ca 2 /calmodulin-dependent protein kina-se
II (CaM kinase I1)." InsPr-R was phosphorylated by incubating the cultured cerebel-
lar cells with [3'Piorthophosphate. Three monoclonal antibodies, 4C11I, 10A6, and
18A 10, were obtained by Western blot screening. PK , concentration increased as the
Purkinje cells developed, correlating with the dendritic arborization of the Purkinje
cell- I 1'7

Identification of P4C0 as an InsP, Receptor

InsP,-R was isolated in 1988 from the rat cerebellum and showed the following
properties: ConA binding, heparin binding, phosphorylation by PKA, M, 260 kD,
and localization in the cerebellum.'" These properties were consistent with those of
P44, (or PCPP-260 or GP-A), which is abundant in the cerebellum. In order to confirm
the identity of P 40,, as lnsP,-R, we purified the lnsP,-R from the mouse cerebellum
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FIGURE 1. SDS-polvacrylamide gel ek ctrophorei analysi of the protei.n profile ofthe cerebellum
(a, a) from wild type control, (1), b') from weaver, and (c, c') from nervous mutant mice Vsater-soluble
fractions are a., h, c. and? memtvllane fraction% are a', b', (:' I ligh moulecular %&eight protein. P-, is
almost missing in the nervous mutant mouse

with InsP, binding as a marker: solubilizing it with Triton X- 100 followed by sequential
column chromatography by DE52. heparin-agarose, lentil lecti1n-Sepha rose. and byN-
droxylapatite. The immunoblot analysis revealed that P,,ý and InsP,-R co-migrate at
each purification step." All three monoclonal antibodies (rnAhs) against P4 o reacted
with the purified mouse lnsP,-R. Monoclonal antibody 18A1to immunoprecipitated
the lnsP, binding activity. These results demonstrated that P4 . is identical to the
InsP,-R.'
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cDNA Cloning of the lnsPj Receptor

We isolated eDNA of InsP,-R from mouse cerebellar cDNA libraries constructed
in phage lambda gtl I expression vectors, using the three mAbs. On the basis of the
cDNA sequence, the lnsP,-R is predicted to comprise 2,749 amino acids (M, 313
kD). From hydropathy profiles, the receptor is predicted to have membrane-spanning
domains that cluster around the C-terminus. We have recently found that our previous
model was incorrect with regard to the transmembrane topology in which the receptor
traverses the membrane an odd number of times. According to the immunoelectron
microscopic observations using immunogold (FIG. 2), we revised our model so that
the receptor traverses the membrane an even number of times-six times (MI-M6)."
Thus, a large hydrophilic N-terminal region (2,275 amino acids, 83%) and a short
hydrophilic C-terminal region (160 amino acids, 5.8%) are localized on the cytoplasmic
side of the membrane. InsPrR showed a fragmentary sequence homology with the
ryanodine receptor. The transmembrane region and successive C-terminal region of
the lnsP3-R showed a striking homology with the ryanodine receptor.' '9

Recently, novel lnsP3-R subtypes different from the originally cloned receptor were
reported.21"3 We, therefore, call the originally cloned receptor Type I InsP,-R.

Biochemical Properties of the InsP, Receptor

lnsP3 binding activity in the cerebellum is 100-300 times greater than that observed
in peripheral tissue. 4 The binding affinities of the purified receptors from cerebellum
and aorta smooth muscle are different (K, 83-100 nM for the cerebellum and 2.4
nM for the smooth muscle), which suggests that there are distinct types of receptors."
Here, we focus on the Type I lnsP,-R.

The subunit structure of the InsP,-R was examined by crosslinking experiments.
Agarose-PAGE analysis after crosslinkage of the purified receptor from the cerebellum
revealed four distinct bands of M, 320, 650, 1,000, and 1,250. The same pattern ot
crosslinking was found with microsome-bound receptor. To investigate whether the
native receptor exists in a covalently or non-covalently coupled state, we denatured
the purified InsP,-R using SDS under reducing conditions: the receptor showed an AM,
of 320K in agarose-PAGE. The tetrameric structure of InsP,-R was slowly destroyed b\
SDS under non-reducing condition. It is therefore proposed that the native cerebellar
lnsP;-R exists as a non-covalently coupled homotetramer of Al, 320.000 subunits."

Deletion analysis suggested that formation of the tetrameric lnsP;-R complex in-
volves the transmembrane domains and/or successive C-termini and that lnsP, binding
is independent of the intermolecular conformation:.2 2

InsP1 RECEPTOR AS A Ca2" CHANNEL

InsP, Receptor in Reconstituted Lipid Lavers

Purified rat insPA-R reconstituted into lipid vesicles mediates 4'Ca-' flux. Purified
mouse lnsP,-R in planar lipid bilayers showed InsP-induced cation selective channel
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FIGURE 2. Immunogold staining of thc InsP.-R in the fuzuy structurcs assoclatcd with the \t.o-
plasmic surface of the smooth vesicotubular structures T" Ihese arte presuinahl dcriced from the
dendritic %pine apparatus M mitochondrion. C coated vesicule Stcale hr 0 2 om

activity (Ca2" conductance, 26 pS in 54 m'. Ca0': Na- conductance, 21 pS in 100-
500 mM asymmetric Na" solutions) showing several subconductance states (FIG. 3)
Addition of AIP in the presence of 1nsP, generated large conductance currents, proba-
bly resulting from a change in the full open conductance level or a shift to a greater
conductance state. The same high conductance level was occasionally observed even
in the absence of ATP. It is likely that ATP modifies the channel to allow it to reach
a state of greater conductance. Scatchard analvsP f 0a- PIATIP binding to the lnsP:-R

purified from mouse cerebellum indicated that ti *re is a single ATP-binding site with
a K& value of 17 4iM and a B,._. of 2.3 pmol/iag of protein.:" Scatchard analysis of
binding of tritiated InsP, to the purified receptor gave a B,... value of 2. I pmnol/itg
of protein. Three nucleotide-binding consensus sequences (Glv-X-(lv-X-X-(;1v) are
found in the N-terminal cytoplasmic domain of the mouse lnsP:-R but actual site has
not been determined " T'he binding was selective for adenine nuclcotides and the
affinity is in the order ATP > A[)P >> AMP.2" 100 l.t AMP-PC•P a n0n-
hydrolyzable analogue of ATP, increased the open probability of the InsPz-gated
channels of the aortic sarcoplasmic reticulur r. 4fold.. "T'hc receptors from cerebellum
and smooth muscle are regulated similarly by adenine nucleotides. In the liposone
system, ATP stimulated Ca" flux from lipid vesicles containing cerebellar lnsP.-R in
a concentration-dependent manner. ATP incrcascd InsP induced Ca'' flux at I-10
pM. but the effect diminished between 0. I and I .0 mnM. "' I lowever, in the reconstitu-
ted lnsP-R into planar lipid bilayers the channel opening was most etf.'ctivelv stinmu-
lated at 0.6 mM ATP.-` ink:cased at 1-10 4M ATP. but decreased at 0 I- I m.\i
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FIGURE 3. Recordings of single-channel currents mediated by the purified lnsP,-R incorporated
into planar lipid bilayers.) (A) Ca•'" currents were recorded after the addition of 2 .Lg of the InsP-R

to one chamber termed cis, containing 125 mM Tris. 250 mM HEPES (pi 7.4) and 0. 1 ,M free
Ca'. The other chamber, designated trans, contained 53 mM Ca(OH), and 2 50 mM HEPES (pl-

7.4). (a) No fluctuation in current was observed before the addition of InsP,. (b) Channel opening

was observed after addition of 4.8 .M InsP, to the cis chamber (B) Na" currents mediated b, the

lnsPv-R were recorded by asymmetric NaCI solutions. The cis chamber contained 0 1 M NaCI, 0. 1
jaM free Ca", and 5 mM Tris-HEPES (pH 7 4) Recordings are (a) before and (b) after addition

of 4.8 l.M InsP, to the cis chamber. Vertical calibration: 0 . pA. horizontal calibration: 5 sec. Arrows

to the left indicate the closed state.
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ATP.' The discrepancy may be due to the difference in the composition of lipids or
buffer Ca'* inhibits InsP, binding to microsomal fractions of the cerebellum, but
sensitivity to Ca 2l is lost in the purified receptor, suggesting some regulatory molecules
present in microsomal fractions."8 Calmodulin antagonists W7, WI3, and CGS-
934313 inhibited InsP3-induced Ca2` mobilization in rat liver epithelial cells." It was
found that InsP,-R binds to calmodulin in the presence of Ca 2`, but the addition of
calmodulin did not affect InsP3 binding to the cerebellar InsP3-R.8 Various regulatory
elements of the InsP;-R are schematically summarized in FjGURE 4.

Expressed InsP, Receptor in Fibroblast Cell Has Ca2 
+ Releasing Activity

We transfected neuroblastoma/glioma hybrid cell line NG108-15 and fibroblast
L cell with lnsP,-R cDNA with a 0-actin promoter at the 5' end to examine whether
the clone encodes an lnsP,-binding sequence and a Ca2 release channelP 2 The cells
contain an endogenous protein immunoreactive against the three mAbs. The M, of
the endogenous lnsP3-R was smaller than that of the receptor from mouse cerebellum
(type I InsP3-R). The protein expression of the type I lnsP;-R derived from the cDNA
is apparently coupled with the elevation of InsP;-binding activity. The expressed protein

CPLC

FC-Kias

ATPP

CaM

FIGURE 4. Interactions of the InsP,-R (shaded) with enzymes of other cell-signaling systems IP
inositol 1,4, 5-trisphosphate
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displayed high affinity and specificity for lnsP, and a high binding capacity as does
the InsP3-R in cerebellar microsomes. '

The stable transformants that express the type I InsP,-R have been established in
an L-fibroblast cell line (FIG. 5). Direct evidence for Ca2 releasing activity of the
receptor was demonstrated by type I receptor expressed in natural membranes of
non-neuronal cells. InsP 3 releases only a fraction of the Ca2" within cells, suggesting
that only some of the Ca2 pools are sensitive to InsP3. It is believed that lnsP,-sensitive
pools possess InsP3-R. Ca'* ion release experiments revealed that the lnsP3-sensitive
Ca2' pools in L-fibroblast transformant are larger in size than those in non-transfected
cells (FIG. 6). The expression of type I receptor in L-fibroblast may cause some InsPr-
insensitive Ca2 pools in L-fibroblasts to be converted into InsP3-sensitive Ca2" pool
in the transfected cells. The increase in maximal Ca2  release suggests that the eDNA-
derived InsPj-R are distributed not only into InsP3-sensitive pools, but also into InsP,-
insensitive pools in transfected cells. The EG 0 value for InsP,-induced Ca2' release
in the transfected cells is about 10-fold lower than that in the non-transfected cells.
The greater sensitivity of the transformant may be a result of several factors. First,
the measured EC 0 value is not necessarily a reflection of the actual K. value for
InsP;-induced Ca2 release. It probably results from the greatly increased number of
InsPt-R. Second, cDNA-derived InsP 3-R may differ from endogenous L-fibroblast
receptors in the relative effectiveness of coupling between receptor occupancy and
channel opening. Third, the increased sensitivity may be due to a considerably decreased
relative effectiveness of proteins that normally control the activity of the receptor,
such as protein kinase A."

LOCALIZATION OF THE InsP ; RECEPTOR IN THE CENTRAL
NERVOUS SYSTEM AND PERIPHERAL TISSUES

Both immunohistochemistry (FIG. 7) and in situ hybridization showed that the
InsPA-R is mostly localized in cerebellar cortex in which Purkinje cells are predominant

FIGURE S. InsP,-R expressed after transfection of InsP,-R eDNA into L-fibroblasts.'2 The figure
shows immunohistochemical staining of the receptor on L-fibroblasts (using anti-P,,, monoclonal
antibody 4C1 1, visualized with fluorescein isothiocyanate-labeled goat anti-rabbit IgG) (A) before
and (B) after transfection. (C) A confocal section of a single transfected cell strongly fluorescently
labeled. Original magnifications A: x210, B: x2250, C: x 100.
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FIGURE 6. Dose-response curves for lnsPA-R-nduced Ca". release from membrane fractions of
InsP,-R L-fibroblast cells expressing the InsP,-R (closed circles) and from fibroblasts in which the
expression vector alone had been transfected (open circles). 12 Results are shown as % of the Ca:'

content before addition of InsP, and are mean values ± SD from six assays. The membrane fractions
were incubated in medium containing `'Ca`" and EGTA was added to buffer free Ca' * to 200-4-00
nM. Ca`" uptake was initiated by addition of ATP (5 raM) and an ATP-regenerating system (creatine
phosphate and creatine kinase). After 17 rain incubation at 30'C, lnsP; was added. Samples were
filtrated at 16 min and 17 rain 40 sec, and the amount of the "'Ca"' bound to filters was a~ssayed
by liquid scintillation counting. A slight difference in Ca2 "-pumping activity was detected between
the two cell types. In each experiment, the level of "Ca'* accumulated after 1 7 rain in the membrane
fractions from cells expressing the receptor was about 8 5% of that in the fractions from cells containing
only the expression vector.

sites.15,17,•3 334 lnsP5-R was widely localized throughout brain -cerebral cortex, nucleus
accumbens septi, anterior olfactory nucleus, caudate-putamen, cerebellar nuclei. and
in relatively lower concentrations in the amygdaloid cortex, prepiriform cortex, dentate
gyrus, olfactory tubercle, precommissural hippocampus, hypothalamus, substantia ni-
gra and ports."4 These localizations agree well with the sites for ['HllnsP, binding."
InsPj-R mRNA and proteins were also located in peripheral tissue such as thymus,
heart, lung, liver, spleen, kidney, uterus, oviduct, and testis.t'"' In lung sections,
bronchioiles and arteries were labeled. These results may relate to recent finding that
endlothelin released from endothelial cells and also from renal and tracheal epithelial
cells acts as a potent vasoconstrictor and bronchoconstrictor by stimulating the PI
turnover system."* Strong signals were observed in the smooth muscle cell of oviduct
and uterus: the tunica muscularis of the oviduct, and myometrium of the uterus."
lnsPi-induced Ca`" release has been shown to play an important role in muscle contrac-
tion." '" Our finding that the InsP, receptors are plentiful in smooth muscle may

S. .. . . • munmnnmmmnmum u ••u~l ~ mNN •2N
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suggest a function of Ca` suppliers for the activation of smooth muscle contraction.
Large amounts of InsP,-R mRNA were observed in the secondary oocytes within the
Graafian follicles."

Subcellular localization of the InsP,-R in mouse cerebellar Purkinje cells was studied
by immunogold technique with the mAbs.' The InsP ý-R was localized on the smooth
endoplasmic reticulum (ER) (especially on the stacks of flattened smooth ER, subsurface
cisterns, and spine apparatus, and less so on the rough ER and the outer nuclear
membrane). Receptors could not be localized on the plasmalemma, synaptic densities,
mitochondria, or Golgi apparatus. However, recently InsP3-R like immunoreactivity
was found on the surface membrane. 9

LOCALIZATION OF InsP3 RECEPTOR-LIKE PROTEIN IN
PLASMALEMMAL CAVEOLAE

Immunolocalization study has been successful in the case of the Purkinje cell where
PR is concentrated in an extraordinary degree." " Judging from the intercellular
differences concerning the physiological role of Ca2 ", it is plausible that cells in other
tissues, especially non-excitable cells, may show a totally different distribution of InsP,-
Rs. We found that the immunocytochemical labeling with a mAb raised to P,
(mAb4C 11) was localized in the plasma membrane of the endlothelium, smooth muscle

cell, and keratinocyte. 9 Surface biotinylation experiments showed that the antibody,
recognizes the plasmalemmal protein of 240 kD. Another monoclonal anti-P4x anti-
body (mAbl8AIO) did not show positive labeling in the cytochemical experiment,
but in the surface biotinylation experiments it also bound to the 240 kD protein on
the cell surface. The third anti-P. antibody (mAb I0A6) did not label the plasma
membrane nor recognize the cell surface protein in immunochemistry," Because the
all three mAbs recognize the type I InsP;-R, the plasmalemmal 240 kD protein is
possibly a product of a distinct gene from the type I InsPr-R, but the 240 kD protein
is likely to show structural homology to lnsP;-R. The presence of the type I InsP,-R
in the plasma membrane has been thought unlikely since proteins localized in both
ER and the plasmalemma have not been known. However, type II or III lnsP,-R or
other yet discovered types of InsP3-R may contain different sorting signals from the
type I InsP;-R and be targeted to the plasma membrane. Our immunolabeling study
with mAb4C 11 also showed that the endothelial ER and the smooth muscle sarcoplas-
mic reticulum (SR) are different in reactivity: the former was not labeled positively
while the latter was decorated by the antibody. 9 The result indicates that lnsP,-R
responsible for the intracellular discharge of Ca2 may be diversified in various cell
types.

It is interesting to note that the 240 kD protein was localized exclusively in the
caveola and not distributed in the entire plasma membrane. 5-Methyltetrahydrofolic
acid (the folate receptor)," caveolin (a v-src tyrosine kinase substrate),4' and the 240-kD
protein are reported to be localized to the caveola in normal cells. Although the
function of the 240 kD protein is not known at present, the localization of an InsP,-R-
like protein in the caveola is consistent with the hypothesis that the plasmalemmal
differentiation is involved in regulation of cytosolic Ca2 concentration. As indicated
from morphological studies, the caveola is closely associated with ER in the endothelium
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and SR in the smooth muscle, and thus may be related to the Ca' storage function
of the latter organelles. It is essential to elucidate the function of the 240 kD protein.'"

HETEROGENEITY OF InsP, RECEPTOR

Heterogeneity due to alternative splicing was found in the rat,2  human,"2 and
mouse 4 InsP;-R. One alternative splicing in the lnsP, binding site is a 45-nucleotide
sequence coding for 15 amino acids (named SI) (FIG. 8)." In the mouse brain, a relative
quantity of an mRNA containing the SI is high in the cerebral cortex (88%) and
hippocampus (69%), whereas an mRNA lacking the SI is dominant in the cerebellum
(85%) and spinal cord (75%). The lnsP,-R containing the SI domain (lnsP,-RSI) shows
a peak at P12 and the lnsPR lacking the SI domain (InsP,-RSI ) develops later than
InsP,-RSI but gradually increases to adult stage. The change of splicing pattern in the
InsP, binding region may be involved in the development and neuronal function of
the cerebellar Purkinje cells, probably by changing the binding affinity of the receptor
for lnsP3. In peripheral tissues, the ratio of lnsP,-RSI and InsP,-RSl forms differs
from tissue to tissue. 43

Another alternatively splicing segment (SID) is a 120 nucleotide sequence (40 amino
acids) between two PKA phosphorylation sites (FIG. 8)12 'Within the SII segment,
there exist three more subsegments, A, B, and C coding for 23, 1, and 16 amino
acids, respectively. We detected the following four splicing variants, i.e., SI1 (A + B + C,
40 amino acids), SIIB (A+C, 39 amino acids), SIIBC (A, 23 amino acids), and
SIIABC- (complete deletion of A, B, and C, 40 amino acid deletion). In the mouse

InsP3RSI " AAEDEEEhOP

InsP3RSI- 1> ',. A,. 4

SI
Transmembrane region

NH2 P-..,p -,pCOOH

- A B C
InsP3RSII ;,ýý .KbISIDESNAELP•A•QEAFNSTfi. LEPSPPI.ROt :OiKý

A C
InsP3RSIIB- yr;•K I SI DESENAEI,PoAPEAEtNSTI rLEPSPPh.RQI,EDHK

A
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FIGURE S. Heterogeneity of 1nsP,-R produced from RNA splicing of the SI and S11 regions." S1
is localized near the InsP-binding site. S11 is located at the center of two phosphorviation %itcs,
indicated by P.
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central nervous system, the SIIB- subtype is predominant (50-54%) and the SIIABC
is present at lower levels. The SIIABC- is a predominant splicing subtype in spinal
cord (54%). In the peripheral tissues, we detected only SIIABC- subtype mRNA.
Thus, the SII, SIIB-, and SIIBC subtypes are brain specific."

As mentioned above, the SII segment is located between the two PKA phosphoryla-
tion sites. Because the PKA phosphorylation regulates the Ca- releasing activity, the
splicing at the SII segment will play an important role for the regulation of the function
of lnsP3-R.Y A schematic model of the InsP;-R is shown in FIGURE 9.

InsP5 RECEPTOR IN DROSOPHILA MELANOGASTER

In insects, lnsP; is thought to act as a second messenger in the sensory signal
transduction of vision and olfaction. It is well established that cGMP and cGMP-
dependent phosphodiesterase function in vertebrate visual transduction.44 The trans-
duction reaction cascade in the fly retina is thought to consist of the following successive
events: excitation of the photoreceptor rhodopsin by light stimuli, activation of a G
protein, and subsequent activation of phospholipase C, resulting in the production
of InsP,.` lnsPý-induced Ca' * release appears to lead to depolarization of the photore-
ceptor cells.4 In vertebrate olfactory transduction, cAMP is a potential intracellular
messenger that opens the cAMP-gated ion channel involved in depolarization of olfac-
tory receptor cells."-" Adenylate cyclase concentrations in antennae from the cock-
roach were very low. The cockroach pheromone, periplanone B, stimulated PLC.
resulting in accumulation of InsP, in the antennae." "' It is thus likely that lnsP, is
also involved in olfactory transduction in insects. We isolated a InsP, cDNA clone from

F N / 7 Binding
domain

P P Regulatory
(coupling)AP P domain

Ca 2+ channel
ER domain

Ca2+

FIGURE 9. Schematic model of InsP,-R showing transmembrane topology. One half of the homotet-
rameric structure is depicted. RNA splicing sites are shaped. Both N- and C-terminals are on the
cytoplasmic side. Number of transmembrane sites is six. Ps phosphorylation sites, ATP: ATP-binding
sites.
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Drosopbila melanogaster.2 The polypeptide encoded by the cDNA was functionally

expressed and showed characteristic InsP;-binding activity. It was expressed throughout
development but predominantly in the adult. Localization of the InsP[-R mRNA in
adult tissues suggests strong expression in the retina and antennae, indicating the
involvement of the InsP 3-R in visual and olfactory transduction. In addition, the
lnsP,-R mRNA is abundant in the legs and thorax, which are primarily muscular
system sites. Such localization is consistent with the quantitatively predominant sites
for [ 3H]InsP; binding in Drosopbila and the fleshfly (Boettcberisca peregrina)."

ROLE OF InsP3 RECEPTOR ON Ca2 + SIGNALING
AND EGG ACTIVATION

Contribution of InsP, Receptor to the Mechanism of Ca2
+ Wave

and Ca"' Oscillation

The concentration of cytoplasmic free Ca2 ' increases in various stimulated cells
in a wave (Ca" wave) and in periodic transients (Ca2 oscillations). These phenomena
are explained by InsP3-induced Ca2 ' release (IICR) and Ca'2 -induced Cal release
(CICR) from separate intracellular stores."s However, detailed and decisive evidence
is lacking. A dramatic, transient increase in the intracellular Ca2 concentration occurs
at fertilization in the eggs as a Cal' wave. Ca2 ' transient is due to release of intracellular
Ca2 and is required for exocytosis of cortical granules to prevent polyspermy and
for cell cycle progression.4" Fertilized hamster eggs exhibit repetitive Ca-` transients."
11CR is suggested to occur in fertilized eggs of the sea urchin, frog, and hamster and
CICR has been detected in sea urchin eggs but it has been difficult to obtain direct
evidence for operation of IICR or CICR after eliminating IICR in functioning cells
under physiological conditions since specific blocker were not available. IICR and
CICR are mediated by the InsP3-R and ryanodine receptor, respectively) Among the
three monoclonal antibodies we raised, 18A10 mAb, which recognizes an epitope
close to the proposed Ca2 channel region in the COOH terminus of the receptor
protein, inhibits IICR in mouse cerebellar microsomes. The mAbs 4C II and I OA6.
which recognize the NH2 terminal and middle regions, respectively, block neither
InsP3 binding nor Ca2 release in microsomes. 17 We tested whether 18A10 could
block Ca2 release induced by injection of InsP, or by sperm in hamster eggs. 18AI0
antibody completely blocked sperm-induced Cal' waves and Ca"2 oscillations (FIG.
10)."8 The results indicate that Cal* release in fertilized hamster eggs is mediated solely
by the 1nsP;-R. Together with the evidence that the injection of 18A10 mAb in eggs
also suppressed both Ca2 ' -induced Ca2 wave and Ca"2 oscillation, it is indicated that
Cal' release in fertilized hamster eggs is mediated not by CICR but solely by the
InsP,-R and Ca2l-sensitized IICR.

InsP, Receptor and Egg Activation

There is evidence that activation of Xenopus eggs is mediated by Ca"' release through
activation of a putative receptor of InsP, on the ER,"-" however little is known
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FIGURE 10. Pseudo-colored Ca2' images from the rising phase of Ca' transients." (a and b) 11CR
in the presence of 4C II or 18A 10 with injection pulse of InsP indicated. (c to f0. The first rise in
[Ca' 2* in fertilized eggs treated with MAb. Sperm were drawn on the computer display. Each image
is a combination of F•,/F,, images accumulated during 0.5 sec intervals every 2 sec in (a to d). 4
sec in (e), and 8 sec in (0.

about the role of InsP,-R in the egg activation. We cloned the InsP;-R expressed in
Xenopus oocytes and eggs."' Primary structure analysis indicated that the cloned cDNA
encodes an lnsP,-dependent Ca 2 ' channel. Injection of a sequence-specific antisense
oligonucleotide of the InsP,-R blocked InsP,-responsive egg activation (cortical contrac-
tion), as well as expression of the lnsPA-R (FIG. I l)." lmmunocytochemical staining
with an antibody against the lnsP,-R fusion protein revealed polarized distribution
of the receptor in the cytoplasm of the animal hemisphere in a well-organized ER-like
structure and intensive localization in the perinuclear region of stage VI immature
oocytes. Dramatic redistribution of the lnsP,-R took place during meiotic maturation
with relevance to the reorganizations of organelles. lnsP,-R was densely localized in
the cytoplasm of the animal hemisphere and cortical region of both hemispheres in
ovulated unfertilized eggs. After fertilization, lnsP,-R changed its distribution drastically
in the cortical region. These results imply the predominant role of the InsP,-R in both
the formation and propagation of Ca2 ' waves and activation of egg at fertilization."
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FIGURE 11. Effects of antisense oligonucleotide injection upon InsP,-responsive cgg activation.'

(A) Scheme to show InsP, injection results in cortical contraction. (B) (a) Before InsP, injection. (b)
Cortical contraction occurs after InsP, injection. (c) lnsP, induced cortical contraction is inhibited
in the presence of antisense nucleotides, while it occurs in the presence of sense nucleotides. (C)
Antisense blocks InsP,-responsive egg activation (cortical contraction). Antisense oligonucleotide com-
plementary to the 30 nucleotide sequences of the 5' flanking and translation start site (141-170.
5'-AACTAGACATCTTGTCTGACATTGCTGCAG-3') or the corresponding sense oligonucleo-
tide (5'-CTGCAGCAATGTCAGACAAGATGTCTAG11'-3') was microinjected into tully grown
stage VI oocytes. Injected oocytes meiotically matured with .5 jg/mi progesterone were assayed
for lnsP,-responsive cortical contraction. The percentage of eggs undergoing cortical contraction upon
lnsP, injection is shown. Control eggs that received a microinjection of buffer 0. 1 mM HEPES (pH
7.8), 10 jiM EGTA showed 4.7% (2 of 43) activation.
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INTRODUCTION

In response to an external stimulus mast cell granules fuse with the plasma mem-
brane and release substances like histamine, serotonin, and heparin, which can lead
to different hypersensitivity reactions such as asthma and allergies-' In basophils and
mast cells, secretion can be induced by oligomerization of specific IgE receptor by the
corresponding antigen. Other physiological stimuli include substance P and tachykinins,
mast cells are often clustered around neuropeptide-secreting nerve endings. Secretion
can also be induced by non-physiological agents such as compound 48/80 or masto-
paran, which are thought to bypass the receptor level and directly activate membrane
G proteins.2 The degranulation mediated by IgE has been reported not to require
opening of ion channels,' but nevertheless, there is evidence that antigenic stimuli
require extracellular calcium' ' and ion channels may be involved in stimulus-secretion
coupling in mast cells."

Calcium plays an important role in the stimulus-secretion coupling of neurons.
exocrine and endocrine cells, and also in cells of the immune system. Changes in the
intracellular calcium concentration, [Ca2' ",, in response to receptor stimulation usualiv
show a biphasic behavior: an initial Ca" spike followed by a sustained plateau phase.
The former is mainly caused by release of Ca" from internal stores in response to
inositol 1,4,5-trisphosphate production (lnsP), the latter is mainly due to Ca' entry
across the plasma membrane. In mast cells, [Ca 2 , is believed to have at least a modul,-
tory effect on the signal transduction cascade that leads to secretion. It was shown
that the transient increase in [Ca> "], is neither sufficient5 nor necessaryv''' to trigger
exocytosis. However, a sustained increase in the basal calcium concentration enhances
the rate of secretion when combined with an additional stimulus,` " Recent studiel
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have revealed the mechanisms underlying calcium influx in mast cells. Similar mecha-
nisms designed to maintain elevated plateaus of (Ca'*], might also be expressed in
other cell types.

In mast cells and many other non-excitable cells, there appear to exist two main
pathways for Ca2 influx. One mechanism, known as "capacitative" Ca'- entry," is
linked to the filling state of Ca'- stores and, upon depletion of cellular Ca- pools,
results in activation of a highly Ca"-selective current (ICRAC = Calcium Release-
Activated Calcium current).' 7'8 Another mechanism is provided by nonspecific cation
channels, which may be classified as receptor- or second messenger-activated channels. "
Both Ca' influx mechanisms appear to be voltage-independent and would provide
larger Ca 2 entry at hyperpolarizing membrane potentials. Hyperpolarization uf the
cells could be mediated by potassium or chloride channels, both of which are also
found in mast cells. 5,-2 Furthermore, these channels might also be involved in the
degranulation process in a more direct way, as indicated by biochemical studies.)

CALCIUM RELEASE-ACTIVATED CALCIUM CURRENT

In rat peritonesl mast cells, depletion of internal Ca>- stores activates a Ca`
current.17, 8 This calcium release-activated calcium current (Icr() can be activated by
at least three different experimental procedures that all result in store depletion (InsP,,
ionomycin, Ca' - chelators). Since these procedures share no apparent common mecha-
nism, except for depleting Ca2 - stores, it seems unlikely that they involve a direct
gating of the current by inositol phosphates or the released Ca-*. This contrasts with
previous findings injurkat cells2" and recent work in lobster olfactory receptor neurons-'
where InsP; appears to activate Ca'- permeable channels directly.

1',CRA is a very selective Ca"2 - influx pathway with a permeability ratio P(,,- /PM.
(Pta.../Pm.... c.t, similar to that of voltage-operated Ca' * channels. "s Since I, R:( is

activated by depletion of Ca2" stores and since it is highly selective for Ca"- over
monovalents, it is very likely that lcp.•c is the long-sought after Ca"* current that is
responsible for "capacitative" Ca>* entry, which had been postulated to exist in a
variety of nonexcitable cells. In fact, l(AM appears to be widely distributed, being
found in almost all non-excitable cells that we have tested so far (FIG. 1), including
rat peritoneal mast cells, RBL-2H3 (rat basophilic leukemia cells, a mucosal mast cell
line), hepatocytes, dissociated thyrocytes, Swiss 3T3 fibroblasts, and HL-60 cells (a
human leukemia cell line). Recent evidence suggests that a current with almost identical
properties as 1(.RA( is also present in MDCK cells (an epithelial cell line from kidney),2"
injurkat cells2" (A. 7weifach and R. S. Lewis, personal communication), and in A431
cells (A. Luckhoff and D. Clapham, personal communication). Interestingly, the latter
two happen to be cells in which a direct gating of cation channels by InsP, has also
been reported. FIGURE 1 depicts I( RA(. in different cell types at 0 mV (left panel) and
over the whole voltage range (right panel). In these examples, store depletion was
achieved by internal perfusion of InsP,.

In non-excitable cells, Ca'` influx following store depletion is often studied using
Mn'" as a Ca'` tracer, taking advantage of its ability to permeate through Ca'*
channels and to quench Fura-2 fluorescence.' 7' 8 We have recently found that It Rk

conducts a small but measurable Mn> current."' In the presence of intracellular
BAPTA [I ,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acidl, a Mn' * current
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through IcgeAx was recorded in isotonic MnCI2 (100 mM). Its amplitude is 10% of
that measured in a solution containing 10 mM Ca 2'. However, there was no significant
quench of Fura-2 fluorescence due to the presence of intracellular BAPTA. A strong
quench of Fura-2 fluorescence could be measured after store depletion when omitting
intracellular BAPTA, so that all the incoming Mn2" is captured by the fluorescent dye.
These findings further strengthen the hypothesis that I(R:C is a ubiquitous mechanism
whereby clls accomplish Ca2̀  influx to refiU depleted calcium stores. In mast cells,
I(:p-CA is responsible for the largest part of the sustained Ca2' plateau following receptor
stimulation."'

NON-SELECTIVE CATION CHANNELS

In response to receptor stimulation (e.g., with compound 48/80) at least two
different types of non-selective cation channels can be activated in rat peritoneal mast
cells. The first one is a cation channel of 50 pS unitary conductance that is responsible
for small whole cell currents (5-50 pA at a holding potential of - 40 mV). Channel
activation is likely mediated by a G protein as GTPyS mimicks and GDPI3S inhibits
receptor-mediated activation of these channels. Channel activity is subject to negative
feedback inhibition through protein kinase C and high [Ca2 '-,. ") "2 Although activation
of 50 pS channels is often associated with Ca'2 mobilization from intracellular stores,
the 50 pS channel is not directly activated by either Ca2" or InsP,.

FIGURE 2 depicts membrane currents measured in the whole cell configuration of
the patch-clamp technique and changes in (Ca"], measured with the fluorescent dye
Fura-2 during application of 48 / 80. These experiments were carried out in the presence
of intracellularly applied heparin to prevent lnsP,-mediated Ca 2 ' influx through I( RV.5

The figure demonstrates the relationship between the size of the 50 pS currents and
the resulting changes in (Ca2-], at different external calcium concentrations for individ-
ual cells and the mean relationship. Although the change in (Ca 2 * , elicited by activation

FIGURE 1. Activation of h RA( in different non-excitable cells The left panel depicts the temporal
pattern of activation of an inward current recorded at 0 mV holding potential during perfusion with
the standard pipette solution supplemented with InsP, (Amersham, 10 ýtM) and the Ca.` chelator
EGTA (10 mM). Establishment of the whole cell mode of the patch clamp technique is indicated
by the arrow. Immediately after breaking the patch, voltage ramps from - 100 mV to + 100 mV
(duration 50 msec) were applied. The right panel shows these voltage ramps after activation of the
inward curr- '" corrected by voltage ramps before activation of the inward current. For details of
the pulse protocol see Hoth and Penner." Methods and solutions. For details see von zur Muhlet
et al.'' and Hoth and Penner.'_ Patch-clamp experiments were done in the tight-seal whole-cell
configuration"5 at 23-27°C in standard Ringer's solution containing (in mM) NaCI 140, KCI 2 8,
CaCI; 10, MgCI; 2, glucose II, HEPES-NaOH t0, pH 7.2. Sylgard-coated patch pipettes had
resistances between 2-5 MO after filling with standard internal solution which contained (in mM)
K-glutamate 145, NaCI 8, MgCI2 I, Mg-ATP 0.5, HEPES-KOH It, pH 7.2 Fura-2 pentapotassium
salt (Molecular Probes) was regularly added t., the internal solution (100 4iM) Extracellular solution
changes (in case of the application of compound 48/80) were made by local application from a
wide-tipped micropipette. The [Ca` 1, was monitored (using the fluorescent dye Fura-2) with a photo-
multiplier-based system

A- . m m m mm m I m l mmmm ~ m m r- -
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of 50 pS channels increased with increasing external calcium, the amount of current
declined with increasing calcium (FIG. 2, C). This behavior was also observed in a
single cell when alternately perfused with Ca2 -free and Ca 2'-containing medium.
This effect of decreasing current amplitude with increased [Ca' *o arises from a decrease
in the overall channel open probability accompanied by a minor reduction in the
slope conductance.3" A further attenuation of cation currents is due to the inhibitory
effect of elevated [Ca+i."2 Thus, cation channels are tightly regulated by Ca2 * ions,
exerting efficient negative feedback control on Ca2  influx through 50 pS cation
channels.

In about 50% of the cells prolonged applications (tens of seconds) of compound
48/80 evoke a very large inward current, even at resting or buffered ICa- ̀ ,, probably
through non-selective cation channels.29 The current activates abruptly, in bursts, and
only rarely returns to the prestimulus level. The nature and physiological role of this
current is still unknown; a cation current this large is expected to cause cell death.
Indeed a large conductance, characterized by weak cation selectivity, has been observed
in the presence of extracellular ATP (ATP4 -). Low concentrations of ATP stimulate
Ca` entry and exocytosis while high doses induce large pores responsible for cell lysis
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FIGURE 2. Relation among current through 50 pS cation channels and lCa'l, (A) Examples ot
membrane current (upper traces) activated by application of compound 48/80 (5 pg/ml), and the
simultainctuusly determined ICa' I, (lower traces) from three different rat peritoneal mast cells at the
indicated concentrations of external calcium. The duration of secretagogue application is indicated
by the line above the traces. Ileparin (low molecular weight, Sigma, 500 gg/ml) was present in the
pipette solution in all three cells to suppress I(IRK (heparin prevents Ca2'" release from internal stores
through lnsP, which is transiently produced after stimulation with compound 48/80). The holding
potential in each case was -40 mV. The inward current elicited by compound 48/80 is due to
activation of non-specific cation channels (50 pS channels). (B) Examples of membrane current (upper
trace) and lCa•' for a rat peritoneal mast cell bathed in 10 mM external Ca". Compound 48/80

was applied in a O-Ca"' Ringer's solution at the time indicated by the shaded regions The pipette
solution contained 500 lpg/ml heparin, and the holding potential was -40 mV. (C) Summary ot
the average increase in membrane current (black bars) and Ca" 1, (shaded bars) elicited by compound
48/80 at 2, 5, and 10 mM external Ca`' concentration. The vertical lines indicate ±SEM (n =
16-29). (A: From Fasolato et al." Reprinted with permission)
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and death. " Lindau and Fernandez2 2 have described another nonselective cation current
in rat peritoneal mast cells with a conductance of about 30 pS which, in contrast to
the 50 pS channel, the large cation current, and the ATP-gated channel, is activated
by an increase in [Ca2"],. Janiszewski et al. reported that substance P activates large
transient currents in RBL-21-13 cells," reaching hundreds of pA, with some cation
selectivity. The response was strictly dependent on extracellular Ca2 and could be
mimicked by Ca'* ionophores. It is possible that this may reflect positive feedback
of Ca2' influx through one influx pathway, which then maintains the activation of
cation channels by [Ca2 *],. Evidence for more than on--- cation channel has also been
found in rat peritoneal mast cells by Kuno and Kimura using noise analysis."

Theoretically, all non-selective cation channels could play a role in Ca" influx
provided the current amplitudes are large enough. We have determined the Ca2'
selectivity of the 50 pS channels in peritoneal mast cells and found a permeability
ratio of Pi2.*/Py%- of around 2 in physiological solutions with 2 mM Ca2 

* (taking
activity coefficients into account). This means that 3-4% of the current through 50
pS channels is carried by Ca" ions. Since inward currents following 48/80 stimulation
average less than 4 pA at -40 mV (FIG. 2,C), 50 pS cation channels can at best
account for one third of the Ca2 influx necessary to sustain the Ca 2 plateaus typically
observed in rat peritoneal mast cells."'

During the last year, evidence has accumulated that inositol 1, 3,4,5-tetrakisphos-
phate (InsP 4) may be involved in Ca 2 influx. 6 

', Although InsP4 is unable to activate
Ca2 * influx by itself, it may enhance Ca2' entry in conjunction with other factors.
Thus, in endothelial cells, lnsP, increases the open probability of Ca` -activated cation
channels," whereas in Xenopus oocytes" and lacrimal gland cells•" the additional pres-
ence of InsP3 is required to produce the synergistic enhancement of Ca2 * influx by
InsP4 . In a variety of other cell types no actions of InsP, could be detected. In rat
peritoneal mast cells and RBL-2H3 cells, we found neither an effect of InsP, on 1, Ru
nor interference with non-selective cation channels.""

OTHER CHANNELS

In addition to the Ca2 
-permeable channels described in the previous two sections,

chloride (CI-) channels and voltage-activated potassium (K-) channels are found in
mast cells.' 202-22 These may be activated and modulated following receptor stimulation
or secondary to changes in membrane potential. One of the major functions of the
conductances may rest on their ability to set the membrane potential to hyperpolarized
levels to support Ca2 influx through voltage-independent cation and calcium currents.

In rat peritoneal mast cells, externally applied secretagogues activate a slowly devel-
oping CI current.2 '" This delayed outward-rectifying current can also be activated
by internally applied adenosine-3',5'-cyclic monophosphate (cAMP) or guanosine V'0-
3-thiotriphosphate (GTPyS) as well as elevated ICa2 *1,. The effect of Ca2 * is slow and
incomplete however, suggesting that the current is not due to Ca2 ' -activated Cl
channels, such as those observed in lacrimal gland cells or Xenopus oocytes. Moreover,
with elevated cAMP levels, current activation also occurs in the presence of 2 mM
EGTA. The current is reduced by the chloride-channel blocker 4,4'-diisothiocyano-
2,2'-stilbenedisulfonate (DIDS). The single-channel conductance of this chloride chan-
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nel was estimated to a lower limit of 1-2 pS using noise analysis. 2 Since activation
of chloride currents would hyperpolarize the membrane potential, it could serve to
provide a larger driving force for Ca 2" entry via the I(<RAc mechanism or through
non-selective Lation channels. Chloride channels could therefore play a supporting
role in the degranulation of mast cells.

Chloride channels can also be found in rat basophdic leukemia (RBL) cells where
they are activated by cross-linking of IgE receptors and have a slope conductance of
32 pS. 7 The open-probability increases with depolarizing potentials and the channels
are blocked by the Cl - channel blocker 5-nitro-2-(3-phenylpropylamino) benzoic acid
(NPPB) and by the antiallergic drug cromolyn, both in the gM range. NPPB not
only inhibits the CI- channel but also the serotonin release of these cells with almost
the same dose-response relationship. Whether this effect is due to a reduction in driving
force for Ca 2' influx resulting from the block of C1 channels or to some other
process controlled by C1 channels remains to be determined. It is clear however that
depolarizing RBL cells results in impairment of mediator release.'

Two main types of K' channels have so far been identified in RBL-2H 3 cells."'
The major resting conductance of this cell line is an inwardly rectifying K- channel.
This channel seems to be responsible for setting the membrane potential of these cells
to negative values (ranging between - 50 and - 90 mV), which provides a large
driving force for Ca2' influx. In physiological K' concentrations, the single channel
conductance is around 2-3 pS.22 An increase in [Ca' '], leads to a decrease in the open
probability of this inward rectifier without affecting the single channel conductance.'
McCloskey and Cahalan2

1 found that this K' channel is controlled by a pertussis-
sensitive G-protein. Lewis et al.4 2 showed that injection of messenger RNA derived
from RBL-2H3 cells into Xenopus oocytes resulted in the expression of an inwardly
rectifying potassium channel, but cloning of inwardly rectifying potassium channels
has so far succeeded only in plant cells." RBL cells also possess another type of
K* channel (outward rectifier type), which is modulated by non-hydrolyzable GTP
analogs.2 Different GTP-binding proteins seem to regulate the two different potassium
channel types such that during activation of these G-proteins, the inward rectifier
closes and the outward rectifier opens.

In rat peritoneal mast cells K' channel activity was reported by Matthews et al.21
Less than 5% of the cell preparations showed large conductance, Ca" and voltage-
dependent channels. The reversal potential of the current was more negative than
that of the delayed Cl - current and was affected by changes in external K*. In a few
rare cases, one may detect outward currents in mast cells with the kinetic behavior
of an outward rectifying slow-inactivating K channel (FiG. 3). Thhis current may not
be seen when clamping the cell to the usual holding potential of 0 mV since it is
inactivated at this potential. Changing the holding potential to negative values (- 70
mV) lets the channels recover from inactivation and therefore they can be activated
by depolarizing voltage pulses. Since this current is observed so rarely, it has not been
characterized in great detail. Pharmacological evidence also supports the existence of
K' channels in the membrane of rat peritoneal mast cells, since K' channel blockers
induce histamine release.'
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FIGURE 3. Outward currents in rat peritoneal mast cells. (A) Outward currents in response to
depolarizing voltage pulses (ranging from - 50 to + 50 mV, 20 mM increment) from a holding
potential of - 70 mV. (B) Current-voltage relationship plotting the peak-current derived from the
experiment shown in A as a function of the membrane potential.

ION CHANNELS AND MAST CELL ACTIVATION

A simplified overview of the signal transduction pathways, ionic conductances,
and second messengers involved in mast cell activation is shown in FIGURE 4. An
agonist, such as substance P or compound 48/80, may activate more than one pathway,
leadingto phospholipase C(PLC) activation, Ca2" release, and Ca" influx both through
the selective pathway (Icjtjc) and the non-selective one (50 pS channels). Increased
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FIGURE 4. Scheme of the different types of channels found in mast cells. From left to right
Non-selective cation channels activated following agonist (A) -receptor (R) binding via a G-protein
(Gp). At the same time, InsP, is produced through activation of phospholipase C (PLC) InsP, depletes
internal Ca"' stores, which leads to activation of 1lR11 • The signal transduction mechanisms that
lead to activation of li.sv after store depletion are presently unknown. Cl channels can be activated
by cAMP, which is increased following stimulation of a G-protein (Gs) that activates adenylate cyclase
(AC). Voltage-activated K* channels may be regulated by G-proteins (Gk). Both Cl and K' channels
can be responsible for negative membrane potentials (N'm). At the bottom of the figure a typical
fCa2"J, trace in response to a stimulus like compound 48/80 is shown. The fast Ca" transient is
followed by a sustained plateau phase due to Ca` influx across the plasma membrane.

levels of [Ca2 * , and diacylglycerol support the secretory response through the protein
kinase C pathway. The same agonist can also activate the delayed Cl conductance
which, in non voltage-clamped cells, leads to membrane hyperpolarization with further
increases of calcium and cation fluxes. It should be noted however that cAMP levels
remain unchanged or decrease during 48/80 stimulation but increase with antigen as
a stimulus. Since high levels of cAMP also reduce secretion by an unknown mechanism
when applied through the patch pipette," the size and the timing of activation of
these transduction pathways may explain the ability of different agonists to induce
or to suppress the secretory response.'

A further level of complexity arises when one considers that the granule content.
once secreted, may further activate mast cells. The best known example is displayed
by ATP. Mast cells secrete ATP together with histamine" and both ATP receptors.
coupled to phospholipase C, and ATP-gated channels have been described in mast
cells." However, the role of ATP on secretion is still unclear since cellular responses
to extracellular ATP, either released by immunocompetent cells or by nerve terminals,
can range from [Ca 2 i, rises and membrane depolarization to cell death.4"

Even within the same type of non-excitable cells, striking differences can be found
in two tissue variants: the peritoneal mast cells of the connective tissue type and the
basophilic mast cells of the mucosal type. Peritoneal mast cells, under restingconditions,
have a very small whole-cell conductance with a resting membrane potential around



HOTH er a.: ION CHANNELS AND CALCIUM SIGNALING 207

0 mV since their dominant conductance, the delayed Cl- current, is silent. 3y contrast,
the high negative resting potential of the RBL cells is governed by the inwardly
rectifying K* current." Both cell types are also endowed with the same highly selective
Ca`" current activated by store depletion and with a still undefined number of less
selective cation pathways. These different channel equipments are likely involved in
defining the secretory properties of the two cell types. While in peritoneal mast cells
secretion occurs in a few seconds with dramatic morphological changes,' 2 a slow
release, lasting 20-30 minutes characterizes the secretory process in RBL-2H 3 cells.Y
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INTRODUCTION

Muscarinic acetylcholine receptors (mAChRs) mediate a variety of the actions of
acetylcholine in the central and peripheral nervous systems. The mechanisms of the
actions on the cellular level include inhibition of adenylate cyclase, breakdown of
phosphoinositides, and modulation of potassium channels, through G proteins,' Accu-
mulating evidence has shown heterogeneity among mAChRs on the basis of different
binding properties for agonists and antagonists in various tissues. This article deals
with the structure of the mAChR, which was revealed by cloning and sequencing of
the receptors, and attempts to elucidate the molecular basis of the functional heterogene-
ity of the mAChR using DNA expression systems.

PRIMARY STRUCTURE OF mAChRs

The mAChR was purified to homogeneity from a membrane fraction of porcine
cerebrum using ligand affinity chromatography.' The purified protein was digested
with trypsin and the resulting peptides were fractionated by reversed-phase HPLC.
Five peptides (l-V) were isolated and analyzed for amino acid sequence with the use
of gas-phase sequencer (peptide I; ELAALQGSETPGK, peptide 11; MPMVDPEAQA-
PAK, peptide Ill; TFSLVK, peptide IV; EPVANQEPVSPXLVQG, peptide V\
DDEITQDENTVXXSL.). Two clones (pmACR84 and pmACR60) from a porcine
cerebrum cDNA library hybridizable to the peptide I and peptide II probes, were
analyzed further for nucleotide sequence. The analysis revealed that the clones contain
an open reading frame of 460 amino acid residues including the peptide 1-Ill sequences.
Thus the amino acid sequence of porcine cerebrum mAChR was deduced from the
cDNA sequences and was designated as m I.'

The peptides IV and V, however, were not included in the ml sequence This
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finding raised the question of whether these tryptic peptides are derived from a different
mAChR protein. An oligodeoxyribonucleotide corresponding to the taidbuxy-terminal
sequence QDENT of peptide V was extended by reverse transcriptase, using porcine
cerebral poly(A)*RNA as template.4 After the single-stranded cDNA was converted
to double-stranded followed by cloning into plasmid DNA, the primer-extended cDNA
library was screened by a synthetic probe corresponding to the amino-terminal sequence
DDEIT of the peptide V. One of the positive clones (pmACR42 3) was found to
encode the amino acid sequences for both peptides IV and V in the same reading frame.
Because RNA blot hybridization analysis indicated that porcine atrium contained
a relatively large amount of RNA hybridizable with a cDNA probe derived from
pmACR42 3, isolation of cDNA clones that cover the rest of the protein-coding region
was completed by screening porcine atrium cDNA libraries. The mAChR encoded
by these clones is named m2. Cloning of porcine m2 was also reported by Peralta et
al.' The primary structures of three additional mAChR species, designated as m3,
m4, and m5, have subsequently been deduced from the nucleotide sequences of the
cloned cDNAs or genomic DNAs.'-"2 Rat m2 cDNA," mouse ml gene."4 chicken
m2 gene,"• and Drosopbila mAChR cDNA and/or gene" ' - have also been cloned.

In FIGURE I porcine m 1, m2, m 3, and rat m4 sequences are aligned. The hydropathy
profiles of the mAChRs are similar and suggest the presence of seven transmembrane
segments (I-VII). Primary structures of the mAChRs are also homologous to one
another, except that the amino terminal region and the region between segments V
and VI (13) are divergent; some sequence similarity between the subtypes in the i3
region will be discussed later. There are a couple of potential N-glycosylat ion sites in the
amino terminus and several potential sites of phosphorylation by a cAMP-dependent
protein kinase in the segment i3 and/or the carboxy terminus. Charged amino acid
residues present in these segments are two aspartic acid residues (position 114 and
148 in FIG. I) that are conserved in all the mAChRs. Involvement of the latter aspartic
acid residue in ligand binding to the mAChRs has been suggested," as in the case of
the 0-adrenergic receptor.' 9 These structural features are generally shared by rhodopsin
and the 03-adrenergic receptor. This suggests that the mAChRls have a transmembrane
topology similar to that of bacteriorhodopsin.'

PHARMACOLOGICAL CHARACTERIZATION OF MOLECULARLY
DEFINED mAChR SUBTYPES

To examine whether these cloned receptors bind muscarinic receptor ligands and
whether they have differences in ligand-binding properties, mRNAs specific for the

individual mAChRs were synthesized by transcription in vitro of the respective cDNAs
or genomic DNAs (containing no introns in the protein-coding region) and were
injected into Xenopus oocytes to yield functional mAChRs." The ligand-binding
properties of the four mAChRs expressed in oocytes were examined using cell extracts
(TABLE 1). The apparent dissociation constant (KJ) for ( -)-['HIquinuclidinyl benzilate
(QNB), estimated by Scatchard analysis, is similar for all the mAChRs (80-130 pM).
The apparent K, values for selective antagonists were obtained by measuring displace-
ment of (-)-['HIQNB binding by increasing concentrations of the antagonists. Piren-
zepine, selective for the M, subtype,22 shows the highest binding affinity for in I (K, =
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18 nM). m3 and m4 exhibited intermediate affinities for pirenzepine (K, = 120-180
nM), and m2 the lowest affinity (Kj = 660 nM). These three classes of affinity for
pirenzepine are similar to those reported originally for mAChRs in brain (cerebral
cortex and hippocampus), glands, and heart.-2 -AF-DX 116, selective for the N1 cardiav
subtype,'2 1 showed a higher binding affinity for m2 (Kd = 0.73 plM) than for the
other mAChR species (Kd = 2.3-3.1 PWM). Hexahydrosiladifenidol, selective for the
M 2 glandular subtype relative to the M2 cardiac subtype, 4" 2  exhibited the highest
binding affinity for m3 (K, = 4.0-4.4 nM). The affinity for this antagonist decreased
intheorderof m4(Ka = 20 nM), ml (Kj = 51 nM), and m2 (K4 = 280 nM). These
results indicate that m 1, m2, and m 3 correspond most closely to the pharmacologically
defined M1 , M2 cardiac, and M 2 glandular subtypes, respectively. Tissue distribution
of the mRNAs encoding these mAChR species also supports this idea. FIGURE 2 shows
RNA blot hybridization analysis with specific probes for mAChR species.2 ' All four
mAChR mRNAs are present in cerebrum, whereas only m2 mRNA is found in heart.
Exocrine glands contain both m l and m 3 mRNAs, whereas smooth muscles contain
both m2 and m3 mRNAs. Thus the mAChR heterogeneity in tissues with respect
to antagonist binding can be accounted for by the presence of molecularly distinct
mAChRs or various combinations of them.

CELLULAR RESPONSES MEDIATED BY mAChR SUBTYPES

Various cellular responses, such as the inhibition of adenylyl cvclase acnivitsy, the
stimulation of phosphoinositide hydrolysis. and the regulation of potassium current
in myocardium through G proteins, 7 are known to be induced by mAChR agonists.
Coupling of molecularly defined mAChR subtypes with distinct effector systems was
investigated using Xenopus oocytes and NG 108-15 neuroblastoma-glioma hybrid cells"2

as transient and stable expression systems, respectively. 4,2,21),291)

Responses in Xenopus Ooc)yres

FIGURE 3 shows typical ACh responses observed in Xenopus oocytes injected with
the mRNA specific for ml, m2, m3, or m4. Those are whole-cell currents under

FIGURE 1. Alignment of the amino acid sequences of porcine m I. porcine m2. porcine m 3. and
rat m4. Trhe sequence data have been taken from Kubo et al.,' Akiba et al " and Bonner et al .
the amino-terminal sequence of rat m4 has been completed from our unpublished data. Sets of four
identical residues at one position are enclosed with solid lines and sets of tour identical or conserved
residues at one position with broken lines. Conservative amino acid substitution% are defined as pairs
of residues belonging to one of the following groups: S, T, P. A, and (. N. D). E, and Q; I1, R.
and K; M, I, L, and V; F, Y, and W. The nonhomologous sequences that cannot be aligned are
also shown. Amino acid residues are numbered beginning with the initiating methionine, and numbers
of the residues at the right-hand end of individual lines are given. Positions in the aligned sequences
including gaps ( - ) and in the nonhomologous sequences are numbered beginning with that of the
initiating methionine. The putative transmembranc segments I-VII are indicated; the terminals of
these segments have been tentatively assignled. The amino acid difference resulting from a nucleotide
difference found between the individual clones is Set at position 336 (in aligned sequences) otf n2
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FIGURE 2. Autoradiograms of blot hybridization analysis of poly(A) RNA from porcine (A-C)
and rat tissues (D) using probes specific for the mRNAs encoding porcine m I (A), porcine m2 (B),
porcine m3 (C), or rat m4 (D). (A-C) Analysis of poly(A)'RNA (I1 p±g each) from porcine cerebrum
(lane 1), lacrimal gland (lane 2), parotid gland (lane 3), small intestine (lane 4), large intestine (lane
5), trachea (lane 6), urinary bladder (lane 7), and atrium (lane 8). The rat RNA species hybridizable
with the rat m3-specific probe showed a similar tissue distribution. (D) Analysis of poly(A)'RNA
(15 pg each) from rat cerebrum (lane 1), submandibular gland (lane 2), small intestine (lane 3), trachea
(lane 4), urinary bladder (lane 5), and heart (lane 6). (From Maeda el at." Reprinted with permission.)
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voltage clamp at a holding potential of - 70 mV. Oocytes implanted with m l or m 3
exhibited an oscillatory inward current (FIG. 3, A and C). In contrast, a typical ACh
response induced in oocytes implanted with m2 or m4 comprised an initial smooth
inward current followed by an oscillatory component (FIG. 3, B and D). The oscillarorv
current evoked by activation of m2 or m4 varied in amplitude among the oocytes
tested and was undetected in some of them. The latency of the ACh response in m2-
or m4-implanted oocytes was shorter than in ml - or m 3-implanted oocytes, the former
being mostly attributable to the dead-space time in the perfusion system (- 7 see).
The current response in ml- or m3-implanted oocytes occurred after an additional
delay (2-3 sec).

The reversal potential of the oscillatory current induced by activation of each of
the four mAChR subtypes, obtained in Ringer's solution, was around - 25 mV, which
is close to the equilibrium potential of CI- in Xenopus oocytes.' This suggests that
the oscillatory current is carried mainly by Cl-. In contrast, the smooth current
mediated by m2 or m4 was reversed in polarity at a potential around 10 mV. This
value does not correspond to the equilibrium potential of any single species of ions.
Reversal potential measurements in different media performed with EGTA-loaded
oocytes suggest that the smooth current evoked by activation of m2 or m4 is carried
principally by Na' and K*. Intracellular injection of the Ca 2 -chelating agent EGTA
almost completely abolished the ACh-activated current in m I- or m 3-implanted oo-
cytes, leaving only a small long-lasting inward current. The oscillatory current in m2-
or m4-implanted oocytes similarly disappeared after this treatment, whereas the smooth
component was virtually unaffected. It is most likely that the activation of the Cl
current mediated by m I and m 3 results from phosphoinositide hydrolysis leading to
Ca2 release from intracellular stores.

Responses in NGI08-15 Cells

NGI08-15 cells were transfected with cDNA or genomic DNA encoding each
of the four mAChR subtypes, using an expression vector carrying the SV40 early
gene promoter and the neomycin-resistance marker gene. 9 The expression of each
mAChR subtype was confirmed by (-)-IIHIQNB binding assay and by blot hybridiza-
tion analysis of total cellular RNA using mAChR subtype-specific probes. NG 108-15
cells endogenously contain the m4 mRNA.. 29

The transformed clones were tested for electrophysiological response to ACh under
voltage clamp at a holding potential of -30 mV.2" ml- or m3 -transformed cells
exhibited a similar response to ACh, which comprised an initial outward current
followed by a sustained inward current. The initial outward current was accompanied
by an increase in input conductance, as measured by short voltage steps (FIG. 4). The
reversal potential of the outward current was - 73 to - 85 mV, and the current-voltage
(l-V) relation was apparently linear. The outward current response was reduced or
abolished by apamin (0.4 AtM) or (+)-tubocurarine (0.2 mM), but was insensitive to
tetraethylammonium (1 mM). These results indicate that the initial outward current
is principally attributable to activation of a subclass of Ca2 -dependent K- currents.
Unlike the initial outward current, the secondary inward current induced by ACh
was usually accompanied by a decrease in input conductance and by a reduction in
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FIGURE 3. ACh-activated currents in Xenopus oocytes injected with the mRNA specific for porcine
ml (A), porcine m2 (B), porcine m3 (C), or rat m4 (D). Whole-cell currents activated by bath
application of I gM (A, B, D) or 10 nM ACh (C) were recorded under voltage clamp at a holding
potential of - 70 mV before (left) and after (right) intracellular injection of EGTA. Inward current
is downward. The duration of ACh application is indicated by bars without taking into account the
dead-space time in the perfusion system (- 7 see). The ACh responses in oocvtes injected with the
rat m3-specific mRNA were similar to the records in (C). (A and B: From Fukuda et al.' C and
D: From Bujo et al.' Reprinted with permission.)
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FIGURE 4. ACh response in mI-transformed NG108-15 cells. (A) Whole-cell currents activated
by applying 3 4tl of a 0. 1 mM ACh solution at the time indicated by the arrow were recorded under
voltage clamp at a holding potential of - 30 mV. Inward current is downward. Repetitive downward
deflections are current transients produced by hyperpolarizing steps of 20 mV for 400 msec applied
every 3 sec to measure input conductance. An interval of - 5 min separates the trace into two parts.
and the trace is interrupted by brief periods ( - I sec) of faster recording. The recorder saturated
during the outward current respons,. (B) Expanded records of current transients obtained at the
times indicated in A: (a) before applying ACh, (b) during the ACh-induced outward current, (c)
during the subsequent inward current, (d) after partial recovery. (From Fukuda et al." Reprinted
with permission.)

the time-dependent inward current relaxation observed during hyperpolarizing voltage
steps (FIG. 4). The steady-state I-V curve that was obtained while the sustained inward
current was present showed a reduction in the outward rectification in a potential
range less negative than approximately - 70 mV (tested up to - 20 mV), where the
M current"•3 is activated. These data indicate that the secondary inward current
results primarily from inhibition of the M current, which is known to be present in
NGI08-15 cells. The initial outward current and the secondary inward current were
observed in most of the ml- and m3-transformed cells tested. In contrast, the percent-
ages of responsive cells among the m2- or m4-transformed cells tested, despite their
significant amount of (-)-[3HIQNB binding, were not higher than those of non-
transfected or vector-transformed control cells.

The effect of carbamylcholine on the formation of ['HJinositol phosphate was
examined using [IHlinositol-labeled cells.2" In m I- or m3-transformed cells, a four- to
sevenfold increase in the release of total inositol phosphates occurred in response
to carbamylcholine stimulation, as compared with control values obtained without
stimulation. But in m2- or m4-transformed cells as well as in nontransfected or vector-
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transformed cells, no appreciable increase in inositol phosphate release was observed.
Studies with the fluorescent indicator dye fra-2 showed that the m I and m 3 expressed
in NG 108-15 cells, unlike m2 or m4, mediate release of Ca2 from intracellular stores.'°

Stable expression of the four mAChR subtypes in other mammalian cell lines also
shows that ml and m3 are coupled with stimulation of phosphoinositide hydroly-
sis,"'-'`- whereas m2 and m4 are linked mainly with inhibition of adenylate cy-
clase. 734 '36 m5 has been shown to be coupled with phosphoinositide hydrolysis effi-
ciently ..... These findings, together with the expression studies using Xenopus oocytes
suggest that these subtypes are selectively coupled with different effector systems, albeit
not exclusively. Of interest in this context is that m3 has a sensitivity to agonist
about one order of magnitude higher than that of m I in mediating phosphoinositide
hydrolysis and intracellular Ca2" release in NG108-1 5 cells as well as the Ca2 --
dependent C1- current response in Xenopus oocytes.2' 10 This is probably attributable,
at least partly, to its higher agonist-binding affinity of m 3 than that of ml."2

LOCATION OF AN mAChR DOMAIN INVOLVED IN SELECTIVE
EFFECTOR COUPLING

To localize the region of the mAChR molecules responsible for selective coupling
with different effector systems, chimeric mAChR molecules with different combina-
tions of m I and m2 were expressed in Xenopus oocytes from the corresponding cDNA
constructs." FIGURE 5(A) schematically shows the structures of different chimeric
mAChRs in which corresponding portions of porcine m I and m2 are replaced with each
other. FIGURE 5(B) shows the ACh-induced current responses at - 70 mV membrane
potential observed in oocytes implanted with the different chimeric mAChRs and
with the parental m l and m2. Each ACh-induced current was also examined for the
effect of EGTA. The ACh-activated inward current mediated by the chimeric mAChR
MC2, MC8, or MCI0 was oscillatory in nature and was almost completely abolished
by EGTA. On the other hand, a typical ACh response mediated by the chimeric
mAChR MC4 or MC9 comprised an initial smooth inward current that was virtually
unaffected by intracellular injection of EGTA, followed by an oscillatory component
that disappeared after this treatment. The average peak inward currents activated by
I gtM ACh were compared taking into account the receptor density, measured by
(-)-['HIN-methylscopolamine (NMS) binding on the cell surface (FIG. 5,C). The nor-
malized current amplitudes for m l, MC2, MC8, and MCI0 were about two orders
of magnitude larger than that for MC4, MC9, and m2. Thus, MC2, MC8, and
MC10, in which the third putative cytoplasmic portion (i3) is derived from ml,
mediate an ACh response similar to that mediated by m 1. 2" In contrast, MC4 and
MC9, which share this portion with m2, elicit an ACh response similar to that mediated
by m2.2"

Thus, it is concluded that the region of the mAChR molecules comprising the
carboxy-terminal third of the proposed transmembrane segment V and the following
putative cytoplasmic portion before the proposed transmembrane segment VI contains
a determinant of selective coupling with different effector systems. This is consistent
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with other studies that used chimeras or mutations, and may be generally valid for

G protein-coupled receptors.' 4" Although the amino acid sequence of this third
cytoplasmic loop is divergent among the mAChR subtypes," some sequence homol-
ogy is noted in this portion among ml, m3, and m5 as well as m2 and m4, especially
in the both amino- and carboxy-terminus of the cytoplasmic loop (Fic. 6). Recent
studies have focused on these regions.4'- 44 It has been shown by using chimeras that
nine amino acid residues of m3 and no more than 21 amino acid residues of m2 at
the amino-terminal portion of the third cytoplasmic loop are critical for selective
effector coupling of m3 and m2, respectively.44

CONCLUSION

The existence of multiple mAChR subtypes originated from distinct genes has
been shown by cloning and sequencing analysis. The antagonist binding properties
of the individual subtypes expressed from the cloned DNAs, together with the differen-
tial tissue distribution of the mRNAs, indicate that the mAChR heterogeneity in
tissues with respect to antagonist binding can be accounted for by the presence ot
distinct mAChRs in various combinations. Using the DNA expression systems in
Xenopus oocytes and NG 108-15 neuroblastoma-glioma hybrid cells, it has been shown
that molecularly defined mAChR subtypes are selectively coupled with different effector
system, albeit not exclusively. Functional analysis of chimeric receptors composed of
m l and m2, together with the recent progress by other groups, indicates that the
amino-terminai sequences in the third cytoplasmic loop between the putative t ransmem-
brane segments V and VI are a possible determinant of selective coupling with different
effector systems.
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INTRODUCTION

The first direct evidence for multiple muscarinic receptor subtypes came from a
pharmacological comparison of the receptors expressed by brain and heart.' These
receptors were then purified to apparent homogeneity from porcine brain' and heart.'
Sufficient peptide sequence was obtained from these preparations to allow the cloning
of them 1l and m2 7'" muscarinic receptor subtypes from these tissues. Using homology
cloning, the human and rat forms of these receptors as well as three additional subtypes
(m3-m5) were identified.9" The sequences of these receptor subtypes were subse-
quently confirmed in the human'' 2 and defined in several other species.'' '" Compari-
son of the amino acid sequences of the five muscarinic receptor subtypes indicates
that they are derived from a highly conserved gene family. Maximum sequence homol-
ogy among the members occurs in the seven hydrophobic regions that are predicted
to be transmembrane (TM) domains. These are the regions where muscarinic receptors
have the most sequence homology with other receptors that mediate signal transduction
by coupling with G-proteins.'1

Prior to their molecular cloning, muscarinic receptors were divided into two or
at most three subtypes based on pharmacological differences. Thus, pharmacological
approaches were inadequate to determine reliably either the tissue-specific expression

"Some of the described work was supported by Public Health Services Grants (PHIS Rol
AG05214, PHS R29 NS29634 and NSF BNS-9111629), by L.illy Research Labs. Schering Plough
Pharmaceuticals, Boehringer Ingelheim, and Allergan Pharmaceuticals.
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of each of the subtypes or their physiological function" Based on the sequences of
the receptor cDNAs it has been possible to prepare subtype-selective antibody and
cDNA probes to determine the tissue-specific expression of each of the receptor sub-
types. In this paper we discuss data collected using these approaches and their physiologi-
cal implications. Availability of receptor clones has also inspired many studies at-
tempting to define functional regions within the receptor subtypes. We discuss the
current status of our understanding of the structure/function relationships of the
ligand binding and G-protein coupling domains of the muscarine acetylcholine receptor
subtypes.

PHARMACOLOGICAL PROPERTIES

Muscarinic receptors in different tissues can be distinguished pharmacologically.
Three tissues widely used to evaluate the pharmacology of the distinc, receptor subtypes
are the vas deferens, heart, and ileum: Ml receptors enhance neurogenic contraction
in vas deferens; M2 receptors slow the heart, and M3 receptors contract deal smooth
muscle. Using data from several of the most selective muscarinic compounds, we
correlated the pharmacologies of these physiologically defined subtypes (M I-M3) with
that of the genetically defined subtypes (ml-m5) as determined using radioligand
binding assays. Strong correlations are observed between the m2 and M2 receptors,
and these receptors are the easiest to differentiate from the other subtypes. The pharma-
cology of the M 3 receptor correlates the best with m 3, but caution should be exercised
as even the most discriminating compounds have a modest selectivity (<I0 fold).
Unfortunately, even when a relatively large number of compounds are considered,
it is impossible to unequivocally assign the M I receptor of vas deferens to a genetically
defined subtype.' " We recently completed a study of the pharmacology of the cloned
receptors using functional assays in living transfected mammalian cells. If one assumes
that MI ml, M2 = m2, and M3 = m3, then a precise 1:1 relationship is observed
for the pharmacology of cloned and endogenously expressed receptor subtypes (FIG.
I). These data suggest that the small deviations that were previously observed between
the pharmacologies of cloned receptors and tissue preparations were due to artifacts
associated with binding assays that were performed using nonphysiological conditions.

ANATOMICAL LOCALIZATION

As indicated above, pharmacological data alone are inadequate to evaluate the
anatomical distribution of the muscarinic receptor subtypes. Fortunately, the molecular
cloning of the receptor subtypes has provided new tools to evaluate their tissue-specific
expression. For example, using cloned DNA or oligodeoxynucleotides it is possible
to measure the distribution of the mRNA that encodes each of the receptor subtypes.
Both approaches have been used to map the distribution of muscarine receptor
mRNAs.'• " 72 Similarly, the encoded receptor proteins can be measured by use of
subtype-selective antibodies. One approach is to prepare synthetic peptides based on
the predicted sequences of the receptor proteins. These peptides have been conjugated
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FIGURE 1. Correlation of the affinities of antagonists for muscarinic receptor subtypes expressed
by tissues and transfected cells. Data for the peripheral tissue preparations are pA: values for the M)
vas deferens, M2 heart, and M3 ileum." Data for the cloned receptors are pKI values determined
by antagonism of carbachol-induced amplification responses measured in living mammalian cells
transfected with each of the receptor subtypes (Jorgensen and Brann, unpublished observations).

to carrier protein and used as antigens.22 " Another approach is to express fragments
of the cloned receptors as fusions with antigenic proteins in E. coli, and use these
proteins as antigens.

Overall, the above approaches have indicated that the muscarinic receptors are
differentially distributed in peripheral tissues and have provided evidence for the molec-
ular identities of the pharmacologically defined receptor subtypes. In addition to inhibi-
tory MI receptors, vas deferens has M2 receptors that enhance neurogenic contrac-
tions.2" Both m l and m2 receptor proteins are present in vas deferens.2" Many studies
have indicated a homogeneous population of M2 muscarinic receptors in heart 2 ' and
only m2 mRNA-'"' and protein 2" have been detected in heart. Similarly, the majority
of deal receptors have an M2 pharmacology,2 " and m2 mRNA" and protein" are
the predominant molecular species in ileum. As indicated above, ileum also has a
functionally defined M3 subtype. Small amounts of m3 mRNA" has been detected
in ileum, but no m 3 protein. 2

1 M I and M 3 muscarinic receptors are present in submaxil-
lary glands, 1' and high levels of both m l and m3 mRNAs'5 and proteins"8 have also
been observed. Sympathetic ganglia have both M I and M2 receptor subtypes," and
both m l and m2 receptor proteins are present." Binding studies have indicated that
muscarinic receptors in peripheral lung and NGIO8-15 cells have a unique "MI-like"
pharmacology, which been termed the "M4" receptor. "2 m4 mRNA is the predominant
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subtype in both lung12 and NGI08-15 cells.'' Both m2 and m4 proteins are present
in peripheral lung. 21

All five of the receptor subtype mRNAs and proteins have been detected in the
brain. 7 8 20

.
21 2

1 m I and m4 mRNA and protein are widely expressed in cerebral cortex.
basal ganglia (including caudate-putamen), and hippocampus. Thus, these receptors
are likely to play major roles as postsynaptic muscarinic receptors in various cognitive
and motor functions and are likely to be major contributors to the M I responses that
have been measured in these brain regions. m4 mrR-NA and protein are the most
abundant subtype in caudate-putamen, possibly explaining the anomolous MI-like
"M4" pharmacology of binding sites in this brain region." m2 receptor and protein
predominates in the brainstem and cholinergic cells of the basal forebrain and caudate-
putamen. The distribution of m2 versus m4 receptors may account for differences in
the pharmacology of cAMP inhibition by muscarinic receptors among brain regions.
These data are also consistent with receptor autoradiography of M2 binding sites.
Pharmacological studies have indicated M2 receptors inhibit acetylcholine release, and
the finding of m2 mRNA in cholinergic cells2" and m2 protein in cholinergic neurons"
establishes this subtype as a major presynaptic muscarinic receptor. It should also be
noted that both m2 mRNA and protein are widely expressed by noncholinergic cells
in various brain regions including the cerebral cortex."2 ' m3 mRNA is present
within the cerebral cortex, hippocampus, and thalamus, but not in basal ganglia.'_ 18 -

ml mRNA is expressed by the majority of medium-sized neurons of the caudate-
putamen and m4 is expressed by - 50% of these neurons. Within the caudate-putamen.
the m4 receptor is co-expressed with dopamine receptors, implicating a direct interac-
tion with dopaminergic neurotransmission and the control of dopamine-mediated
psychomotor function. The mY receptor is expressed by the dopaminergic neurons
within the substantia nigra pars compacta, leading to the suggestion that this receptor
may be the muscarinic receptor that mediates direct stimulation of dopamine release
by acetylcholine." A composite of data from immunological and mRNA studies is
presented in TABI.E 1I

Overall, because of the complex expression patterns of muscarinic receptors within
the brain and the paucity of cellular information concerning the behavioral function
of the neuronal systems involved, it is difficult to unequivocally relate individual
receptor subtypes with the individual behavioral effects of mus~arinic drugs. For exam-
pie, the antiparkinsonian site of action of drugs such as trihexiphenidyl is likely to be
within the basal ganglia. Since this drug has high affinity for both m l and m4 receptors
and both of these receptors are expressed by the basal ganglia, either or both of these
receptors could be the relevant site of action.

The subtype-selective targeting of cholinergic agonists for treatment of Alzheimer's
disease is similarly problematic, because brain regions involved in cognitive function
express all five of the muscarinic receptor subtypes. Studies in animal models using
muscarinic antagonists have tended to discount M2/m2 receptors. and considering
their presynaptic location one would expect that M2/m2 receptor stimulation should
be avoided. On the other hand, "MI" selective agonists have not proven to be more
effective in clinical trials than acetylcholinesterase inhibitors. In this regard, it should
be noted that biochemical experiments suggest that these "Ml" agonists arc, in fact,
weak partial agonists with selectivity for m2/m4 receptors. Thus the receptor subtypcis)
that should be targeted in the treatment of Alzheimer's disease remains to be established.
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TABLE 1. Distribution of Muscarinic Receptor Subtypes within the Brain
and among Peripheral Tissues

ml m2 m3 m4 in

Brain
Cerebral cortex ++. +.+ + + ++

Striatum + ++ + + + +.+

Thalamus +++ + + +
Brainstem and cerebellum + +.+ + +
Hippocampus ++ ++ + + . + + .. + ++
Olfactory tubercle .+ +.+ + + . . . .

Substanria Nigra (DA) . . .

Basal forebrain (ACH) + +++ + +

Peripheral Tissues
Sympathetic ganglia + + . . . .

Vas dcferens . . . + +

Submaxillary gland + + + + . . .

Atrium + + +,-

Peripheral lung + . . . . . .

Uterus . . + + +

ileum + + . + +

Data are collected from immunoprecipitations2' -, insitu hybridization histochemistr., 0 and immu-
nocytochemistrvy." DA refers to dopamine-containing neurons. ACH refers to acetylcholine-containing
neurons.

Because of their discrete patterns of expression, the m4 and m5 receptors represent
compelling therapeutic targets. Within the periphery, expression of the m4 receptor
is most prominent in the lung. Since MI-selective drugs are useful in the treatment
of asthma, an m4-selective antagonist may avoid ml-mediated side effects (e.g., in
sympathetic ganglia). Similarly, m5 has a very limited distribution within the brain.
If the mn5 rec.eptor is the one responsible for enhanced release of dopamine, then this
receptor may be a useful target for therapeutic modulation of dopaminergic tone (e.g.
in Tourette's syndrome and schizophrenia).

STRUCTURAL FEATURES

The N-terminal regions of all the muscarinic receptor subtypes have sites for
N-linked glycosylation. Removal of these sites by point mutations does not influence
ligand binding or levels of receptor in the membrane." Similarly, replacement of the
entire N-terminal region of the m I receptor (spanning the sites of N-linked glycosyla-
tion) with various unrelated sequences has little effect on ligand binding and levels of
receptor in the membrane (Jorgensen, Hill-Eubanks, and Brann, unpublished observa-
tions).

Muscarinic receptor subtypes can be differentiated based on their selectivitieo for
G-proteins and functional responses. For example, the ml, m3, and m 5 receptors
selectively couple with a pertussis toxin (PTX) insensitive C-protein to stimulate phos-
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pholipase C, while m2 and m4 selectively couple with a PTX-sensitive G-protein that
inhibits adenylyl cyclase. The m2 and m4 receptors also weakly stimulate phospholipase
C via a PTX-sensitive G-protein. These receptors can also be classified based on which
ion channels they modulate. Briefly m l, m 3, and m 5 open Ca` -dependent potassium
channels and inhibit the m-current via PTX-insensitive G-proteins, while m2 and m4
open non-specific cation conductances and inwardly rectifying potassium conductances
and inhibit calcium conductances via PTX-sensitive G-prcteins.

Chimeric muscarinic receptors have been constructed in which individual epitopes
have been exchanged between subtypes that differ in their functional selectivities.
Chimeras between ml and m2 receptors were constructed and expressed in oocytes
where selective coupling to electrophysiological responses were examined. These stud-
ies demonstrated that the third cytoplasmic loop (i3) was sufficient to define functional
selectivity for ion channels, while the C-terminus of the receptor did not qualitatively
influence electrophysiological responses. In contrast to the importance of the i3 loop
in defining functional selectivity, this region had no effect on the selectivities of these
receptors for ligands.'

Chimeras between m2 and m 3 receptors were constructed and expressed in mamma-
lian cel', where selective coupling to G-proteins and biochemical responses were exam-
ined. inese studies confirmed a critical role of the i3 loop in defining functional
responses, and the lack of influence of the C-terminus. These studies also demonstrated
that the N-terminal region of the i3 loop, proximal to TMS, was critical in defining
coupling selectivity.4'- 43 The latter results are consistent with data from experiments
that employed deletion mutants. These experiments have shown that only regions
proximal to the TM domains are involved in coupling to G-proteins."4 A critical role
for the N-terminus of the i3 loop has recently been extended to electrophysiologicaV
and calcium responses46 by expressing very similar m2/m3 chimeras in oocytes. In
studies of chimeric beta-adrenergic/muscarinic receptors, it was observed that both
the N-terminal region of i3 and the i2 loop must be exchanged to reverse the functional
phenotype.4 7

Muscarinic receptors can be classified based on their differential sensitivities to
various ligands. In fact, the first compelling evidence for the existence of multiple
muscarinic receptor subtypes came from the demonstration that muscarinic receptors
expressed by brain have higher affinity for the antagonist pirenzepine than those
expressed by heart.' Analysis of the affinity profiles of many muscarinic antagonists
indicates that they can be divided into families based on their selectivities among the
subtypes. For example, trihexyphenidyl, pirenzepine, and derivatives such as UH-AH
37 have higher affinity for the ml and m4 receptor than for the other subtypes. On
the other hand, himbacine, methoctramine, and derivatives of AF-DX 116 have much
higher affinity for m2 and m4 than for m5 receptors'"; a similar profile of relative
selectivity for the individual subtypes has been observed for the allosteric antagonist
gallamine.48 While much less is known about agonist interaction with the receptors,
many agonists have higher potency and efficacy at the m2 and m4 receptors.

To investigate which epitopes within the receptor contribute to the subtype selectiv-
ity of ligands, the binding properties of several chimeric m2/m 3 and m2 /m5 receptors
have been investigated. As indicated earlier, exchange of the i3 loop between m2 and
m 3 receptors does not influence antagonist affinity, but does reverse the relative affinity
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for some agonists.43 Analysis of the series of chimeric m2/m5 and m2/m3 receptors
has demonstrated that multiple regions contribute the subtype selectivity of several
antagonist ligands, and these ligands can be classified according to which regions contrib-
ute to binding selectivity.4 24-9 For example, himbacine and AQ-RA 741 have a very
similar binding profile among the chimeras, suggesting that they recognize similar
structural epitopes. The high affinity of both of these drugs for m2 receptors is highly
dependent on the N- and C-terminal regions. On the other hand, the higher affinity
of UH-AH 37 for m5 receptors is largely defined by differences within the TM6
and/or third outer loop, a region that does not influence the binding of the former
compounds. This same region defines the subtype selectivity of the allosteric antagonist
gallamine, in spite of the fact that gallamine and UH-AH 3 7 have divergent selectivities
among the wild-type subtypes."

Amino Acids Involved in Ligand Binding

Labeling with covalent ligands and site-directed mutagenesis have been used to
identify amino acids within the muscarinic receptors that contribute to ligand binding.
[3H]propylbenzilylcholine mustard (PBCM) covalently attaches to muscarinic receptors
through its ammonium headgroup. By sequencing fragments of purified muscarinic
receptors that have bee " !led with this ligand, its primary attachment site has been
shown to be an aspartic acid in TM3.51 Using similar methods, a muscarinic agonist
has been shown to attach to the same amino acid. 2 A critical role of this amino acid
in ligand binding has been confirmed using site-directed mutagenesis, as substitutions
at this position disrupt binding. 3 The observation that an ammonium headgroup is
a critical feature of most muscarinic ligands"4 suggests that formation of an ionic bond
between the ammonium headgroup and the aspartic acid of TM3 may be a general
feature of ligand binding to muscarinic receptors.

Examination of the TM domains of the five muscarinic receptors indicates a series
of threonine and tyrosine residues which are identical for the five muscarinic receptor
subtypes, but are not conserved in other G-protein coupled receptor sequences. The
hypothesis that these amino adds may con:tribute LO t - binding of muscarinic higands
was tested by substituting phenylalanine and alanine for the tyrosine and threonine
residues, respectively. The working hypothesis was that one or more of the hydroxyl
groups contributed by one or more of these amino acids would form a hydrogen
bond with the ester group of acetylcholine. A tyrosine and a threonine located in
TM5 and 6, respectively (the TM's that bound the i3 loop), had the most dramatic
effects on decreasing agonist binding and activation of P1 metabolism. None of these
substitutions had any effect on antagonist binding. " However, too many of the substitu-
tions selectively reduced agonist affinity, for the results to be interpreted as being due
solely to direct interactions between the ligand and the individual residues (e.g. hydro-
gen bonding to the ester region). Molecular models of a muscarinic acetylcholine
receptor that are based on the structure of bacteriorhodopsin,3 " suggest that the major
role of these multiple hydroxyl-containing amino acids may be to stabilize the aspartate
of TM3, and that it is this stabilization that influences agonist binding."
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FIGURE 2. Model of agonist activation of a muscarinic receptor. The amino acids that strongly
influence agonist binding are marked: Asp (D) of TM. Thr (T) of TM5. arid Tyr (Y) of TM6.
Agonist binding leads to a conformational change in thc i3 loop. The N-terminal region of thc i3l
loop is a continuation of the TM5 alpha helix. Conserved residues that contribute to G-protein
coupling are indicated. The C-terminal region of the i3 loop waLs also involved in C-protein coupling.
The critical residues are shown. The functionally critical residues of the N- and C-terminal regions
of the i3 loop are predicted to face each other. Agonist binding (acetylcholine, ACCI) may alter thc
conformation of TM5 relative to TM6 and consequently lead to a conformation of the il loop that

activates C-proteins.

.i~~TM 

TM3* 

I • m



BRANN er al.: MUSCARINIC ACETYLCHOLINE RECEPTORS 233

Amino Acids Involved in G-protein Coupling

In order to identify specific residues within the i3 loop that contribute to G-protein
coupling, we subjected the 20 amino acids adjacent to the TM 5 to random-saturation
mutagenesis (a region that defines G-protein coupling selectivity, see above). Analysis
of the pattern of amino acids that are resistant to mutation would lie on a functional
face of this helix (Hill-Eubanks, Jorgensen and Brann, unpublished observations). These
findings are consistent with computational predictions based on primary sequence.
Computational models predict the presence of a helix within analogous regions (N-
terminal region of the i3 loop) of several G-protein coupled receptors." Based on
these data, we propose the model of agonist activation of muscarinic receptors that
is drawn in FIGURE 2.
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INTRODUCTION

Activation of muscarinic acetylcholine receptors (mAChR-s) induces a great variety
of ionic conductance changes in different cell types. These include opening or closing
of K channels, opening of cation channels, closing of Ca chx~nndl. and opening or
closing of C. channels.' This variation in response arises fror , principal factors:
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different cells possess different types of ion channels and different cells also express
different genetic variants (subtypes) of mAChR, which may not couple with equal
facility to any given ion channel.

One approach to studying the coupling preferences of different subtypes is to
express the individual genes in different cells equipped with appropriate ion channels
and then determine which receptor most effectively opens or closes the ion channel
in question. While this does not necessarily duplicate precisely what happens in a
normal cell expressing multiple receptor subtypes and multiple channel types, it is
useful in laying down some of the ground rules for coupling preferences, upon which
further tests on normal cells can be based.

Thus far, five genetic subtypes of mAChR, denoted ml through miS. have been
cloned and expressed'- 4 and membrane ionic responses to individual subtypes recorded
in oocytes" and in several cell lines: neuroblastoma hybrid cells, ' fibroblasts.ý:
epithelial cells,"2 secretory cells,'' and insect cells.' 4

In this paper we evaluate the information so far yielded about coupling preferences
and possible transduction mechanisms from experiments on two neural cell lines
(NG Og-I 5 neuroblastoma x glioma hybrid cells and NL308 neuroblastoma x fibro-
blast hybrids) that have been stably transfected with DNA for m l, m2. in 3, and m4
mAChRs, and consider to what extent this might be representative of equivalent
coupling processes in mammalian nerve cells.

NG1O8-15 NEUROBLASTOMA x GLIOMA HYBRID CELLS

When differentiated (by cyclic AMP or a cyclic AMP-generating system), these
cells extend neuritic processes, become electrically excitable, and express a variety of
neuron-related ionic currents."-" They, also express a low level of endogenous
mAChRs corresponding to the genetic m4 or pharmacological i\U' 2. subtype:
amounts of endogenous receptor expression are around 100 fmoles/mg protein or
5-10 x 10' receptors per cell.'

In the present experiments, cells were transfected with cDNAs or genomic DNA
for pig ml, m2, or m3 receptors or rat m3 and m4 receptors, to express additional
receptors to a level between 3 and 10 times that of the endogenous mAChR The
identity of these additional receptors was verified at the mRNA level using specitic
probes: and also at the receptor level using specific displacement of I'H]N-
methylscopolamine (NMS) binding.'

The principal results obtained when these transformed cells were challenged with
ACh or other mAChR stimulants' "' are summarized in FitRt 1. Both biochemical
and electrophysiological effects fell into two broad categories: (I) Cells transformed
to express m I or m 3 mAChRs responded with increased inositol phosphate production,
increased intracellular Ca and activation of a Ca-dependent K current (lk,.), and
inhibition of a voltage-gated K current IK(sNi. All three effects were resistant to Pertussis
toxin (PWX). None of these effects were seen in non-transtormed cells or in cells
transformed to express m2 or additional m4 receptors.

(2) Non-transformed cells (expressing endogenous m4 receptors) responded %s ith
a reduced PGE,-stimulated cyclic AMP production"' and inhibition of a specific
t)-conotoxin-sensitive component"2 of voltage-gated Ca-current V ,,.,(see below)
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These responses were significantly greater in cells expressing additional m2 or m4
receptors, but not in those expressing additional ml or m3 receptors. Inhibition of

lC,1N) was totally prevented by PTX.
The three membrane current responses-activation of IK((.,,, inhibition of IK,

and inhibition of IcA(N)-and possible transduction pathways leading to their inhibition,
will now be considered in more & tail.

Activation of Ca-dependent K Current (IK(cd:)

This may be most simply attributed to the generation of Ins-1,4,5-P1 and subse-
quent release of Ca ions from intracellular stores, for three reasons:

(1) As indicated in FIGURE 1, only those receptors (ml and m 3) whose stimulation
led to an increased inositol phosphate production activated ,,

(2) As shown in FIGURE 2 (see also Neher et al.'), the outward current was accompa-
nied by a rise in intracellular ICal. (In fact, the outward current slightly preceded the
recorded rise in somatic [Ca], by about 0.6 sec on average," but this may be attributed
to differences between submembrane and recorded mean somatic levels). Further,
when the rise in [Cal was suppressed by intracellular BAPTA (20 mM) or extracellular
BAPTA/AM (100 4M), then so was the outward current.2'

(3) Similar changes in intracellular [Cal and membrane current were observed after
intracellular application of Ins-1,4,5_p.21.24 When the effects of intracellularly applied
Ins-I,4,5-P, were prevented [e.g., by adding I mM heparin to the pipette or in the
continued presence of a high concentration (100 liM) of Ins-I,4,J-P[j then so was
the response to external ACh."'

Overall, the effects of ACh on ml- and m3-transformed NG108-15 cells closely
resembles that of non-transformed cells to bradykinin (BK) reported previously.' :
Indeed, considerable cross-desensitization between ACh- and BK-induced outward
currents can be observed at the level of the Ins- 1,4,5-P /Ca-release mechanism, resulting
from depletion of internal Ca stores": this strongly suggests a common pathway.
Further, effects of both ACh and BK are mediated by a PTX-insensitive G-protein."
This may be G,/Gi, since BK-induced inositol phosphate production in NG108-15
cells is attenuated by antibodies to Gq/Gn, 2' and there is a preliminary report' to the
effect that the BK-induced outward current may be reduced by these same antibodies.

Inhibition of the Voltage-dependent M Current (l0,m)

IK(M) is a non-inactivating time- and voltage-dependent K current activated between
rest potential and 0 mV. Its properties in NG 108-15 cells, recently described in some
detail," closely resemble those of the equivalent current originally reported in sympa-
thetic neurons."' As in sympathetic ganglion cells, inhibition of IK{\M, in NGI108- 1.
cells induces a net inward current at steady-state (FIG. 3, a) and, in unclamped cells,
a depolarization and increased excitability (FIG. 3, b). Inhibition of I accounts for
the second phase of inward current following the initial outward (Ca-activated) current
on application of ACh to m I- or m 1-transformed cells (see FiG. 2 and Fukuda et al. ").
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FIGURE 1. Summary of effects of mAChR stimulation in control and transformed N 108-1I
cells. Histograms show (from bottom to top): specific IH--( - )quinuclidinyl bcnzilaht (QNB) binding
fmoles/mg protein"; total inositol phosphate production (as fraction of resting production) induced
by l0-min incubation with I mM carbacho[; %, depression of peak- Ca -urret amplitude l'v I i.
A(;h" and % inhibition of the voltage-gated K current lk.•,( oIs Bars shoss cm i SiinitiLant
diffecrnce from control (non-transfected con) cells
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FIGURE 2. Changes in membrane current (upper records) and intracellular {Cal (lower records)
during applications of 100 .tM ACh to an mi-transformed NGI08-15 cells. Records were obtained
using patch-electrodes containing [00 p.M Indo-I plus 100 laM BAPTA (see Robbins et al." for
experimental details). (Upper trace) ACh induced an initial outward current r,'ulting from activation
of IK11,1 (Lower trace) Obtained after several applications of ACh, the initial outward current had
dissipated leaving only an inward current resulting from inhibition of 1i,,,

The "Messenger"for IK,,) Inbibition

There is clearly a close relation between the ability of receptors to inhibit Ik,w
and their effectiveness in activating phospholipase C, in the sense that both are affected
by the sarne type of receptor (m I or m 3 mAChR or BK). However, the precise link
between these two responses (if any) is not yet clear. Some of the key experiments
leading to this uncertainty are summarized in FIGURF 4.

Thus, neither Ca nor lns-l,4,5-P, are likely to be the "messenger" for several
reasons. Inhibition of lK(M) persists when the release of Ca and/or activation of Ik( ,

is suppressed or attenuated by such procedures as repeated application of ACh (which
"desensitizes" the Ca release process) or buffering internal Ca with 20 mM BAPTA
(FIG. 4). Even when Ca release is recorded, inhibition of lss may precede the rise in
Ca by several seconds, as in FIGURE 2 Internal application of Ins-1,4..5-P: at concentra-
tions up to 100 ItM does not inhibit I(,Ni) nor does it prevent the subsequent inhibition
of IKKm by ACh (FIG. 4), even though it dc -. ,nhibit the activation of im, , by ACh.

As an alternative, we have previously suggested that diacyiglycerols arising in
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FIGURE 3. Responses of mi-transformed NG108-15 cells to 100 aM ACh recorded under (a)
voltage-clamp and (b) current clamp. (a) The cell was held at - 30 m% and commanded to - o
mV for I sec each 30 sec ACh induced an inward current at - 30 mV due to inhibition (if h,%(
this is reflected by the reduced amplitude of the current transients during each I sec hspyerpolaruing
step. (b) ACh produced a depolarization at the resting potential of - 50 mV and induced rep'titovc
spike discharges following each hyperpolarizing step. (Note that DC current was applied during theh
application of ACh in b to limit the depolaruiation.)
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FIGURE 4. Partial summary of some tests on lKM inhibition by ACh in m I-transformed NG 08-1 5
cells." Each block shows the mean % inhibition of lks produced by 100 4M ACh ;-, patch-clamped
cells. (Bars show s.e.m.; number of cells in brackets). Patch electrodes norma!l\ contained 3 mM
EGTA. In the second block, this was replaced with 20 mM BAPTA. In the third block, 100 4M
lns-l,4,5-Pý was added to the pipette solution. In the fourth block. 2 aM staurosporin was added
to the bathing solution. Note that none of these procedures reduced the inhibition of 'M. although
both 20 mM intra-pipette BAPTA and 100 gM intra-pipette lns-1,4,5-P; suppressed the initial
activation of IKl• by ACh.

parallel with inositol phosphates from phospolipase C stimulation might be responsible

for [KIM) inhibition, on the basis that exogenous diacylglycerols or other activators of
protein kinase C (PKC), such as phorbol dibutyrate, could also inhibit lK•,): 2 '

However, recent observations do not support this pathway as an obligatory step in

'1K1M inhibition since inhibitiUn of PKC with staubosporin (Fi.. 4) or do\n-regulation
by pretreatment with phorbol dibutyrate did not significantly impair the effect of
ACh.2"

A key question then is whether a cytosolic or diffusible messenger is really required
at all or whether instead K(M)-channel closure might be mediated by some more local
interaction between the activated G-protein and the channel. We have attempted to
test this by recording single K(M) channels using cell-attached patch electrodes and
then stimulating receptors outside the patch, in the manner previously applied to
sympathetic neuron K(M) channels.)" Channels with an appropriate time- and voltage-

dependence could be detected in a proportion of such patches, showing sustained
activity on depolarizing some 30 mV from rest potential (FIG. 5). Extra-patch applica-
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FIGURE 5. Effects of extra-patch application of 10 t.M muscarine on single K(M)-channcl actnitv
recorded with a cell-attached patch electrode from an m I-transformed NG 108-1 . cell See Sel'anko
et al." for methodology. The patch-pipette was filled with Krchs' solution containing 2 " m.\ K.
with 100 nM apamin and 10 nM charybdotoxin (to block Ca-activated channels) and 500 n.\
tetrodotoxin (to block Na channels). The patch was held at 10 m'V depolarized to rest potential
The bathing fluid contained 25 mM K (to prevent any depolariting efiect of the muscarine") and
0 [CaI with raised JMgl. to prevent Ca entry Records show (from top to hottoni) ?0 swt control
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tion of muscarine then clearly inhibited channel activity. This indicates that some
remote signaling between extra-patch receptors and intra-patch channels can indeed
occur, though whether this is an absolute requirement for channel closure is not yet
known. Further experiments on isolated patches may clarify this.

Inhibition of the Voltage-gated Ca Current (Ic(Nj)

ACh can reduce the amplitude of the composite voltage-activated Ca current in
non-transfected cells through activation of the endogenous m4/M 4 receptors.9 2" This
complicates the assessment of the relative efficiencies of the different exogenous recep-
tors in inhibiting 'Ca. However, the inhibitory effect of ACh was clearly and consistently
increased in cells transformed to express exogenous m2 receptors, but was not signifi-
cantly increased in cells expressing m l or m3 receptors.9 From this we conclude that
both m2 and m4 mAChRs can inhibit Ic., though their relative effectiveness is difficult
to ascertain.

Identity of tbe Inhibitable Current

The component of Ca current inhibitable by ACh (or noradrenaline) can be clearly
identified as that component of high-threshold current inhibitable by o-conotoxin.2 2

Although kinetically different from that current originally designated the "N" current, "
we may therefore refer to the current as I:a(N) for convenience. This designation is
important because this component of Ca current probably corresponds to that in
nerve terminals responsible for the charge of Ca necessary to release transmitter."'
Hence, the effects seen in NG108-15 cells may be relevant to feedback inhibition of
transmitter release.

Nature of the G Protein Link

Inhibition of Ica by both exogenous m2 and endogenous m4 receptors is totally
prevented by PTX. Three principal species of PTX-sensitive G-protein alpha subunits
can be identified in NGI08-15 cells: .a2 , a3 , and 0.,)-3 To test which might be
most effective in coupling endogenous m4 mAChRs to Ca channels, we overexpressed
aC, a,3, and 0.A, plus a,, (which is normally undetectable in NGI08-15 cells) by
DNA transfection.4"' Transfected cells showed about twofold higher levels of immu-

activity; activity I min after adding 10 ýiM muscarine to the solution bathing the cell; and activity
2 min after removing muscarine. The top record shows an expanded segment of control actiý4.v.
Channels were identified as K(M) channels by their voltage dependence and by the time dependence
of averaged currents during step depolarizations." (A. A. Selyanko &J. Robbins, unpublished results)
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noreactive peptide in each case, indicating that each exogenous a subunit was expressed
to about the same level." The effects of this overexpression are summarized in FIGURE
6. Cells overexpressing either a,, or 0 A, but not those overexpressing a,, or Ž,2,
showed a significant increase in inhibition of Ic, by ACh. This accords with previous
experiments suggesting that the inhibition of Ir in NG 108-15 cells by opiates"2 and
noradrenaline4" is mediated by ao in preference to a,, or a,,.

Several recent studies have indicated that there is appreciable specificity in the
choice of G-protein linking different receptors to Ca currents, with the following
pairings: in rat dorsal root ganglion cells, neuropeptide Y selects a, in preference to
a, whereas bradykinin receptors can couple to both a. and a,,.23"; in GH3 cells,
muscarinic receptors couple to aoA whereas somatostatin receptors couple to a,,4i;
and in NGI08-15 cells, opiate and noradrenaline ct2 receptors couple to aoA whereas
somatostatin receptors do not.4" Thus, the present data provide a further example,
by suggesting that muscarinic m4 receptors can couple to both a,,A and a,3, but not
to a, 2 or a,.

A second point of interest was that cells expressing exogenous a, showed a signifi-
cantly reduced inositol phosphate response to bradykinin (FIG. 6). Since this effect
was not prevented by PTX (which ADP-ribosylates a/13/y complexes), it indicates
that activation of phospholipasc C by BK (and possibly by m l or m 3 mAChRs) might
be affected by excess free a,, subunits, which may be cytosolically located.1

NL308 NEUROBLASTOMA x FIBROBLAST HYBRID CELLS

Our reason for testing mAChR ion channel coupling in these cells is that Chalazon-
itis et al.48 reported that they were hyperpolarized by ACh, through atropine-sensitive
(i.e., muscarinic) receptors, and that this hyperpolarization was due to an increased
K conductance. Since the endogenous mAChR in NL308 cells as judged from RNA
blot hybridizations appears to be the same as that in NGI08-15 cells (i.e., m4), and
since no such hyperpolarization occurs in NGI08-15 cells, this suggested that NL308
cells might exhibit a different coupling pathway between mAChRs and K-channels
than that in NG108-15 cells.

Accordingly, NL308 cells were transfected with DNA for ml, m2, m3, and m4
receptors as described previously7 and clones expressing significantly increased
['HjQNB binding selected for further study.4 Some of the principal results are summa-
rized in FIGURE 7. The following points should be noted.

As in NG 108-15 cells, only cells transformed to express exogenous m I or m 3
receptors showed an increased inositol phosphate production when challenged with
a choline ester. This was not due solely to different receptor numbers since the number
of expressed m2 and m3 receptors were not significantly different, but stimulation of
m2-transformed cells did not detectably increase inositol phosphate production.

Unlike NG 108-15 cells, an outward K current could be generated by applying
ACh to cells from all four subclones, i.e., to cells expressing all four mAChRs. The
mean amplitude of this outward current (in responding cells) varied approximately in
proportion to the receptor density in each subclone.

However, the responses of m2- or m4-transformed cells differed from those of
ml- or m3-transformed cells in three significant respects. First, m2/m4-transformed
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FIGURE 6. Effects of G-protein alpha subunit overexpression induced hy DNA transtection on
responses of NG 108-15 cells to stimulation of endogcnous m4 mAChRs and bradykinin receptors - I
Results are shown for non-transfected cells and for two clones transfcctcd with DNA for a-. three
clones with a,2, two clones with ax,,, and two clones with a,.. Histograms show (from bottom to
top): Ins-P, formation by 10 AIM bradykinin (BK) for 10 sec (expressed as a ratio of that formed
in control cells not exposed to BK); mean amplitude (nA) of the initial outward current I , produced
by focal application of 10 uAM BK in 3 Il1 ejection volume; the mean '/ inhibition of the high-threshold
Ca current produced by focal application of I mM ACh in 3 Al ejection volume Each block shows
mean data for each clone; bars give s.c.m.. * Significant difference from non-transfected controls
(p<O.05).
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FIGURE 7. Effects of transfecting DNA for ml, m2, m3, and m4 mAChRs on NI. 308 neuro-
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cells were much less sensitive to ACh than mI/m 3-transformed cells, by a factor of
about 100. Second, outward currents in m2/m4-transformed cells tended to show
oscillations (see FIG. 9), whereas those in ml /m3-transformed cells were "smooth,"
like those in NG108-15 cells (cf FIG. 2). Third, the responses of m2 or m4-transformed
cells were completely annulled by pretreatment with PTX, whereas those of mi or
m3-transformed cells were not significantly changed after PTX treatment, implying
two totally different G-protein systems.

Nature of the K Current

Because of the differences between the effects of stimulating m I/m 3 receptors on
the one hand and m2/m4 receptors on the other, we wondered which species of K
current was activated and whether both receptor pairs activated the same species of
current. The answer to the second question seems to be yes, and the species of
K current activated appears to be a Ca-activated current similar to that in NGI08-15
cells, for the following reasons.4" (1) Responses to both m I/m 3 and m2 /m4 stimulation
were blocked by 20 nM charybdotoxin or I mM TEA, and both showed a characteristic
voltage-dependent block by 1 mM Ba. They were unaffected by 1 mM 4-amino-
pyridine, 1 I.tM MCDP, or 0.4 tM apamin. (2) Responses were affected by buffering
external Ca with 10 4.tM BAPTA-AM. (3) Application of ACh to both ml/m3 and
m2/m4 mAChR-transformed cells induced rises in intracellular Ca, albeit of somewhat
different form (see below). Very similar effects occur on applying BK to these cells."'

K Channels

Using cell-attached patch-electrodes, the opening of single channels of three types,
with average conductances 10-14, 34-40, and 75-86 pS, could be recorded within
the patch electrode following application of ACh to the membrane outside the patch
in both ml- and m2-transformed cells (FIG. 8). This implies a remote coupling from
the receptor to the channel, as would be expected were the receptors to activate the
channel through the release of intracellular Ca. Although we have not yet established
that these channels are indeed Ca-activated, they somewhat resemble those recorded
from NG108-15 cells following extra-patch application of BK, which can also be
activated by intracellular Ca or Ins-I,4,5-P, injections." '

Intracellular Ca

Changes in intracellular [Cal induced by ACh were recorded using Fura-2/AM.
Significant elevations in intracellular fCal were recorded in m l, m2, and m 3-trans-
formed cells (FIG. 7). To determine the temporal relationship between the rise in
Ca and the outward current, membrane currents were recorded using patch-pipettes
containing lndo-1. Although in some cells (most notably m I- or m3-transformed cells)
a close temporal relationship between dl and d[Cal similar to that illustrated in FIG11RE
2 could be seen, in many others (especially m2-transformed cells) the two responses
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FIGURE 8. Continuous recordingof single channel currents activated by ACh in an m2-transformed
NL308 cell (clone NLPM2-301). Records show channel activity recorded with a cell-attached pipette
containing 140 mM KCI and 5 mM HEPES (pH 7.4 with KOH), held at + 30 miV. ACh (3 41,
100 4.M) was applied to the membrane outside the patch via the bathing fluid at the time indicated
by the arrow.

showed rather striking temporal dissociations. Thus, in the cell illustrated in FIGLRE
9, the initial outward current following the first application of ACh clearly preceded
any detectable rise in somatic [Cal and also showed a multiphasic nature. With repeated
applications of ACh, the multiphasic nature of the current became increasingly obvious.
while the Ca signal became progressively smaller and more dissociated from the current
response.

One possible explanation for tie dissociation of current and Ca signal is that much
of the current is generated in neuritic processes, in response to local changes in [Cal
not registered at the soma. Thus, membrane current responses devoid of somatic Ca
signals could readily be evoked by focal application of ACh to neurites. The spatial
distribution of the Ca changes was further studied using Fura-2/AM imaging (FIG.
10). Two points emerged: Ca changes in the soma frequently showed oscillations and
Ca changes in the soma and neurites were often out of phase. (Although the strongest
signals were obtained in the soma, this only refers to bulk cytoplasmic Ca, not the
submembrane Ca changes near the K channels.)

Interpretation

We interpret these observations to indicate that both mI /m3 mAChR and m2/
m4 mAChR may induce increases in intracellular Ca and thereby activate Ca-dependent
K channels, but via different mechanisms. As in NG 108-15 cells, ml /m 3 receptors
activate phospholipase C through a PTX-insensitive G-protein (probably of the G,/
G,1 family). In contrast, the effects of m2/m4 receptors are mediated through a
different, PTX-sensitive, (-protein. This may also couple to PLC, perhaps through
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ACh ( l()lhM) N
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FIGURE 9. Effects of repeated applications of ACh (at about I 0-min intervals) on membrane current
(upper records) and intracellular [Cal (lower records) in an m2-transtormed NI.308 cell recorded
with a patch-pipette containing 100 gaM Indo-I plus 100 gM BAPTA." ACh (100 gtM) wa~s applied
via the bathing fluid for the duration indicated by the bars. Note the dissociation between the outward
current (lk j,) responses and changes in intracellular ICal.
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release of 13y subunits from the activated G-proteins,"' or it may affect internal Ca

through a different pathway. Finally, there is a tendency for the two pathways- ml C/
m3 and m2/m4-to be spatially separated, with the latter directed more toward
processes than soma: local, asynchronous activation of Ca rises at discrete foci could
account for the oscillatory current responses. However, this distinction is not absolute,
nor do we know whether it arises because of local distribution of expressed receptors.
Ca-release pathways, or K channels: tests on cells co-transfected with DNA for both
m2 and m3 receptors may help to clarify this.

This cross-talk between m2 and m3 receptors onto Ca-activated ion channels in
NL308 cells has not been reported in other neural cell lines such as NGIO8-1 5 cells.
nor in fibroblast or epithelial cell lines.'' " However, it does rese. e the cross-talk
onto Ca-activated (G1 channels in oocvtes described by Lechleiter et al.. in terms of
differential agonist sensitivity and G-protein involvement, and may also involve a
comparable spatial difference in the initial Ca signal.

DISCUSSION

Responses t, Stimulating ml and m3 Receptors

Activation of Ca-dependent Ion Cbannels

in I and in 3 n/AChR can clearlv activate Ca-dependent channels in a varietY of cells.
This is a direct result of their primary coupling to phospholipase C and consequential
formation of ins-I,4,5-P; and release of Ca ions. The principal variable determining
the final response then becomes the species of Ca-dependent channel finallv activated
In oc.ytes, this is a Cl channel,' whereas in neuroblastoma cells, fibroblasts, and
epithelial cells the initial current is carried by K channels.- '' These channels corre-
spond to the small (5-15 pS) and/or medium (35-85 pS) conductance K(Ca) channels.
rather than the large (>200 pS) "BK" channels." However, their pharmacological
properties appear to differ from one cell type to another, and, even in the same cell,
may not be uniform." Further, a component of current in fibroblasts is also carried
by Ca-activated Cl channels 4 while in NI,308 cells we have detected a component
apparently carried by Ca-dependent non-specific channels."

Notwithstanding the widespread occurrence of this linkage in expression cells, it
is difficult to pinpoint the precise role of such ionic responses in primary cells. Thus,
while it is clear that activation of K(Ca) and C((Ca) channels is an important component
of the response of secretory cells to mAChR stimulation, there are very fcw clearl\
established examples of such responses in primary maninmalian neurons, in spite of
the widespread occurrence of the appropriate receptors and channels. I'he reason for
this is quite unknown.

Inbibition /?I K (Currents

In contrast to the activition of lk,( . inhilbitiii (it IK,\, in N(; 108-I1 Wcl, doc,
represent a ml ajo)r COrn I(Mlent Of inusca arinlt e cliatl(in in niclroni r }nrtlrhcr. ,iand in
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accordance with the results obtained with expressed receptors in NC 108-15 cells.
inhibition of IK, s, in sympathetic neurons can clearly be ascribed to activation of
pharmacologically defined Ml receptors." 17 (In contrast, in cortex'" and hippocam-
pus," inhibition of IK, si, has been attributed to activation of M2 receptors. Our data
suggest that these are more likely to be m3 (M3) receptors-a conclusion more in
keeping with the observations of Pitler and Alger"'). NG 108-15 cells therefore provide
a reasonably faithful model for this type of ionic channel coupling

However, the ability of mAChR stimulation to close K channels is not restricted
to K(M) channels. Thus, in the brain and in the enteric nervous system, another prime
target is a class of apamin-resistant K(Ca) channels.' This effect has not been reported
so far in any cells or cell lines following activation of cloned receptors, presumrably
because the appropriate channels are absent.

Responses to Stimulating m2 or m4 Receptors

Inbibition of Ca Currents

Experiments on NGI08-15 cells have suggested that the "N-type" (Co-conotoxin
sensitive) Ca current can be inhibited either through endogenous m4 receptor, or
through exogenous m2 receptors." Equivalent effects have been identified in two types
of primary mammalian neuron: in rat sympathetic neurons, inhibition of 1, .,., is
mediated by M4 receptorsý' whereas in rat cholinergic torebrain neurons inhibition
of an equivalent high-voltage activated Ca current is inhibited via N12 receptors.` In
both cases the inhibition is prevented by Pertussis toxin, suggesting a comparable
G-protein link to that in NGC08-15 cells, though the specific C-protein involved
.emains to be identified. The principal biochemical response to m2/m4 receptor activa-
tion is an inhibition of adenylate cyclase. However, from experiments on rat s.vmpa-
thetic neurons" and on the equivalent inhibition produced by catecholamines." it
seems likely that the activated (i-protein interacts in a rather localized ("membrane-
delimited") manner with the Ca channels, rather than through any such Intracellular
biochemical pathway. One obvious physiological consequence of L ,, inhibition might
be the reduction of transmitter release. " Effects in transformed NG 108-11 cell,
might therefore provide a fair representation of the widespread auto-inhibitory effect
of ACh on its own release, most especially in the central nervous system.

Activation of K Currents

The attivation of Ca-dependent K currents in NI.,308 cells and of Ca-dependent
G: currents in oocites" appear to represent an interesting form of k ross-talk" [et\% cel
m2/m4 reccptors on the one hand and In I "i; on the other, \% hcrcby two Nets, oi
receptors affect the same iol channels but through quitc ditk'rcnt ( i-protcins I hit,
cannot he ascribed to"o\ocrexprcssion" of m? or ni4 receptors as such. sinmc the den',sities
of m2 and In reccptors in hoth the pre,,cint exccriments and in thosc ot I chlcltcr
et al." were very tomparablc At present, hIn c\cr, it its ditlt-ult to placc this Into a
physiological perspect ivs, since actiUatlion of thesecthanncls though in 2 or m4 re cptorNs
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requires much higher agonist concentrations than those needed to produce an equiva-
lent effect via ml or m3 receptors; and no equivalent effect in primary cells has so
far been identified.

A much more widespread effect associated with pharmacologically defined M2
receptors is activation of a Ca-independent, inwardly rectifying K current. This is seen
in both nerve cells' and cardiac cells." No such effect has been detected in any of
the neuroblastoma, fibroblast, or epithelial cell lines so far used for studying cloned
receptors, presumably because the appropriate channels are absent. More relevant.
perhaps, is the recently' reported enhancement of an endogenous inwardly rectifying
current in transformed cells of a secretory cell line'': how far this replicates the effects
in primary cells remains to be determined.

CONCLUSIONS

In spite of the indirect nature of the coupling between mAChRs and ion channels,
some qualitatively rather distinct patterns of interaction have been deduced from
studies on transformed cells, which appear reasonably representative of some of the
major pathways operating in primary cells. However, there is also evidence for points
of cross-talk between the lines of communication. A major requirement for the future
is to define the quantitative parameters determining coupling preferences between the
different receptor subtypes and ion channel species and thereby establish the precise
limits to these coupling preferences and the extent to which they may be subject to
physiological modification.
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INTRODUCTION

It has recently become clear (for reviews'-') that cardiac Cl channels regulated
b) protein kinase A (PKA)4-' are closely similar, if not identical, to epithelial cystic
1. is transmembrane conductance regulator (CFTR) channels). Thus, in intact.
mammalian, ventricular myocytes catecholamines activate a macroscopic Cl conduc-
tance through the classical J3-adrenoceptor-G,-cAMP-PKA pathway,' "' and both
whole-cell and single-channel currents through these PKA-regulated cardiac Cl chan-
nels resemble those flowing in epithelial CFTR Cl- channels in all biophysical and
biochemical properties so far examined. - For example, in addition to the characteristic
small ohmic conductance of single cardiac Cl channels in excised membrane patches
exposed to symmetrical [CG I solutions,'' 2 native cardiac Cl channels share with
recombinant human epithelial CFTR CI channels an absolute requirement for hydro-
lyzable nucleoside triphosphates to open the channels after their phosphorylation bh
PKA'' " Moreover, Northern blot analysis has demonstrated that CFTR mRNA
exists in guinea pig, rabbit, and human heart.'' '4 The deduced amino acid sequcncc
of rabbit cardiac CFTR eDNA corresponding to the first of the two nucleotide binding
domains shows 98% homology'" with human CFTR cloned from sweat duct cells,",
including conservation of the phenylalanine at position 508, the deletion of which
accounts for - 70% of the cystic fibrosis diagnosed in the caucasian population
Although the complete sequence of cardiac CFTR is not yet known. preliminarv

"The original research destribed here and the preparation of this manuscript were supLnrtCd 1)
grants from the National Institutes of I tcdth (|11.-14899 and |`1.-4990"1, the Nex% York Ihvar,
Association. and the Cvstitc lFihrols Foundarion
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results using polymerase chain reaction techniques suggest that, in comparison to
epithelial CFTR,'` cardiac CFTR lacks 30 amino acids from the predicted first cyto-
plasmic loop, implying that it is an alternatively spliced variant

While the primary, disease-causing defect in patients with cystic fibrosis is localized
to epithelial cells lining the respiratory and gastrointestinal tracts, technical ditficulties
tend to hamper studies of the regulation of CFTR Cl channels in those cells. -

"These include the relatively low density of CVI'R channels in native epithelia"• " in
comparison to the densities of other CG channels with larger unitary conductances,
some showing outward rectification, that can obscure the current signals from CFTR
channels,'2 2' and a relative unsuitability of epithelial cells for the isolation and manipula-
tion necessary for whole-cell recording.22 On the other hand, the normal role of CFTR
in the heart and the cardiological consequences of its possible dysfunction in cystic
fibrosis patients remain to be clarified.' ' But cardiac myocytes do afford the opportu-
nity for semiquantitative, functional studies of the natural mechanisms of regulation
ofCFTR Cl channels in their native environment." For instance, wide-tipped pipettes
equipped with a pipette perfusion device" can provide rapid diffusional access of small
molecules to the interior of a cardiac myocyte at specified times during an experiment
During such thorough intracellular dialysis with solutions incorporating ATP and
GTP, but no cAMP, no whole-cell CFTR Cl conductance can be detected until the
cell is stimulated, either by agonists like isoproterenol or forskolin that increase the
cellular IcAMP] level or by direct introduction of cAMP into the cell. 4 Under those
experimental conditions, the cellular regulatory mechanisms that control gating of
CFTR channels can be probed by the introduction of various chemical agents, including
nucleotides and inhibitors of protein kinascs and phosphatases. .42' Complementary
recordings of unitary C - channel currents can be obtained using giant, excised, inside-
out patches of myocyte membrane, which permit relatively unhindered access of
kinases and their inhibitors and nuc!eot:cit to the cytoplasmic surface.! 2"

In contrast to the activation pathway of thz, PKA-regulated cardiac Cl channels,
the general features of which have been outlined,' ' 2' the deactivation pathwa.y
is poorly understood, although it presumably involves dephosphorylation b\ cellular
protein phosphatases. By recording macroscopic Cl current flowing througth excised
inside-out patches from NIH 3T3 fibroblasts stably expressing recombinant CFTR,
Berger et al.2' were able to show that channels phosphorylated by PKA could be
dephosphorylated by purified phosphatase 2A but not by phosphatase I or 2B. \Vhich
phosphatase (or phosp' ises) dephosphorylates the channel in situ. in the intact cell.
remains to be determ.,cd. The presence in CFTR molecules of multiple consensus
sequences for PKA phosphorylation'" and the finding that, upon stimulation, PKA
phosphorylates four or five serines in the regulatory domain .f CFTR .. ý lend weight
to this question. To investigate the dephosphorylation of cardiac CFITR 0I channels.
we have introduced into the cell okadaic acid and microcystin, both potent inhibitors
of phosphatases 1 and 2A. Maximally effective concentrations of okadaic acid and/
or microcystin were found to enhance the (G conductance activated by isoprotercnol
or forskolin and to slow, and render incomplete, its deactivation tollowingi washout
of the agonist. The results suggest that phosphatase 1 and/or 2 A is absolutely required
for full dephosphorylation, but that some other phosphatasc can also partially de-
phosphorylate the channel, and they indicate incremental regulation of cardiac CFIR
CI channels by PKA-mediated phosphorylation at functionally distinguishable sites,
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METHODS

The materials and methods were essentially as previously described•'

Whole-Cell Experiments

Single ventricular myocvtes were isolated by collagenase digestion of guinea pig
hearts.9 Normal Tyrode's solution contained (in mM): 145 NaCI, 5.4 KCI. 1.8 CaCl,,
0.5 MgCI2, 5 HEPES (pH 7.4 with NaOH), and 5.5 glucose. The modified Tyrode's
solution for superfusion of myocytes contained (in mM): 145 NaCI, I CdCl,, I1.
MgCI2, 5 HEPES (pH 7.4 with NaOH), and 5.5 glucose. All superfusion solutions
were prewarmed to 36'C. The standard pipette solution for intracellular dialysis
contained (in mM): 85 aspartic acid, 5 pyruvic acid, 10 EGTA, 20 TEAC(, 5 Tris.-
creatine phosphate, 10 MgATP, 0. 1 Tris, 9-GTP, 2 MgCl,, 5.5 glucose, and 10 HEPES
(pH 7.4 with CsOH): free ICa 2"] and IMg2` were estimated to be <I nM and 1
mM, respectively." In 109 mM C1- pipette solution, aspartate was replaced by
CI-.

Whole-cell currents were recorded via wide-tipped, low resistance (0.5-2 MQ)
borosilicate pipettes (Mercer Glass Works, Inc., NY), fitted with an intrapipette perfu-
sion device).' A gigaohm seal was obtained with gentle suction (- - 20 cm HO),
and the membrane then ruptured by more vigorous suction controlled with a 10 ml
syringe. Once the cell interior was equilibrated (- 3 min) with the pipette solution.
the cell was exposed to modified Tyrode's solution and the holding potential set at
0 mV to inactivate Na- and Ca2--channel currents. K-channel currents were mini-
mized by omitting K- from intra- and extracellular solutions, and including 20 mM
TEA- in pipette solutions. Omission of K- also prevented currents generated by the
Na'/K" pump." Na'/Ca2 ÷ exchange current was prevented by the omission ot
internal Na' and of internal and external Ca"."'

Two 3 M KCI half cells connected the clamp amplifier to the pipette interior and
to the chamber, to minimize liquid junction potentials. Currents were elicited by
80-msec voltage pulses to potentials from + 100 mV to - 100 mV in 20 mV incre-
ments. Current and voltage signals were filtered at 2 kHz, digitized on-line at 8 kHz.
and stored in an IBM PC-AT computer for analysis with ASYST software (Keithlev
Instruments, Inc., Taunton, MA), Steady-state current-voltage (I-V) relationships were
plotted from the current levels averaged over the final 12.5 msec of each pulse.

Giant-Patch Experiments

Ventricular myocytes were stored in high fK'I, low [Ca '2 medium for 8-24 h
so that large sarcolemmal blebs would develop. Wide tipped (12-20 gm diameter)
borosilicate glass pipettes of - 100 kQ resistance, made hydrophobic at the tips by
coating then with a mineral oil-parafilm mixture, were sealed to the blebs with light
suction. After a gigaohm seal was established, the membrane patch was excised and
transferred to a continuously perfused, temperature controlled (250C) chamber in
which solutions could be exchanged in - I sec17 by switching manual (Hamilton.
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Reno, NV) or computer-controlled electric (General Valve, NJ) valves. Pipette and
bath solutions, and the 0 mV holding potential, were designed to inhibit currents
through Ca 2', Na', and K* channels, and the Na'/Ca2 exchanger. The pipette
solution contained (in mM): 145 NMG-CI, 5 CsCl, 2 BaCl 2, 2.3 MgCI2, 0.5 CdCl2 ,
10 HEPES (pH 7.4 with NMG), and the bath solution contained (in mM): 140
NMG-aspartate, 10 EGTA, 10 HEPES, 2 MgCl2, 20 TEA-OH (pH 7.4 with Tris).
Na'/K' pump current, activated by a brief exposure to bath Na' plus MgATP,
provided a convenient indicator of inside-out patch (rather than vesicle) formation.
PKA catalytic subunit was prepared as described" and dialyzed into (in mM) 10
EGTA, 10 HEPES, 20 TEA-Cl, 2 MgCI2 , 85 aspartic acid (pH 7.4 with - 120
CsOH), to a protein concentration of 0.7 mg/mI. Patch current was recorded with
a LIST EPC-7 amplifier, stored on video tape, and then filtered at 7 Hz and digitized
at 20 Hz off-line, and analyzed with programs written in ASYST.

RESULTS AND DISCUSSION

FIGURE I shows that activation of I0-adrenoceptors by isoproterenol in guinea pig
ventricular myocytes elicits a substantial Cl conductance. The isoproterenol-induced
current varied approximately linearly with membrane potential and reversed sign near
0 mV, close to the Cl - ion equilibrium potential, when the internal and external [C 1
were almost equal (FIG. 1, B and D, b-a); but, after the internal CI -I had been lowered
towards 0 mM to generate a steep inwardly directed gradient of Cl ion concentration.
the inward current practically disappeared, leaving a strong outwardly rectifying con-
ductance (FIG. 1, B and D, d-c). In contrast to this [Cl f sensitivity of the isoproterenol-
induced current, membrane current in the absence of isoproterenol was practically
unaffected by the same drastic reduction of intracellular CI] - (FIG. 1, C, a, c. e),
demonstrating the lack of a measurable background CI- conductance in these dialyzed
myocytes. As implied by the linear steady-state I-V relationship for the isoproterenol-
induced current (FIG. 1, D, b-a), this C1 conductance shows little or no time depen-
dence, the current reaching its new amplitude almost instantaneously when the mem-
brane potential is stepped from one level to another (FIG. 1, B).

Activation of the covert Cl- current requires PKA-dependent phosphorylation
because it can be elicited by exposure to isoproterenol,4 " histamine,' " or forskolin'°
(all of which raise cellular cAMP levels), or by direct intracellular application of cAMP
or PKA catalytic subunit,' and because intracellular application of a specific peptide
inhibitor of PKA (i J d, 5-24-amide4") can abolish, or prevent, Cl current activation
by isoproterenol,' forskolin"4 (FIG. 2), or intracellular cAMP.2 Complete abolition
of the forskolin-induced Cl- conductance by PKI (FIG. 2, c-a) confirms that it must
have been activated exclusively via PKA. The prompt deactivation of the Cl conduc-
tance upon removal of isoproterenol (FIG. 1, A) or introduction of PKI (FIG. 2) must
therefore reflect dephosphorylation, its speed indicating that cellular phosphatases must
be continuously and highly active.

PKA-dependent activation of this cardiac Cl conductance and its time and voltage
independence are properties that suggest similarity of the underlying cardiac Cl chan-
nels to CFTR.' These, and other, similarities were confirmed by measuring unitary
Cl - channel currents in excised giant patches. '1 Single-channel conductance was ohmic
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FIGURE 1. A tin~e- and voltage-independent Cl conductance activated by isoproterenol (dso) (A)
Chart recording of membrane potential (top) and whole-cell current (B) Superimposed records oi
whole-cell currents for pulses to ± t00, ±60 and ± 20 mV, from the 0 mV holding potential, in
the presence or absence of isoproterenol under conditions otapproximatel) sym merricd or asvmnmerri-
cal CI concentrations. (C and D) Steady-state I-V relationships of whole cell current or isoprenaline-
activated difference current as indicatedi (From Bahinski a al.' Reprinted with permission
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and -12 pS with approximately symmetrical 150o mMI Cl solutions. channel ,eaitnL
was relatively slow, and channel open probability was roug~hlv independenit of mm
brane potential between - 60 and + 60 mV .2 Channel activation required PK-\-
mediated phosphorylation because currents wecre not activated b, ,\gATP a~lone, nor
by PKA catalytic sub)unit in the absence of MgATP, nor by PKA plus MgATIP in
the presence of PKI (FIG. 3, A); hot withdrawal of PKI the'n led to the ap'pearance
of unitary G: - -channel currents, which could .sur-\ive for manyv m-iutes (Žý I 5 mninI
after washing off the PKA catalytic subunit, even in the presenrce of PKI to prevent
further kinase activity (FiG. 3. A). This persistence suggests that dephosphtrsiatiot
proceeds slowly in the excised patches, presumably because phosphatases, bave bee,-n
largely washed away. FIGURE. 3(B) shows that these cardiac CI channels, also share
the hallmark of CIFTIR, namely the absolute requirement of high micromolar levels
of ATP (or other hydrolyzable nucleoside triphosphate) for the opening of PK.\-
phosphorylated channels."i Given this close resemblance, examination of the phos-
phorylation and dephosphorylation of cardiac CF'FR in situ ought to yýield insight
into the regulation of epithelia] CFTR.

The phosphorylation and dephosphorYlation of the (: channels (or of closels
aussociated regulatory proteins) implied I,., Fi(URFPS I to 3 can be described is the
following simple smche

D P (Scheme 1)

where 1) and P represent dephosphorylated (deactivated) and] phosphorsiated (adl
vated) states of the CI channels, and a and P represent pseudo-first (or first) order

rate constants for PKA-dependent phosphorylat ion and for dephosphor ,vlai ion If this
scheme holds, then the steadY-state a Ilpl it ode of' the 0l conduct an nC. p ropor I i)tionl
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FIGURE 3. Phosphorvlated 0~ channels in excised inside-out patches need I PI to ope)(n (A t l
pa.\1 PKI peptide prevented channel acti% atio)n by 100 11M PK,' plLi1 W0 PM\ M,\¶A I P. hiut tailelc
to close the phos pho rvlated c han nels afte r \%it h draw\al (ot P K, \ (B) Re\ c r'i, 1)c acotviat wive. pho- ph,,rN -
lated 0l channels by ALP. The current recoird begins - 30 cec alter the withdrmax a!to PK.\ and
ATP had closed all channels; re-expcosure! toiol 500 MgA\1 .IAP reopened the channel'1 (1iron Ni4cl
et al.' Reprinted wA.ith permission

to the fractional occupancy' of the phosphoryiated state, P. reflects both a and (
through a/(a + (3). But the rate of' deactivation of' the conductance: on sudden1
withdrawal of agonist or introduction of PKI should reflect onlv (3. ,issuiniiii That a
then falls to zero2' moreover, as long as (3*0. that deactiv ation should proceed To
completion. The scheme predicts, then, that inhibition oif phosphatases contribiutingz
to P3 should increase the steady-state level oitforskolin-induIccd protein phosphor\ lation.
and hence Cl conductance, and decrease the rate ofcoinductaincc d-cline upon rremo% a
of forsholin.

To test this, we introduced into the pipette okadaic acid, a potent inhibitor ot
protein phosphata~ses I and 2A,"-" two) of the four major mammnalian c\ tioiolic serint:
and threonine phosphatases." As Ficc RIK 4 Illustrates, Introduction of 10 PMI .\¶kadaic
acid both enhanced the (]1 Current activated byv I pt,\ f;rskolin (Fir. 4, A), \%ithout
Altering its reversal potential (FiG. 4, 11), andf slowed the deactivation ot ~he (I
conductance on washing out the forskolin (Viu. 4. A). Also, the con1cent rai ion depen-
dence of okadaic acid's effect on the ,teadv level (of forskolin-induced Cl IconduMctace
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(FIG. 4, C) suggests that 10 gM okadaic acid was practically a maximally effectivc
concentration. These two effects of okadaic acid are consistent with a reduction of
0 (Scheme I), but not to zero, because then all C1- channels would have remained
trapped in the phosphorylated, activated state after washout of agonist. On the other
hand, it additional, okadaic acid-insensitive phosphatases contribute to P3, then decay
of the Cl- conductance after washing out forskolin is expected to be slowed but
complete.

However, FIGuRE. 5 shows that, in the presence of 10 piM okadaic acid, deactivation
of the enhanced forskolin-induced Cl- conductance was slowed but incomplete: the
residual sustained component of Cl- conductance displayed the same reversal potential
(FIG. 5, D), the same shape current-voltage relationship (FIG. 5. D). the same time
independence (FIG. 5, B), and the same [Cl -I sensitivity (FIG. 5, A and E) as the full
forskolin-induced conductance. Moreover, because it was insensitive to PKI (FIG. 5,
A and D), it could not have resulted from persisting PKA activity but must have
reflected permanently phosphorylated CI channels.

To ensure that the slow conductance deactivation seen in the presence of 10 MI.M
okadaic acid (FiGs. 4 and 5) did not result from incomplete inhibition of types I and
2A phosphatases, due to rapid diffusion of the lipophilic okadaic acid out through
the cell membrane, we examined the effects of intrapipette microcystin, a hydrophilic,
membrane-impermeant inhibiter of phosphatases I and 2A.4 FIGURE 6 (A and B)
demonstrates that, as found for okadaic acid, introduction of 5 4tM microcystin maxi-
mally enhanced the forskolin-induced C1 conductance (10 PIM microcystin had no
further effect; FIG. 6, B: e-d, A) and yet deactivation of the CI conductance on
withdrawal of forskolin was still not abolished. Even 10 iiM microcystin and 10
TaM okadaic acid applied together failed to prevent a slowed, though incomplete,
deactivation of the Cl- conductance (FIG. 6, D). Our conclusions from these results
are that full dephosphorylation of the C1 channels requires a type I and/or 2A
phosphatase, and that a phosphatase other than type I or 2A can partially dephosphor'-
late PKA-phosphorylated Cl channels. The simplest scheme (Scheme 2) consistent
with these properties includes at least two phosphorylated states:

ot 0U.
D - 0 - - P - Pi½P2 (Scheme 2)

where dephosphorylation of state P1, but not of state P1P., requires phosphatase I
and/or 2A. With sufficient okadaic acid to reduce 13 to zero, only states P, and PiP,
should be occupied in the presence of forskolin, but only state P, should be occupied
after removal of forskolin. The reduced Cl conductance after washout of forskolin
argues that state P1P2 is associated with a higher whole-cell Cl conductance than
state PI: the simplest explanation for such an effect would be a higher open probability
of Cl- channels in state PP 2 than in state P," 4 The rate of conductance decline
following withdrawal of forskolin should reflect the magnitude of the okadaic acid-
insensitive phosphatase, 13'.



268 ANNALS NEW YORK ACADEMY OF SCIENCES

S00
.4 co

SaS•. D4
0o0 0

IE

iI
Jo

E

.1 17



GADSBY et al.: CARDIAC CHLORIDE CHANNELS 269

We can rule out an alternative scheme (Scheme 3) with two phosphorylated states
each accessible from the dephosphorylated state, e.g.,

oa I'
Pl D P2 (Scheme 3)

where, again, 03 is assumed to be okadaic acid-sensitive, because, if okadaic acid reduces
0 to zero, P, should then become an absorbing state. So, according to Scheme 3, in
okadaic acid, the initial forskolin-induced increase in C1 - conductance (resulting from
population of both P, and P,) should b•: followed by a slower increase, or decrease
(depending on whether the conductance contribution of Pi, or P2, is the greater), to
an eventual steady level reflecting occupancy of only Pi, and that level would then
be unaffected by forskolin removal. FIGURES 5 and 6 show that does not happen.
Indeed, in the presence of okadaic acid, repeated brief stimulations of PKA in a given
myocyte result in the same residual level of Cl- conductance after each withdrawal
of agonist, and the same conductance increment upon agonist reapplication2"; this
result is also incompatible with Scheme 3, which predicts the residual Cl - conductance
to progressively grow as the residual occupancy of P, grows at the expense of the
non-conducting state D.

An alternative to Scheme 2 that cannot be ruled out on the basis of the whole-cell
current data illustrated here is that there are two populations of Cl channels with
practically identical properties except that dephosphorylation of one population, but
not the other, requires an okadaic acid-sensitive phosphatase(s). The different whole-
cell Cl - conductances could then be accounted for by different single-channel conduc-
tances, and/or different channel open probabilities, and/or different numbers of each
channel type per cell. However, different single-channel conductances seem an unlikely
explanation since amplitude histograms of unitary Cl - currei. -s in giant excised patches"
(Nagel, Hwang& Gadsby, unpublished results) or in outside-out patches excised from
myocytes with raised intracellular IcAMP}" are dominated by a single amplitude. On
the other hand, preliminary results indicate that the open probability of a single Cl-
channel can jump, in a phosphorylation-dependent manner, between two levels that
differ by a factor of roughly three (Nagel, Hwang & Gadsby, unpublished results; but
cf. Ehara and Matsuura"). This supports the implication of Scheme 2 that a single
population of C0 channels, displaying two distinct conducting modes depending on
differential phosphorylation via PKA, can explain all the results shoN& n here,

As already discussed, PKA-regulated cardiac Cl channels are practically indistin-

FIGURE 5. Okadaic acid prevents complete deactivation of the forskolin-activated Cl conductance.
(A) Whole-cell current at 0 mV showing enhancement of forskolin-induced Cl conductance by 10
ýaM pipette okadaic acid, and persistence of a Cl -sensitive conductance component after removal
of forskolin. (B) Superimposed sample traces of difference currents from A, determined by subtraction
of digitized records of currents elicited by voltage pulses to ± 20. ± 40. and + 60 mV. as indicated
(C-E) Steady-state whole-cell difference I-V relationships as indicated. The smooth curve in E shows
a non-linear least-squares fit of the constant field equation to the data, yielding an estimated C(
permeability coefficient, P(i, of 4.5 x 10 ' cm/sec (From Hwang et al." Reprinted with permission.)
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FIGURE 6. Concentration dependence of microcystin action and occlusion of okadaic acid effect
by microcystin. (A) Chart record of current at 0 mV showing enhancement of forskolin-induced
Cl- current by 5 9sM microcystin, with no further effect of tO 4.M microcystin. (B) Difference I-V
relationships showing forskolin-activated C1 conductance in the absence and presence of 5 i'M
microcystin, and lack of effect of doubling the Imicrocystin]. (D) Chart record showing occlusion
of the influence of 10 i'M okadaic acid by 10 gM microcystin. (C) Difference I-V relationships from
D. (From Hwang et al." Reprinted with permission.)

guishable from CFTR in all functional and biochemical characteristics so far exam-
ined."' 4 Since it is known that, during activation of CFTR, PKA phosphorylates
four or five serines in CFTR's cytoplasmic regulatory domain both in vitro and in
vivo,.. this provides a reasonable biochemical basis to support our conclusion that
there are at least two functionally distinct phospho-forms of the same population of
PKA-regulated cardiac Cl- channels. This contrasts with the earlier conclusion, derived
from qualitative functional analysis of CFTR mutants (with I to 4 scrine/alanine
point mutations) expressed in HeLa cells, that phosphorylation at a single serine might
suffice to activate a C1 channel"0 and, hence, that the multiple phosphorylations are
degenerate. However, a very recent study of expressed CFTR channels with a variable
number of mutated serine residues also suggested that macroscopic Cl conductance
might increase in proportion to phosphorylation at multiple sites.2
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P1

FIGURE 7. Proposed random, sequential, phosphorylation scheme for the CFFR Cl channel
PKA activates the inactive channel by phosphorylating it at the P, site, while additional phosphorylation
at the PŽ, site, to yield P1 P2, is sFzggested to increase the open probability of the active channel (active
channels require MgATP to open). Preliminary results" imply that channel molecules with only the
P2 site phosphorylated are nonconducting.

Can we identify the okadaic acid-insensitive (03') and -sensitive (03) phosphatases
in Scheme 2? Mammalian protein-serine/threonine phosphatases have been classified
as types 1, 2A, 2B, and 2C.44 Under our experimental conditions (nominally Ca2' -free
pipette solutions containing 10 mM EGTA and - 1 mM free Mge*), in the presence
of okadaic acid, only type 2C phosphatases are likely to be active since type 2B
phosphatases are Ca2"/calmodulin-dependent and show an absolute requirement for
Ca2"." The okadaic acid-sensitive phosphatase is probably 2A, because preliminary
tests reveal that introduction of phosphorylated inhibitor I neither enhances the for-
skolin-induced Cf- conductance nor slows its deactivation. Similarly, Berger et al. 2

recently found that PKA-activated macroscopic C1- current in excised patches con-
taining expressed CFTR channels was diminished by direct application of purified type
2A but not type I phosphatase.

The sequential-phosphorylation model in Scheme 2 is the simplest that can explain
our data, but it arbitrarily imposes the constraint of ordered phosphorylation. In the
absence of further information, a scheme incorporating random phosphorylation of
the sites represented by P, and P2 (FIG. 7; cf. Scheme 2) should be considered the
most likely. Further information to support Scheme 2 and/or FIGURE 7 will require
determination, at the single-channel level, of the gating properties of the various postu-
latcd phosphorylated states. Preliminary whole-cell tests indicate that, in the presence
of okadaic acid, intracellular introduction of the relatively non-specific phosphatase
inhibitor, orthovanadate, further enhances forskolin-induced CI- conductance which
then shows no sign of deactivation on washout of forskolin, consistent with both
Scheme 2 and FIGuRE 7.46

It has recently become clear that ATP or some other hydrolyzable nucleoside
triphosphate is required to open the PKA-phosphorylated Cl- channel' "' (but cf.
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Quinton and Reddy"), and that CFTR's two nucleotidc binding folds interact diffet-
end.lvAwith ADP."5 Given that there are at least two functioning 0l channel phospho-
forms (Scheme 2 and FIG. 7), it will be interesting to learn how nucleosidc triphosphates
interact with each phospho-form, in other words to understand how the different
PKA-phosphorylated states influence channel gating by ATP and analogs.
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INTRODUCTION

Chloride channels located in the apical membrane of airway epithelia play a key
role in regulating the quantity and composition of respiratory tract fluid Cystic fibrosis
(CF),' a common lethal genetic disease in Caucasians, is characterized by defective
cAMP-stimulated Cl- secretion by airway epithelia. This defect is caused b\ ihe loss
of apical membrane Cl- channels activated by an increase in cellular levels of cAMP 2

Genetic studies identified and cloned the single gene that is mutated in CF chromo-
somes." This gene encodcs a protein called the cystic fibrosis transmembrane conduc-
tance regulator (Co R). Amino acid sequence analysis and comparison with other
proteins suggested that CFTR consists of two repeats of a unit containing a membrane-
spanning domain, composed of six putative transmembrane segments and a nucleotide-
binding domain (NBD), containing Walker A and Walker B motif• (FIC 1) The
two repeats are separated by a large polar segment called the R domain, which contains
multiple consensus sequences for phosphorylation by cAMP-dependent protein kinase
(PKA). The predicted topology of CFTR, with the exception of the R domain, resem-
bles that of a family of proteins called the traffic ATPases' or the ATP-binding cassette
(ABC) transporters. Most members of this family are ATP-dependent transporters,
including bacterial periplasmic permeases, the yeast STE6 gene product, and P-gly-
coprotein, which is responsible for multidrug resistance by cancer cells.

' Work from authors' laboratory was supported in part by the Howard Hughes Medical Institute,
the National Heart. Lung and Blood Institute, and the National Cystic Fibrosis Foundation

' Address correspondence to: MichaelJ. Welsh, M.D., Howard Hughes Medical Institute, Depart-
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EVIDENCE THAT CFTR IS A Cl- CHANNEL

Recent wvork has demonstrated that (FIR IN a (II channel I hiat ý:omlNcUion is
b~asd on sevecral observations, b'rst. exp)re,,sion ot recomibinant( Ci-IR in a widLe irie't%
ot epizheaJA and nonepirh lI al cell S geneicrated cAM P-act ivýat ed (A channel,, Scconil.
the properties ot cAM\P-regulated ('A channels geneiirited by ýrcomin~~tanit (lIR\%wete
the same as those otcA.\IP-regulated (A. chaitnnelsin the apical membirane otsecretor\
epithelia, wNherc the (T detect is located.' Third, mutation oft specific basit residues
Within the tir~st memibrane-spanning domain to acidic residuesN altered the aniof selecktis-
itv ot (F'lR (A channels "' Fourth, when purified rcomilbinant CF ;vR was incorpo-
rated into planar lipid limla~verN it displayed regulated (0 channel activity

REGULATION OF CFTR Cl- CHANNELS

The (FTR CI1 channel Is regzulated by cAMP-dependent phosphorylation and
bi intracellular nucleotidecs In experiments using excised Iinside-out1 membrane paitches.
addition of the catalYtic Subunit of PKA to the cYtosolic Side ot the patch act ated

CIVR( channels -T' he R domain is the site ot PKA-dependient reizulation because
four serine residues in the R domain are phosphorylated inl vE0 wvhen Cellular les'els,
oif cAMP Increase." Moreover, expression oft CFIR in which part (itthe R domaitn
ha-s beecn delete(! produces, (: channiel, that are constitutivel\ act Ce, that IS. Channel
activation does not require an Increase in cellular cAMP levecls,ý Intracellular nuclco-
tides, such as ATP, also regulate the (ITIR CI channel once phosphorylated b
PIKA. cytosolic ATP is required to maintain channel activity '"AlP actiates the
channel by a necehanism independent ot both PKA and the R domain, however. IP
regulation Is Mgr.` -dependent and compemitimclY Inhibited liv A I)P [hec NHD w~ acrc
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shown to be the site of nuclcoridc regulation because site-directed mutations in both
NBI)s modulated regrulation.'

COMPARISON OF CFTR Cl- CHANNELS AND ATP-SENSITIVE
K+ CHANNELS

Intracellular ATP also regulates a class of K' channels (ATP-sensitive K channel,.
K-AI'P channels).-" 24 The modulation of K-.IP channels in excitable cells byv intracel-
lular V\P couples cellular metabolism and electrical activity; this process is believed
to be important in preserving cellular homeostasis. It has been speculated that (CTIR
(C1 channels fulfill a similar homeostatic mechanism in epithelia 2 Regulation ofCFIR
Cl channels 1y intracellular ATP may represent a stratex by which secretory epizhclial
cells balance the rate of transepitheliil Cl secretion with cellular AVIP levels. thereby
controlling cell volume and ionic composititon."

Interestingly. K-ATP channels share soni functional properties with CFTR CG
channels. Both CFTR and K-ATP channels can he regulated by PKA-dcpendent pho,-
phorvlation." " I" In addition, both channels are relativclh insen,itive to changzes In
membrane voltagc and to the intracellular free Ca' cow ent ration. ]'he most
notable similarity between these channels is regulation by intracellular ATP. ihe effect
of ATP, however, differs for the two types of channel: A IP activates CFTR CG
channels, whereas it inhibits K-AI P channels" "2", for both channels the efl-ct of
ATP is competitively inhibited bey ADP. ' :- Another differencc i, that non-hvdro-
lyzable analogs of ATP inhibit K-ATP channels, whereas hydrolyzable nucleotides
are required to regulate CFIR.2 "

K-ATP channels have a distinct pharmacology: they are inhibited by sulphonvl-
ureas, such as tolbutamide and glibenclamide, a group of hypoglycemia-innducing drugs
used to treat diabetes mellitus." K-ATP channels are also activated by a novel class
of drugs known as K' channel openers. ".These agents include cromakalim, a potent
smooth muscle relaxant with hyvpotensive and bronchodilatory activity in uivo. as well
as diazoxide, an antihvpertensive drug also used to treat some pancreatic carcinomas.,

PHARMACOLOGY OF CFTR C1- CHANNELS

In contrast to K-AlP channels, the pharmacology of CF'IR (:1 channels is poorly
defined. Millimolar concentrations of cxtracellular diphenylamnie-2-carboxylate (DPC)
are required to achieve significant inhibition of(CFTR ("I currents" ': the arvlamino-
benzoate NPPB (100-200 iJ.M) applied extracellularly is reported to he less cficient
than )PC.': Extracellular DIDS, a stilbene-disulphonic acid derivative that blocks
several types of epithelial CI channels does not .ffcct CFI'R CI currents at concentra-
tions of 500 4iM Similarly, the CI channel blockers Zn2 ' and the indanvloxvacetic
acid derivative IAA-94 are ineffective inhibitors when applied extracelluharly at concen-
trations of 100 and 40 IiM. respectively.'

The search for modulators of CFIR Cl channels is important in at least two
respects First, no high affinity inhibitors of CFTR (:1 channels have been identified
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FIGURE 2. 1 olbutamlide inhibits CII R (0 currents. 'Ahokc-cell currents ss crc recorded irom an
NI1- 31T3 tihrohlast stable exypressing wild-type: (?VR. The inset shows that the hioldkinii xOltage
%%as (1 mn\ and voltage weas stepped trnim + *o 0mN, to - 9() mYI in 20) nix, dec~remntsn Iotit'd line
rapresents thc tern current level. (A) Baselinec conditions MB CuLrrents recorded 2 rnin ihe~r addinu,
10 liM tbrskolin and 10 Go)I gMBMX (cAMP) (C) Current, recorded 3 min after addmo ifL p0 P.i
tollutamide (D) Recovers of currents. 15 min after washing the drug~ from the lath I lie patch-pipeuc
contained 120 mM NMIý)G. 4 3 mM,% Cl and I mM MgA IT, ihe l~ath solution containevd 140)
mM NaC!. (From Sheppard an,' Welsh "Reprinted with permnission of the Rockefeller L ixc.i.
Press.)

yet; such inhibitors might be useful as agents for distinguishing CFIR (:1 (bifhanls and
as probes of the mechanism of permeation. Second, novel pharmacological act ivators of
CFTR (: channels might orovidi' an import ant therapy for the defectilve (1 secretion
across CF epithelia. Becaus if the sim l~arit ies in regulation by AIP, wec have exam incd
the effects of sulphonviurca nd K* channiel open!rs on (F'I"IR (: currents, measurcdi
using the whole-cell configuiation of the patch-clamp techniqueCzýý

EFFECT OF SULPHONYLUREAS AND K+ CHANNEL OPENERS
ON CFTR Cl- CURRENTS

The effect of the suloh--,ylurea drugs, tolbutamide and glibeniclarnide. weas tested
following (TTR (:1 current activation with cAMP agonists. Both tolbutamilde (500
VM) and glibenclamidc (25 piM) inhibited CF'1R (:1 currents, (Fijs. 2 and 0). Inhibi-
ti()n showed little voltage dependence, developed slowly, and was reversible with
tolbutamide (FIG;. 2) but not with glibenclamide (Fic;. 3). These characteristics. arc
similar to the effect of sulphonvlureas on K-AlP channels. " "Suilphonvlutrc inhibilitioni
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FIGURE 3. Glibenclamide inhibits CFTR Cl currents. Steady-state I-V relationships tfr CFTR
CG currents recorded under basal conditions (0), following ceil stimulation with cAMP agonists
(0). 3 min after addition of 25 pNM glibenclamide to the bath (0). and after removing glibenclamide
(EI) are shown. Currents were recorded from an NIH 313 fibroblast expressing CFTR as described
in FIG. 2 (From Sheppard and Welsh." Reprinted with permission of the Rockefeller University
Press.)

was concentration dependent; half-maximal inhibition occurred at about 150 PM
tolburamide and 20 pM glibenclamide, respectively. This effect was weaker than their
inhibition of K-ATP channels in pancreatic I3 cells," but not for K-ATP channels in

cardiac myocytes."
In contrast to their effect on K-ATP channels, the K channel openers diazoxide,

BRL 38227 (emakalim, the biologically active enantiomer of cromakalim). and minoxi-
dil sulphate did not stimulate CFTR Cl currents, either under baseline or cAMP-
stimulated conditions. Instead, these agents inhibited CFTR Cl currents. FIGLRF 4
shows the effect of minoxidil sulphate on CFTR Cl currents; similar results were
obtained with BRL 38227 and diazoxide. As was observed for the sulphonylureas,
inhibition showed little voltage dependence, developed slowly, and was poorly revers-
ible. Inhibition by K* channel openers was concentration dependent; halt-maximal
inhibition occurred at about 40 l±M minoxidil sulphate, 50 pM BRI. 38227, and
250 p.M diazoxide. This effect was weaker than their stimulation of K-ATP channels

in vascular smooth muscle."'
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FIGURE 4. Minoxidil sulphate inhibits CFTR CI currents. Traces are from an NII 31-3 fibroblast
stably expressing CFTR. Under basal conditions, membrane currents measured < ± 100 pA at + 50
and - 90 mV. (A) Currents recorded 2 min after adding cAMP agonists. (B) Currents recorded 3
min after adding 100 g±M minoxidil sulphate. (C) Corresponding I-V relationship is shown. Currents
were measured as described in FiG. 2. (From Sheppard and Welsh." Reprinted with permission of
the Rockefeller University Press.)

EFFECT OF GLIBENCLAMIDE ON CFTR MUTANTS

We were interested to learn how K-ATP channel regulators interact with CFTR.
We therefore examined the effect of glibenclamide, the most potent inhibitor we
had identified, on Cl- currents generated by several CFTR mutants. We studied
CFTR-containing mutations that affect each of the three types of domains of CFTR:
K33 YE, which contains a mutation in the sixth transmembrane segment; K12 50M,
which contains a mutation in the second NBD; and CFTRAR, where part of the
R domain has been deleted (amino acids 708-835). We thought it possible that if
glibenclamide specifically interacts with one of these domains, its inhibitory properties
might be altered.

K335E forms CI- channels that are similar to wild-type CFTR, except that the
anion selectivity sequence of wild-type CFTR (Br - > Cl- > I) is altered such that
V > Br > CI-.14 However, this mutation had no effect on glibenclamide inhibition
compared with wild-type CFTR. The mutation K1250M, located in the Walker A

I!
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FIGURE 5. Glibenclamide inhibits CFTRAR. Traces are from a C127 cell stabh', expressing
CFTRAR. (A) CFTRAR currents recorded in the absence of cAMP agonist. (B) Currents recorded
3 min after adding 100 jiM glibenclamide. (C) Corresponding I-V relationship is shown. Currents
were measured as described in FIG. 2. (From Sheppard and Welsh." Reprinted with permission of
the Rockefeller University Press.)

motif of NBD 2 impairs the regulation of CFTR Cl - channels by intracellular nucleo-
tides21; MgATP is less potent at activating K I250M compared with wild-type CFIR
and the competitive inhibition of CFTR C1- channels by intracellular ADP is abol-
ished.2" Despite these changes in regulation, inhibition of K1250M Cl - currents by
glibenclamide was similar to that observed with wild-type CFTR. This data suggests
that residues K3 3 5 and K 1250 do not form a critical part of the glibenclamide interac-
tion site. Nevertheless, other residues within the membrane-spanning domains and
nucleotide-binding domains may contribute to the interaction.

CFTRAR forms Cl- channels that are active, independent of cAMP-dependent
phosphorylation."9 FIGURE 5 shows a family of CFTRAR currents recorded in the
absence of cAMP agonists. Although CFTRAR Cl- channels are constitutively active,
they possess the same biophysical properties as wild-type CFTR Cl- channels. Deletion
of part of the R domain did not prevent inhibition by glibenclamide. However,
inhibition showed significant voltage dependence, with greater potency at hyperpolariz-
ing voltages. This result suggests that the R domain in some way affects the response
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to glibenclamide such that deletion of part of the R domain partially relieves the block
of CFTR Cl - currents by glibenclamide at depolarized voltages. Nevertheless, the data
also indicate that the major part of the R domain is not required for gibenclamide
interaction.

IMPLICATIONS FOR DISEASE

The discovery of novel pharmacological activators of CFTR Cl channels might
provide a new therapeutic strategy for treating CF patients. Although K-ATP channel
regulators did not activate CFI'R, the observation that CFTR was inhibited by these
agents suggests an interaction; it is possible that related compounds might prove to
be valuable activators of CFTR. A similar relationship between channel activators
and inhibitors exists with the dihydropyridine-sensitive Ca- channel agonists and
antagonists. '

It is, however, interesting to consider the possibility that these or related agents
might be of value in another disease that probably involves CFTR Cl channels. CFTR
is located within the apical membrane of Cl secreting intestinal epithelial cells.""'
Chloride efflux through CFI'R C1 channels probably contributes to the watery diar-
rhea caused by microbial toxins such as cholera toxin and heat-stable E. coli entero-
toxin.4" The development of therapeutically active blockers of CFTR C1 channels
might therefore provide a treatment for some forms of diarrhea. The potency of
gOibenclamide inhibition of CFTR Cl channels suggests that it may be of value in
the design and synthesis of such drugs.
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Because of the impact of molecular biological techniques, remarkable progress has
been made in recent years in the molecular characterization of voltage-gated chloride
channels. Even though our current vieA of this field is still very limited, already
three different structural classes of voltage-gated chloride channels have emerged: the
CIC-family of chloride channels, discovered by expression cloningof the Torpedo electric
organ C1 channel,' and with more thar. three members identified to date'-'; the Ioý
chloride channel,' identified by expression cloning starting from a kidney epithelial
cell line; and phospholemman, the major heart plasma membrane target for protein
phosphorylation, which unexpectedly leads to chloride channel activity when expressed
in oocytes.' This article will focus exclusively on the CIC family of chloride channels
identified and characterized in our laboratory.

CIC-O, THE TORPEDO ELECTRIC ORGAN CHLORIDE CHANNEL

CIC-0 was the first voltage-gated chloride channel to be cloned.' The electric organ
of Torpedo was chosen as a source of mRNA for expression cloning because the
pioneering studies of Miller and colleagues'-"' have shown that it is a very abundant
source for voltage-gated chloride channels, and because the electroplax chloride channel
can be easily expressed in Xenopus oocytes. ' Furthermore, extensive biophysical data
are available on the reconstituted channel.-"' A hybrid-depletion cloning strategy''
was chosen because the active mRNA size was in the 9-10 kb range.' Expression
from the single cloned cDNA gave currents typical for the Torpedo electric organ

' Projects in the lab are supported, in part, by the Bundeministerium fur Forschung und Technolo-
gie, the Deutsche Forschungsgemeinschaft, the U.S. Cystic Fibrosis Foundation, and the U.S Muscular
Dystrophy Association.

'Dedicated to Annett Rehfeldt who died in April 1993.
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chloride channel (as studied in reconstitution), including the peculiar "double-barreled"
characteristics when studied at the single-channel level."3 In this model, postulated by
Miller and colleagues,' the channel is composed of two identical (functional) "proto-
channels," which can open and close (in a voltage-dependent manner) independently
of each other, but which can also be closed by a common gate. The gate operating
on the single "protochannel" is fast and opened by depolarization, whereas the common
gate is slow (in the second range) and open by hyperpolarization. All these features,
at first described with reconstituted native channels, can also be observed when CIC-O
is expressed from the cloned cDNA, suggesting that there are no other essential subunits.
While it seems plausible that a functional homodimer should be assembled from more
than one monomer of the CIC-O protein, no conclusion on the stoichiometry of this
putative homomultimeric channel is possible to date.

CIC-O is a protein of 805 amino acids with a calculated molecular weight of 89
kD.' When analyzed by SDS-PAGE, it runs at roughly 75 kD. This difference ma'
be due to the difficulties in estimating molecular masses by gel electrophoresis (especially
with hydrophobic proteins). There is no sequence homology of CIC chloride channels
to any uther known proteins, including CFTR 4 (the chloride channel affected in cystic
fibrosis), the I(,l, chloride channel,4 and phospholemman.' Hydropathy analysis suggests
the presence of several hydrophobic domains that may span the lipid bilayer, and we
originally' suggested 12 to 13 transmembrane spans, named DI through Dl 3. Recent
experiments with CIC-2 (described below) seem to exclude D 13 as a transmembrane
domain, leading to a tentative model of 12 membrane spans. The eDNA predicts no
cleavable N-terminal signal peptide, suggesting that both the amino- and the carboxv-
terminus are on the cytoplasmic side of the membrane.

The Torpedo channel co-purifies with the Na /K'-ATPase when purified by sucrose
gradients, suggesting its presence in the non-innervated surface of the electrocvte.-
These cells are huge multinucleated polarized cells with a very high density of nicotinic
acetylcholine receptors on the innervated plasma membrane. It has been previously
suggested that a chloride channel at the opposite, non-innervated surface of the cell
serves to clamp its voltage to the chloride equilibrium potential.' During discharge of
the organ, this would ensure a low transcellular electrical resistance and the generation
of a transcellular voltage in the range of 100 mV. These voltages would then add up
to more than 100 V due to the arrangement of electrocyres in large stacks (like batteries
connected in series). Using antibodies to bacterial fusion proteins and peptides derived
from CIC-0, we could now confirm this localization by immunofluorescence studies
(C. Ortland and T. J. Jentsch, unpublished results).

CIC-I. THE MAJOR CHLORIDE CHANNEL FROM
SKELETAL MUSCLE

Because the Torpedo electric organ is ontogenctically derived from skeletal muscle,
we suspected that mammalian skeletal muscle expresses a homologue of CIC-O. By
homology screening we indeed identified a muscle chloride channel termed CIC- I
(initially from rat). Overall identity to CIC-0 is about 55%, with highest similarity
in putative transmembrane regions, It is a larger protein than CIC-0 due to extensions
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at the N- and C-terminus. Expression is highest in differentiated skeletal muscle, with
much lower mRNA levels in heart and a smooth muscle cell line (A 10). Developmental
Northern analysis revealed a dramatic increase in mRNA levels in rat skeletal muscle
during the first few weeks after birth.' This exactly parallels the observed'" increase
of chloride conductance in rodent muscle during that time. Expression in oocytes:
led to 9-anthracene-carboxylic acid (9-AC)-sensitive chloride currents, which showed
inward rectification in the positive voltage range and deactivated more slowly at voltages
more negative than - 100 mV (FIG. 1). All these observations are fully compatible
with previous data on macroscopic muscle chloride conductance,"' strongly suggesting
that CIC-1 is the major skeletal muscle chloride channel.

This raised the important question whether genetic alterations in CC- I could be

the cause of some forms of myotonia. Myotonia (muscle stiffness) is a symptom of
several human diseases." There are two purely myotonic diseases (with symptoms
restricted to skeletal muscles) in humans, autosomal recessive generalized myotonia
(GM, Becker's myotonia"') and autosomal dominant myotonia congenita (MC. or
Thomsen's disease"9 ). In addition, there are animal models for recessive myotonia
(ADR mice)20 -22 and dominant myotonia (myotonic goats21 ). Many biophysical and
biochemical changes have been found in myotonic muscle. These include reduction
of macroscopic chloride conductance '22-24 but also alterations in sodium channel kinet-

ics2 4' 25 and changes in parvalbumin levels.26 Myotonia can be elicited in vitro by applica-
tion of 9-AC, "' suggesting that a large reduction of chloride conductance is in principle
sufficient to cause myotonia. The mechanism is quite simple: in skeletal muscle, chloride
accounts for some 70 to 80% of resting membrane conductance'" and thus assumes

a role similar to the one potassium conductance plays in most other cells, namely
stabilization of resting voltage. If this conductance is blocked or genetically absent.
the action potential will repolarize more slowly. This gives sodium channels enough
time to recover from inactivation before the membrane is fully repolarized, leading
to a train of action potentials after a single stimulus. A direct consequence of these
"myotonic runs" is the impairment of muscle relaxation seen in myotonia.

Using myotonic ADR mice as a model system at first, we could show that the

CIC-I chloride channel is indeed genetically destroyed in this strain. 2" In that particular
case the mechanism of inactivation is the insertion of a mouse transposon into an
intron, which interrupts D9 coding sequence. On the mRNA level, this leads to several

different splice variants in which exonic CIC-1 sequence is followed by transposon
sequence. None of these mRNAs is able to encode functional channels. In addition
to ADR mice, several other independent myotonic mouse strains exist." Since their
mutations are allelic, other mutations in CIC- I (e.g., point mutations) will be responsible
for myotonia in these cases.

Turning to the human diseases, a tight linkage of the CLC-I locus to both recessive
Becker's myotonia and dominant Thomsen's disease was found.2" In several Becker
families a point mutation in CIC-I was identified. Its predicted consequence2" is a Phe
to Cys exchange in putative transmembrane span D8. Thus, in humans both recessive

and dominant myotonias are due to mutations in the CIC- I channel. This has interesting
consequences for the structure of the channel: a recessive disease can be simply explained
by a total loss of function, in which the normal allele leads to a level of chloride
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FIGURE 1. Electrophysiological properties of CIC- I expressed in Xenopus oocytes. (a and b) Current
traces from two-electrode voltage-clamp experiments. The clamp program is shown in the inset above
b. (b) 0.1 mM 9-AC has been added to the bath for more than 5 mrin. (c) Quasi-steadv-state currents
taken from (a) at the end of the 4 -sec test pulse. Note the inward rectification in the positive voltage
range, and the deactivation at negative voltages, which leads to a current maximum at - - 100 mV
(d) Current-voltage relationship of a different CIC-I injected oocyte. Measurements were done in
normal saline containing 103 mM CI (0); low-chloride saline (7 mM Gl) (0)O and 15 min after
application of 0. 1 mM 9-AC in normal saline (1) (From Steinmever et al ' Reprinted with permission )

channel expression sufficient to prevent myotonia; to explain a dominant form of
inheritance, however, one needs to postulate a (homo)multimeric structure of the
channel; dominant mutations will lead to non-functional subunits, which can still
associate with the normal ones and will lead to their inactivation. A homomultimeric
structure of CIC chloride channels is of course in line with the remarks made above
for CIC-0.
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CIC-2, A UBIQUITOUS CHLORIDE CHANNEL INVOLVED
IN VOLUME REGULATION

CIC-2 was identified by homology screening with CIC-I and was originally cloned
from rat heart and brain' However, Northern blot analysis and cloning from the
T84 intestinal epithelial cell line demonstrated its presence in every tissue and cell line
examined. This included typical fibroblastic, epithelial, and neuronal tissues and cells,
and suggested an important (probably housekeeping) function for every cell. The
elect rophysiological properties. when studied in the Xenopus oocyte expression system,
were intriguing: CIC-2 is closed under resting conditions, but can be activated b[I very
strong hyperpolarization (in excess of - 100 m%). These large negative voltages will
never be reached in vivo. Once activated by hyperpolarization, CIC-2 has a nearly
linear, slightly inward-rectifying current-voltage relationship and a CI over I selcctivity.

Subsequent studies"9 revealed that CIC-2, when expressed in Xenopus oocytes, can
be activated reversibly by extracellular hypotonicity (FIG. 2). This is probablv due to
cell swehing, since the slow time-course of activation is compatible with the low water
permeability of Xenopus oocytes." On the other hand, hypertonicity did not change
the activation by strong hyperpolarization. When activated by hypotonicity. CIC-2
is much less activated by hyperpolarization, but still displays some inward-rectification

Replacement of the CIC-2 amino-terminus with corresponding segments of (iC-o
or CIC-I yielded constitutively open channels that were no longer responsive to
medium tonicity."9 An extensive study"9 using site-directed mutagenesis identified two
distinct regions in the amino-terminus: an "essential" region of about 15 amino acids
where deletions lead to the "open" phenotype as seen with the chimeric channels
described above; and, further downstream, a "modulating" region. where deletion,
lead to an "intermediate" phenotype. The latter mutants resemble channels partially
opened by hypotonicity, and, in contrast to wild-type CIC-2, can now be closed by
hypertonicity. The structural requirements on the "essential" region are relaxed, since
several charge deletions had no effect. However, some other point mutations (either
generating new charges or increasing local hydrophobicity) also resulted in the "open"
phenotype.

The effect of the N-terminal inactivating domain is largely position-independent"
firstly, it can be separated from the channel backbone by "spacer" peptides without
loss of function; secondly, and most important, it confers volume and voltage sensitivity
when transplanted to other regions of the channel in N-terminal deletion mutants. It
was also functional when inserted after Dl 3, virtually excluding this (highly conserved)
domain as a membrane-spanning region. Thus these transplantation studies can also
be used as a test for topological models.

These results suggest a model reminiscent of the "ball-and-chain" model'' '' for
cation channels: An N-terminal, position-independent inactivating particle ("ball") binds
to a putative "receptor" on the channel and causes its closure. In contrast to K-channels.
the CIC-2 channel is inactivated at rest, and the "ball" is released by hyperpolarization
or cell swelling. We hypothesized that this causes a change in the affinity of the
receptor.) Also in contrast to the ball-and-chain model, deactivation times are not
determined by the chain length. Thus another step (maybe contormational changes
in the protein after the binding of the "ball") must be rate-limiting.
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COMMON FEATURES OF CIC CHANNELS

Work in the past few years has revealed a family of voltage-gated chloride channels
with diverse functions and tissue distribution (TABLE 1). At this time, three members
of this gene family have been published, but other members are forthcoming in our
group and undoubtedly also in other labs. All CIC chloride channels described so far
have very similar topological properties as suggested by hydropathy analysis. The best
guess at this time for the number of transmembrane regions is twelve, but much work
needs to be done to experimentally confirm or refute this assumption. The same is
true for channel subunit stoichiometry: both the "double-barreled" structure of the
Torpedo channel CIC-O and the finding of dominantly inherited myotonia with muta-
tions in (IC-I suggest a homomultimeric channel, but the number of subunits is
unknown. As to electrophysiology, the voltage-dependencies of CIC-O, CIC-l, and
CIC-2 are very different. No common, high-affinity inhibitor of CIC-channels is known
to date. A common feature, however, seems to be ion selectivity, as all three channels
conduct chloride better than iodide. Unfortunately, single-channel data are only avail-
able" for CIC-O. In the future more members of this gene family will emerge, and
site-directed mutagenesis will yield additional insights into the structure-function rela-
tionship of this important channel family.
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An underlying rationale for carrying out basic research in biological systems has
been the prospect of understanding the molecular basis for diseases and abnormalities
afflicting both human and animal species. As our knowledge of the proteins of the
sarcoplasmic and endoplasmic reticulum has advanced,"2 researchers have been able
to implicate some of these proteins in specific abnormalities. For example, abnormalities
in Ca2 release channel function have been postulated to be the underlying cause of
an inherited abnormality, malignant hyperthermia.

Malignant hyperthermia(MH) in humans is an abnormal response to the administra-
tion of potent inhalational anesthetics and depolarizing muscle relaxants."' Major
features of the syndrome are rapidly elevated temperature, cellular ion imbalance, and
skeletal muscle contracture. Ventricular fibrillation, pulmonary edema or coagulopa-
thy, and obstructive renal failure are some of the physiological problems that can result
in neurological or kidney damage or death. Fortunately, through careful monitoring of
the potential onset of the syndrome and immediate intervention, including administra-
tion of the antidote, dantrolene, morbidity and mortality can usually be circumvented.
In swine, the same course of events can be triggered, mainly in animals homozygous
for the defect, by various forms of stress, the abnormality being referred to as the
porcine stress syndrome.

Since cytoplasmic Ca` is essential for muscle contracture, and since Ca2
* can also

trigger metabolic events leading to heat production, it was reasonable to assume that
elevated intracellular Ca2 is a causal factor in the MH syndrome. Studies of Ca2

release from sarcoplasmic reticulum isolated from an MH-susceptible (MHS) human'

SThis work was supported by grants to DH.M. from the Medical Research Council of Canada
and the Muscular Dystrophy Association of Canada. S.R.W.C was a postdoctoral fellow of the
Medical Research Council of Canada
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and MHS swine° showed alterations in sensitivity of Ca" '-induced Ca'- release and
of the rate of Ca2 release, while studies of other properties of the protein revealed
differences in ryanodine binding' and in tryptic digestion patterns.9

Research in our laboratory over the past decade has been concerned with the
cloning of cDNAs encoding the various isoforms of sarcoplasmic or endoplasmic
reticulum proteins, 2 expressing them in functional form in heterologous systems,"'
and examining the effects of mutagenesis of individual amino acids on function. "'
These studies have led us to an interest in naturally occurring human and animal
mutations leading to genetic abnormality or disease.,'" 2

RYANODINE RECEPTOR MUTATIONS IN MALIGNANT
HYPERTHERMIA

Our studies of the genetic basis for MH were initiated concurrently with our
cloning of cDNAs encoding the Ca"2 release channel (ryanodine receptor) of human
skeletal muscle sarcoplasmic reticulum.' We located the gene (the RYRI gene) on
chromosome 19ql 3.1, 4 thereby gaining access to a series of previously defined poly-
morphic markers in this region that could be used in linkage analysis. We then identified
a series of restriction-fragment length polymorphisms within the RYRI gene." 6 In
a linkage study involving nine families, including 23 meioses, we found that the MH
phenotype segregated with chromosome 1 9q markers, including our markers in the
RYRZ gene."9 Cosegregation of MH with the RYRI markers, resulting in a lod score
of 4.2 (the log of the odds favoring linkage) at a linkage distance of zero centimorgans,
indicated that at least some forms of human MH are likely to be caused by mutations
in the RYR1 gene.

The finding of linkage of MH to the R YR I gene provided the rationale for searching
for specific mutations in RYRI that might be causal of MH. Accordingly, studies
were initiated to compare the RYRI cDNA sequence from MH normal (MHN)
Yorkshire swine with MHS Pietrain swine. A single point mutation, the replacement
of C1843 with T, leading to the replacement of Arg6" with Cys, was found in this
comparative study." The substitution of T for C1843 in the nucleotide sequence
leads to the loss of a HinPl restriction endonuclease site and to the gain of a HgrA I ,"
thereby providing the basis for our development of a diagnostic assay for the presence
of the mutation in genomic DNA. We found that the polymerase chain reaction
(PCR)' 8 can be used to amplify a 659 bp segment of genomic DNA that contains a
constant, "built in control" HgiAI digestion site, together with the variant HgrAI
site.' 9 Complete cutting at the variant site defines a homozygous MH animal; no
cutting defines a normal animal; and 50% cutting indicates a heterozygote (FIG. 0)."

The presence of the C1843 to T mutation was found to correlate with MH in
five major breeds of lean, heavily muscled swine. Haplotyping within the gene suggested
that the mutant gene had been inherited from a common ancestor in these five breeds. "
Since the gene appears to add a few percent to lean dressed carcass weight,""' it
would appear that it has been propagated in lean, heavily muscled breeds of swine
throughout the world to gain the benefit of increased meat production.
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FIGURE 1. (a) Detection of the pig C1843 to 1 mutation by PCR amplification and subsequent
digestion of the amplified product with HgiAIP' A 659 bp PCR product was amplified from genomic
DNA from N/N Yorkshire, n/n Pietrain, N/n Yorkshire x Pietrain and n/n British Landrace pigs.
In each case, the first lane (-) represents the PCR-amplified product, while the second lane (+)
represents the same product after digestion with HgiAl. Since the mutation of C 1843 to T creates
a HgiAJ site," digestion of the N/N genotype with HgiAI generates 524 and 135 bp fragments
from the constant HgiAI site, while digestion of the n/n genotype generates 358, 166, and 135 bp
fragments through a combination of digestion of the constant and variant HgiAI sites. Fragments
of 524, 358, 166, and 135 bp are generated in a N/n genotype from full digestion of the constant
HgiAI site, full digestion of one allele at the variant HgiAl site, but no digestion of the other allele
at the variant HgiAl site. (b) Detection of the human C 1840 to T mutation by PCR amplification
(-) and subsequent digestion (+) of the amplified product with Rsal." A 922 bp PCR product was
amplified from genomic DNA of normal (N/N) and susceptible (N/n) individuals. The mutation of
C1840 to T deletes a RsaI site ' Rsal digestion of the N/N product generated 550. 199, and 179
bp fragments, while digestion of the N/n product generated 729. 550. 199. and 179 bp fragments.
(From Ostu et al. '" Reprinted with permission.)

Invariant cosegregation of MH and the C1843 to T mutation in swine was demon-
strated in an extensive linkage study."' To establish linkage, crosses were made between
homozygotes and heterozygotes from lines with defined haplotypes for the flanking
markers, glucose phosphate isomerase (GPI) and 6-phosphogluconate dehydrogenase
(PGD). For each animal, halothane challenge testing and GPI and PGD haplotyping
were carried out to establish inheritance of one or two copies of the MH gene, while
the presence of C1843 or T1843 in each of the two alleles was determined in our
diagnostic test. In the study of 376 animals, including 338 informative meioses, com-
plete linkage was observed, leading to a lod score of 102 at a linkage distance of zero
centimorgans.

Using our diagnostic test, it has become possible to identify all swine carrying
the MH mutation and, through appropriate breeding procedures, to eliminate this
abnormality from swine populations. Elimination of the gene will clearly be of eco-
nomic benefit to pork producers. However, the gene was propagated because of its
contribution to production of lean meat. Accordingly, it may be reintroduced into
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certain breeding programs so that heterozygous slaughter animals will be generated
that are less susceptible to stress-induced death, but carry one copy of the MH gene
to promote muscle hypertrophy.

As a result of our success in identifying the porcine MH mutation, we searched
for the corresponding mutation in humans.2 ' The mutation of Arg61 to Cys has been
found in about I to 2% of human MH families23' 24 where it segregates with MH
(FIG. 1). The finding that the mutation is so closely linked to MH in swine, together
with the finding that it reappears and is also linked to MH in a scmond species, is
powerful evidence that the C1843 to T mutation is causal of porcine MH and at
least some forms of human MH.

What causes other forms of human MH? In our analysis of a second human MH
family, the substitution of Arg for Gly24" was tentatively identified as a causal mutation
for human MH, but close linkage has not been established." Current research in our
laboratory is aimed at discovering additional causal mutations in the RYRI gene,
either by sequen,,ng of cDNAs or using amplification of each of the 100 or more
single RYRI exons in genomic DNA from some 15 chromosome 19-linked MH
families, followed by detection of potential mutations by single-strand conformational
polymorphism (SSCP) analysis 2' and sequencing. It is anticipated that several new
mutations will emerge from such analyses, not only from our laboratory, but from
studies worldwide.

It is becoming increasingly clear, however, that all cases of familial MH are not
linked to RYRI 2"-23 and estimates of RYRI-linked MH range as low as about 30%."
As yet, no second MH gene has been clearly identified, but the adult sodium channel
gene is a candidate."9 Since the critical goal of MH research is to identify MHS
individuals prior to anesthesia, research will no doubt continue at a high level to
identify causal mutations and to develop diagnostic tests for them.

STRUCTURE/FUNCTION RELATIONSHIPS IN THE
RYANODINE RECEPTOR

As indicated earlier, a major interest in our laboratory is to understand structure/
function relationships in sarcoplasmic reticulum proteins. Thus the finding that the
Arg61 5 to Cys mutation' 7 can cause MH leads to speculation as to how this residue
is involved in the function of the Ca` release channel. Since the Arg6 ' to Cys mutation
alters the sensitivity of Ca2 -induced Ca2" release, it is possible that Arg6 ' is directly
or indirectly involved in the binding of modulators of the Ca2 * release channel and
that its alteration leads to hypersensitive channel gating. This postulate is supported
by analogy to a homologous Ca2 release channel, the inositol triphosphate (1P,)
receptor.'° IP3 binds to the NH 2-terminal part of the IP, receptor in a region homolo-
gous to that of the corresponding sequence in the ryanodine receptor. " There is 31 %
sequence identity between the 39 amino acids surrounding Arg"'6 . This homologous
region is, therefore, a candidate site for ligand binding ip both receptors.

Such speculation has led us to try to identify which other portions of the ryanodine
receptor are, in fact, involved in ligand binding and in regulation of Ca`" release
through the binding of regulatory ligands in the Ca 2` release channel. The Ca`'
release channel is a homotetrameric complex constructed from a 565 kD subunit.'
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Transmembrane sequences are located in the COOH-terminal fifth of each subunit' .
2

and the remainder of the subunit is cytoplasmic, bridging the gap between the sarcoplas-
mic reticulum and the transverse tubule. Transmembrane sequences in the tetramer
may combine to form the transmembrane portion of the Ca2' release channel and
cytoplasmic sequences from each subunit appear to interact to enclose four extended
channels that radiate from the central transmembrane channel and exit in peripheral
vestibules." Single channel measurements in planar bilayers have shown that Ca'-
release is mediated by a ligand-gated channel with a conductance greater than 100
pS in 50 mM Ca 2 .4" Although it is not clear what signals open the channel in the
muscle cell, Cal' and ATP act synergistically to open the channel in isolated vesicles,
and Mg" and calmodulin inhibit channel opening.' Dantrolene, the clinical antidote
for MH reactions,' inhibits halothane-induced6 and Ca 2*-induced"6 Ca2l release from
sarcoplasmic reticulum preparations. In single Ca2 ' release channels studied in planar
lipid bilayers," dantrolene at 5-25 ýtM first activates and then inactivates the channel.

cDNA encoding the rabbit skeletal muscle ryanodine receptor has been cloned and
functionally expressed in Chinese hamster ovary cells1'21 in Dr. Shosaku Numa's
laboratory. Whole cell measurements showed that caffeine or ryanodine could induce
Cal* release from intracellular organelles of the transformed cells, but not from non-
transformed cells.3 8 We have also functionally expressed rabbit RYR) cDNA in COS-l
cells. The partially purified ryanodine receptor expressed in COS- I cells was character-
ized by single channel recordings in planar lipid bilayers. " These channels were respon-
sive to pharmacological and physiological ligands that modulate native ryanodine
receptors of sarcoplasmic reticulum, indicating that these ligand-binding sites are en-
coded within the primary structure of the ryanodine receptor."

Analysis of the deduced amino acid sequences of ryanodine receptors has led to
predictions of the location of transmembrane sequences and regulatory regions. We
proposed that a modulator-binding region could be located within residues 2619-
3016 in the cardiac ryanodine receptor, since predicted ATP- and calmodulin-binding
sites and a phosphorylation site were located in that sequence." In support of this
prediction, a unique calmodulin kinase phosphorylation site was identified in the
cardiac ryanodine receptor at residue 2809 and phosphorylation appeared to increase
channel openingtime.4" Dr. Numa's group32 postulated that a modulator-binding region
could be located close to transmembrane segment M, in their model for the skeletal
muscle ryanodine receptor. They identified potential Ca`', ATP, and calmodulin-
binding sites in the sequence between residues 4253 and 4499. In support of these
predictions, Fill etal.42 demonstrated that polyclonal antibodies reacting against epitopes
in amino acid sequences 4445-4586 or 4760-4877 could induce abnormal gating of
the Ca 2̀ release channel by decreasing open probability and stabilizing subconductance
states without blocking the conduction pathway.

In recent studies4" we have used combined biochemical, immunological, and electro-
physiological approaches to study Ca2l binding and regulatory sites of the ryanodine
receptor. We used 45Ca2̀  overlay and ruthenium red overlay methods with trpE
fusion proteins to identify and localize possible Ca2 '-binding sites in segments of the
ryanodine receptor. We began by constructing 14 trpE fusion proteins of the skeletal
ryanodine receptor covering about 90% of the receptor (FIG. 2). Our overlay studies
showed that a fusion protein containing residues 4014 to 4765 (FPI 3) is a major
Ca"*-binding fusion protein. The strong Cal'-binding domain of FPI 3 was then



MacLENNAN & CHEN: CALCIUM RELEASE CHANNEL 299

localized in subfragments FP1 3b, containing residues 4246 to 4377, and in FPI 3C,
containing residues 4364 to 4529. By expressing even shorter sequences, we eventually
demonstrated that Ca2` could bind to short fragments consisting of residues 4246-
4267 (13b,), 4382-4417 (13c,), and 4478-4512 (13c 2) each of which Dr. Numa had
previously predicted to contain a Ca"' binding site (FIG. 2).

We then made polyclonal antibodies against these sequences and determined
whether they affected Ca 2

* release in planar bilayers. We observed that the anti- 13c 2
antibody activated the Ca2 * release channel by increasing both open probability and
opening time without affecting channel conductance. The antibody-activated channel
was still subject to modulation by Ca 2

, MgN', ATP, ryanodine, and ruthenium red.

(a)

Amino Acid 0 1000 2000 3000 4000 5000
Number RBIS 5___ , M1 I10

FP# 2 4 A 1 • 1E 14 1 1

(b)
4014 FP13 4765

4014 4192 4246 4377 4529 4765

FP13a FP13b FP13d
4364 FP13c 4s25

4246 4267 4382 4417 4478 4512-3 r"-3 r'-1

13b1  13c1 13C2

Epitope for antl-13c2 P1 antibody

) 13C2 151 (Inhibitory)

13C2: 13.2pI .

Possible epitopes for anti-13c2 antibody
(Stimulatory)

FIGURE 2. Mapping of Ca`' binding sequences by analysis of expressed fragments of the ryanodine
receptor. (a) Upper lin-: illustrates features of the linear sequence of the ryanodine receptor. The
protein is 5,035 amino acids in length with predicted transmembrane sequences (M', MW, MI-MbO)
in the COOH-terminal fifth of the molecule. R6`1 refers to the porcine MH mutation. Box A" and
box B' refer to predicted regulatory regions. The lower line illustrates those fragments of the molecule
that were expressed as fusion proteins." (b) The boundaries of fusion protein 13 and subfragments
FPI 3a, Fl 3b, FPi 3c, FPI 3d, 13b,, I3c, and 1

3c2, are defined by their first and last amino acid
r, 6idues. (c) The sequence of fragment I 3c2. The PE repeat sequence, the epitope for the anti-I 3c:p,
an:ibody, which inhibited channel activation, is boxed. The remainder of the sequence constitutes
the epitope for the anti-I 3c2 antibody, which activated the channel by raising its sensitivity to Ca`'
induced Ca` release, as illustrated in Figure 3. (From Chen et al." Reprinted with permission.)
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FIGURE 3. Effect of cis Ca" on channel open probability (Po) in the presence and absence ot

site-directed anti-I 3c2 antibody. Single channel recordings were made at + 40 mV in symmetrical

250 mM NaCI and 50 mM Tris/ 100 mM HEPES, pH 7.4. Data represented by circles, squares.

and triangles are from different experiments." Open symbols denote open probabilities in the presen,:c

of anti-I 3c2 antibody and solid symbols indicate open probabilities in the absence of the antibods

(From Chen et al." Reprinted with permission.)

The main effect of the antibody was to increase the Ca" sensitivity of the channel

so that the channel could open in the presence of a much lower free Ca'" concentration

(FiG. 3). Thus, the specific modulatory effect of this antibody, directed against a

probable Ca2"-binding domain in the skeletal muscle ryanodine receptor, strongli

suggested that the 13c 2 sequence, is involved in the Ca"*-induced Ca'* release mecha-

nism. Since Ca" was able to activate the anti-I 3c, antibody-Ca:" release channel

complex, it was unlikely that the anti-I 3c2 antibody bound directly to the Ca2' actis a-

tion site, but might bind to a site adjacent to it (FIG. 2). Alternatively, Ca:- activation

of the channel may occur through sites other than the Ca2 -binding site in 13c2.

We were intrigued by a proline-glutamate (PE) repeat sequence, the predicted high

affinity Ca2 binding site within the 13c 2 sequence."2 To see whether this sequence

was the major epitope for the anti-I 3c2 antibody, which had been purified from an

anti-I 3c2 rabbit anti-serum using a GST-I 3c2 antigen affinity column, a PE repeat of

10 amino acids (I 3c2p, in FIG. 2) was synthesized and the immunocrossreactivity of

the anti-I 3c2 antibody with the synthetic peptide was measured. We found that the

anti-I 3c2p, antibody was at such a low level (0.5%) in the purified anti-I 3c2 antibody

that the stimulatory effect of the anti-I 3c2 antibody on single channel activity wa-s
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FIGURE 4. Effect of anti-WI fcan, antibody on Cai'-activated channel activities Suc rose densdt
gradient-puri fi ed skeletal muscle ryanodinc receptors were incorplrated into planar lipid nglaverN and
single channel currents were recorded at + 40 mV in symmetrical 2w50 mM NaCl and 5 F0 mM Iris/
4). mM HEPES buffer, plo 7.4. Recordings were filtered at 750 Hz and digitized at l Kt.z.
Sequential additions (cs) of 125 atM CaC2p (B). 0.4 wgofanti-s3c,p: antibody (C), act 01 CaCio(D), 2.5 mM ATP (E), and 5 mM MgC12 (F) were made to the control channel (A) which wxs
recorded in the presence of 4 ptM free Ca`" (0.2 mM EGTA plus 0.2 mM CaCI•)."• Amplitude

histograms are shown for each condten. (From Chetvt at Reproduced with permission )

unlikely to have been due to the anti-I 3c2p, antibody. Further evidence that the
anti-I 3c, antibody was not acting through the PE repeat sequence at 3cbpd came from
an examination of the effect on Ca 2 sensitivity of the channel of the anti-1I3c,p,

bound to a column. We found that the anti-I 3c~p, antibody inhibited Ca" -induced
channel activity, the opposite effect to that found with the anti-I 3c, antibody. The
anti- I 3czp, antibody reduced the open probability by 20-fold and the opening time
constant by threefold when the channel had been activated with 12 5 p M CACI, (FIe..
4). Further addition of 100 gxM CaCI2 could not reactivate the channel.

The inhibition by the anti- I 3c2p, antibody was specific for the Ca:" activation
pathway and had little effect on the A]I P activation pathway. When the Ca' * -activated
channel was inhibited by the anti-1I3c~p, antibody, the addition of 2.5 mM ATP
could reactivate it (FIc;. 4). The observation that the anti- I 3c~p, antibody reacted with
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the Ca 2 * activation pathway, but appeared to leave the ATP activation pathway intact,
suggests that Ca2̀  and ATP can act independently, even though they undoubtedly
interact synergistically within the cell. The antibody might provide a useful tool for
further investigation of the Ca2̀  and ATP activation pathways.

Further study with caffeine revealed that the antibody could inactivate caffeine-
induced Ca" release and that this activation could not be reversed by further addition
of Ca"', but could be reversed by the addition of ATP. These results also suggest
that the antibody specifically inactivated the Ca2l activation pathway, since caffeine
is believed to affect the Ca 2' release channel via the Ca2' activation mechanism."
The facts that the inhibitory antibody did not alter the unitary conductance of single
Ca2 *-release channels and that ATP could reactivate the antibody-inhibited channel
suggest that the antibody was not blocking the Ca" release pore or interfering non-
specifically with conformational changes that would gate the channel.

These data suggest that an inhibitory antibody reacted with the PE repeat of
sequence 1 3c2, while an activating antibody reacted elsewhere in the 35-residue 1 3c2
fragment, either against the sequence EEELV at the N-terminus or against part of
the sequence KADEENGEKEEVPEAPPE at the C-terminus of peptide 13c 2 (FIG. 2).
The simplest explanation for these findings is that the PE repeat is a part of the
actual Ca2- binding and activation site and the anti-I 3c2p, antibody can inhibit this
interaction, thereby inhibiting Ca2 -induced Ca2 release. By contrast, the interaction
of anti- 13c 2 at an adjacent site could enhance the interaction of Ca2 * with the Ca2 -
binding site (possibly the PE repeat), increasing the Ca2 

, sensitivity for channel activa-
tion by more than an order of magnitude (FIG. 3). Alternatively, the PE repeat sequence
may have formed part of a structure involved in conformational changes induced
specifically by Ca" binding near the PE repeat or at a distant site. Antibodies could
inhibit or enhance such conformational changes by binding to the PE repeat or adjacent
to it, resulting in inhibition or activation of Ca"-induced Ca2 release.

SUMMARY

In this short review, we have described studies that have identified Arg61 ' in the
Ca` release channel as a residue that influences channel sensitivity to Ca" induced
Cal' release,7 rate of Ca2' release, 8 and channel closing.4" We have also described
studies that confirm Dr. Numa's predictions" that residues 4246-4267, 4382-4417,
and 4478-4512 contain Ca 2' binding sites. The site between residues 4483 and 4494
(the PE repeat sequence) may be a key binding site for Ca" activation of the channel.
Other residues in the sequence 4478-4512 may also contribute to activation of the
channel. Thus our studies have contributed to basic knowledge of regulation of Ca' *
release function. They have also provided practical benefits in defining a disease gene,
in development of a diagnostic test for porcine MH that is of economic benefit, and
in laying the foundation for human MH diagnostic tests that may prevent anesthesia-
induced morbidity and mortality.
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INTRODUCTION

In the)ast four years, a series of reports have implicated mutations in voltage-sensitive
sodium and chloride channels in the pathogenesis of hyperkalemic periodic paralysis,
myotonia congenita, and related diseases (TABLE 1). This review outlines the clinical
features of these disorders, selected physiological studies of muscle from affected pa-
tients, the respective ion channel mutations, and an approach to understanding the
biophysical basis of the diseases.

CLINICAL FEATURES

The central problem in the periodic and paramyotonia congenita is recurring attacks
of weakness (TABLE 2). As the names imply, hypokalemic and hyperkalemic periodic
paralysis are characterized by, respectively, low and high levels of serum potassium
during paralytic spells."- Both disorders selectively target skeletal muscle; the spells
of weakness are not accompanied by sensory symptoms or disturbance of cardiac
function or mentation. Attacks last anywhere from minutes to hours and can he
triggered by rest after intense exertion. During attacks of either type of periodic
paralysis, affected muscles are depolarized and electrically inactive. In both disorders,
chronic therapy with carbonic anhydrase inhibitors such as acetazolamide may prevent
attacks.4

"R.H.B. receives generous support from the C.B. Day Investment Company, the Muscular

Dystrophy Association, and National Institutes of Health grant 5R01-AR41025-02.
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TABLE 1. Classification of Periodic Paralysis and Myotonias

Disease Gene Chromosome

Non-dystrophic
Periodic paralysis

Hyperkalemic Na channel 17
Hypokalemic (rarely)

Paramyotonia congenita Na channel 17
Pure
K-sensitive

Myotonia congenita
Autosomal dominant

Typical (Thomsen's) Cl channel 7
K-sensitive Na channel 17

Autosomal recessive Cl channel
(Becker's generalized)

Schwartz-Jampel

Dystrophic
Myotonic dystrophy protein kinase 19q

In hyperkalemic paralysis, onset is in early childhood, while the hypokalemic form
does not begin until puberty. Hyperkalemic paralysis attacks are initiated by fasting
and may be terminated by carbohydrate intake. Reciprocally, in hypokalemic paralysis,
excessive carbohydrates may trigger attacks.1'

Patients with hyperkalemic paralysis typically demonstrate severe muscle rigidity
because of excessive electrical excitation of the muscle membrane. This feature, myoto-
nia, is rare in hypokalemic paralysis. Myotonia is usually exacerbated by exposure to
cold. Myotonia is the predominant symptom in the disorders myotonia congenita
and paramyotonia congenita. The stiffness in myotonia congenita is not associated
with paralytic episodes; these may be encountered in some patients with paramyotonia
congenita after cooling of muscles without abnormalities in serum potassium levels.
In most of the myotonias, repetitive contractions reduce muscle stiffness, while in
paramyotonia, repeated contractions paradoxically accentuate the stiffness (hencepara-
myotonia).'

Because the periodic paralyses, myotonia congenita, and paramyotonia congenita
are not associated with muscle deterioration, they are described as "non-dystrophic."
Nonetheless, in these illnesses, frequent paralytic crises over time can provoke a slowly
progressive, irreversible proximal weakness. By contrast, the other major myotonic
muscle disorder, myotonic dystrophy, is characterized by progressive, disabling, distal
muscle degeneration. Unlike the non-dystrophic myotonias, myotonic dystrophy is
a multi-system disease with numerous characteristic features including frontal balding,
cataracts, cardiac conduction defects, and insulin-resistance in addition to mvotonia.'

The inheritance pattern in both forms of periodic paralysis, paramyotonia congenita
and myotonic dystrophy, is autosomal dominant. Myotonia congenita may be either
dominant (Thomsen's disease) or recessive (Becker's type).'
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MOLECULAR BASIS OF PERIODIC PARALYSIS
AND RELATED MYOTONIAS

Hyperkalemic Paralysis and Paramyotonia Congenita

Extensive physiological data implicate a potassium-induced abnormality in sodium
conductance in the pathogenesis of paralytic episodes in hyperkalemic paralysis."-'
Direct measurements of membrane potentials in hyperkalemic paralytic muscle revealed
that potassium triggered depolarization in excess of the potential shift predicted by
the Nernst equation; this effect was completely blocked by tetrodotoxin (TTX), a
specific blocker of sodium channels.'••" Cannon grew cultured myotubes from an
individual with hyperkalemic periodic paralysis (mutation Met-l 592-Val, FIG. 1) and
recorded the activity of single sodium channels using patch clamp techniques.' 2 At
3.5 mM of extracellular potassium, the latency, duration, and conductance of sodium

0 P

FIGURE I. Schematic representation of voltage-dependent skeletal muscle sodium (A) and chloride
(B) channels. Positions and phenotypes of mutations are as indicated Details tor each mutation are
in TABLE I
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channel openings were normal in the diseased muscle; by contrast, at 10 mM of
extracellular potassium the channel behavior in affected myotubes was distinctly abnor-
mal, with prolonged or repetitive openings that were abolished by TTX. These data
strongly implicate potassium as a primary factor triggering an aberrant sodium channel
gating mode and persistent sodium current in channels containing this particular muta-
tion.

Fontaine and others explored this hypothesis by testing for genetic linkage analysis
between the skeletal muscle sodium channel and hyperkalemic paralysis." Sodium
channels in skeletal muscle are heterodimers composed of a large alpha subunit (hSKMI,
260 kD) and a smaller beta subunit (36 kD) that is not essential for channel opening
but may be necessary for correct channel gating. 4 The messenger RNA encoded by
the hSKMI gene is specific to skeletal muscle and is not expressed in brain, heart,
uterus, liver, or spleen; in humans, neuronal sodium channels are likely to be the
products of separate genes, as has been demonstrated in other mammals. As illustrated
in FIGURE ](A), the hSKMI alpha subunit is a polypeptide of 1,836 amino acids;
hydrophobicity analysis predicts that the channel has characteristic intracytoplasmic,
extracellular, and membrane-spanning domains. Four major membrane-spanning do-
mains, believed to have arisen by gene duplication, are each composed of six transmem-
brane segments that have been highly conserved during evolution. Conserved regions
appear important for channel gating, ion selectivity, and as receptor sites for a variety
of drugs and neurotoxins.

Fontaine used the complementary DNA for hSKMI as a probe for channel polymor-
phisms to map this skeletal muscle sodium channel gene to the long arm of human
chromosome 17 and document tight genetic linkage of hSKMI to a large pedigree
with hyperkalemic paralysis." Subsequent studies have confirmed and extended this
analysis to show linkage of both myotonic and nonmyotonic forms of hyperkalemic
disease and of paramyotonia congenita to the same sodium channel locus on chromo-
some 1 7q."- 8 Analogous genetic studies of myotonia congenita indicate linkage to
at least two loci."9 Although some individuals with features resembling myotonia
congenita have mutations in the skeletal muscle sodium channel,'2 the defect in most
patients clearly resides in the gene for a skeletal muscle chloride channel, as discussed
below.2"-"3

In the last three years, a rapidly increasing family of missense mutations in the
skeletal muscle sodium channel have been reported in hyperkalemic periodic paralysis,
paramyotonia congenita, and some forms of myotonia congenita (TABLE 3). The
mutations causing well-defined hyperkalemic periodic paralysis are located toward the
cytoplasmic ends of the membrane spanning regions in domains II and IV. 2'-• Muta-
tions causing paramyotonia congenita phenotype are located either within the Ill-
IV cytoplasmic loop or toward the extracellular ends of S3 and S4 alpha helices
in the channel domain."2 9̀ One mutation causes a mixed hyperkalemic paralysis-
paramyotonia phenotype, varying between affected individuals within a family; thisis located toward the inner or cytoplasmic membrane surface.2" Another mutation
produces marked, chronic muscle stiffness suggestive of myotonia congenita in some
but not all family members. This is located in a cytoplasmic loop associated with
transmembrane segment S6 in domain 11.23 (These mutations have recently been the
subject of excellent reviews.)'"'
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Myotonia Congenita

Linkage studies in myotonia congenita have shown genetic heterogeneity among
affected families.2.- 22 Though some pedigrees with this clinical picture are linked to
the sodium channel gene, the originally described dominant form (Thomsen's disease)
and the recessive generalized form (Becker's type) are not linked to chromosome 17 .2' 22

Investigations of myotonic goat muscle showed a relative loss of permeability to chloride
and suggested a possible chloride channel defect." Steinmeyer and colleagues re-
ported that the myotonic mouse mutant adr/adr lacks chloride conductance because
of a genetic defect in a voltage-sensitive chloride channel. 1.7 Koch and associates
reported that families with both Thomsen's and Becker's myotonia are genetically
linked to the homologous human chloride channel gene on chromosome 7 q; moreover,
a specific mutation (substituting cysteine for phenylalanine in the D8 membrane seg-
ment) was identified in a patient with Becker's generalized myotonia"3 (FIG. 1, B).
Another mutation, a glycine to glutamic acid substitution between the D3 and D4
segments on the extracellular channel face, was found by George and colleagues to
cosegregate with the disease in three unrelated Thomsen's disease pedigrees."8 Though
the mutations for these two myotonic disorders are found in the same gene, in one
case the phenotype is recessive (Becker's), while in the other it is dominant (Thomsen's).
The recessive form, which is clinically more severe, is postulated to result from a loss
of functional channel protein, while the dominant disease could occur if the defective
protein somehow inactivates chloride channel subunits encoded by the normal gene
(a "dominant negative" mutation), possibly by multimer formation.

Myotonic Dystropby

Myotonic dystrophy is a progressive disorder characterized by moderately severe
muscle stiffness, wasting of distal limb and selected face and neck muscles, and other
systemic features. The defective gene for myotonic dystrophy on the long arm of
chromosome 19 encodes a protein kinase, myotonin. In myotonic dystrophy pa-
tients, the kinase gene contains an enlarged nucleotide triplet repeat (CTG) in the 3'
end of the gene. The function of the protein and the effect of this mutation in
myotonic dystrophy remain undefined. Conceivably, the altered kinase could affect
phosphorylation of the sodium channel and thus impair channel gating, similar to the
abnormality described above in hyperkalemic paralysis.

FUNCTIONAL SIGNIFICANCE OF SODIUM
CHANNEL MUTATIONS

At least three regions of the sodium channel appear important for the inactivation
process and thus may be perturbed in periodic paralysis and paramyotonia con-
genita."1 42 (1) The intracellular loop between domains III and IV (FIG. I) is thought
to act as an inactivation gate that swings into the inner vestibule of the open channel
to effect normal fast inactivation. Alteration of this region by intracellular proteases.
site-specific antibodies, and site-directed mutagenesis disrupts inactivation. 2 1 ' How
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TARLE 4. Disorders of Ion Channels and Related Receptors
Disease Channel or Receptor

Human
Inherited

Cystic Fibrosis Chloride channel
(CFFR')

Hyperkalemic periodic paralysis Sodium channel
Paramyotonia congenita
Myotonia congenita (K-sensitive)

Myotonia congenita Chloride channel
(voltage-sensitive)

Becker's generalized (recessive)
Thomsen's (dominant)

Malignant hyperthermia Ryanodine receptor

Slow channel syndrome Acetylcholine receptor

Sporadic
Myasthenia gravis Acetylcholine receptor
Lambert-Eaton myasthenic syndrome Calcium channel

Animal
Hyperkalemic periodic paralysis Sodium channel

Myotonic goat Chloride channel
(Voltage-sensitive)

Myotonic adr/adr mouse

Dystrophic dys/dys mouse Calcium channel
(DHP' receptor)

Porcine malignant hyperthermia Ryanodine receptor

Cystic fibrosis transmembrane conductance regulator
Dihydropyridine receptor.

do the mutations within this loop, associated with paramyotonia congenita, confer
unusual cold sensitivity upon channel inactivation? One may speculate that the IIT-
IV loop mutation, Gly- 1306-Val, disrupts a putative Gly-Gly hinge region upon which
the inactivation particle may pivot,44 and could thereby render normal motion of the
loop (and hence inactivation itself) more critically temperature dependent. (2) Residues
lining the inner channel vestibule may serve as an inactivation gate receptor; in the
Shaker potassium channel, the analogous region has been shown to be critical for
normal inactivation. It is interesting that the four hyperkalemic paralysis mutations
are in putative membrane alpha helices near the cytoplasmic membrane surface (FIG
I). These mutations might partially destabilize the interaction between the inactivation
gate and its receptor. How elevated extracellular potassium triggers this effect is unre-
solved at this time. (3) At least one extracellular site, when bound by peptidc toxins.
impairs inactivation."

Two additional mechanistic points are noted. First, as shown by Cannon, if onhl
a small fraction of mutant channels is in the non-inactivating mode, the muscle cell
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will be depolarized and unable to contract. That experimental observation is in excellent
agreement with theoretical computations using a Hodgkin-Huxley model. We have
developed such a model using published voltage clamp data for skeletal muscle; this
demonstrates that as few as 3-6% of sodium channels in a non-inactivating state
produce depolarization and loss of excitability,4

Second, this abnormal sodium channel behavior is necessary but not sufficient to
generate sustained myotonia. Cannon has shown using experimental data in rats17 and
the aforementioned computer model4" that, even with a fraction of non-inactivating
sodium channels, myotonic discharges persist after the end of a current stimulus only
if there is activity-driven accumulation of potassium accumulates in the transverse-
tubules. That is, both membrane hyperexcitability (the sodium channel mutation) and
the distinctive anatomic structure of the transverse-tubules are required for myotonia.

CONCLUSIONS

The last four years have witnessed remarkable progress in delineating the molecular
pathogenesis of neuromuscular disorders characterized by disordered membrane excit-
ability. The only major disease in the group as yet not explained by dysfunction of
a specific molecule is hypokalemic periodic paralysis. 8 These disorders appear generally
to fall within a growing category of human diseases arising from dysfunction of ion
channels and receptors (TABLE 4). It is likely that this family of diseases will continue
to expand rapidly and eventually encompass other inherited disturbances of excitable
membranes, such as the familial epilepsies.
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INTRODUCTION

Tumor necrosis factor (TNF) and ly'mphotoxin (Li) are polypeptide cvtokines
with pleiotropic effects. They are important in host defense against bacteria, parasites,
and viruses, and have inflammatory and metabolic effects. TNF and LT arc also
cytotoxins that are selectively toxic for malignant cells. The mechanism of action by
which TNF and IT exert these diverse effects remains obscure despite a great deail
of effort in this area.

TNF has been implicated in the pathophysiology of wasting 1cachexia) and hypcrtri-
gtyceridcmia. Indeed, it was independently discovered as the hormone (cachetin) re-
sponsible for these effects.' TNF plays a key role in regulating the immune response
and has been suggested to contribute to a number of rheumatic disorders.'

More recently TNF and LH have been implicated in the pathophysiolop- of AIDS
(I) AIDS patients often exhibit extreme cachexia and wrasting. (2) l.ahdevirta et al
have reported that all AIDS patients, 50% of patients with AIDS-related complex
(ARC), and soni patients with lymphadenopathy syndrome have elevated serum levels
of TNF (100-200 pg/ml). (3) It has been reported that monocytcs from i IIV-infected
patients produce high levels of TNF and lymphocytes from I-tlV-infected patients
produce high levels of an LI-like substance. (4) 1N has been reported to activatý,
HIV replication in HIV-infected cells.O ''(5) Purified 1,T can kill chronically I lV'-
infected MOI .1"-4 cells. (6) AIDS patients are sublect to frequent opportunstic infec-
tions and these infectious agents are potent stimulators ofTNF production by mono-
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(B] W ) R I. B. had a Natiomad Institutes of Ilhaiti , Athcrosdcrosi, Predoctoral I ramning (.rant
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cytes and macrophages. This may explain why frequent infection appears to speed
the progression of AIDS.

In addition to the general role we have suggested for TNF in AIDS pathophysiologv.
a more specific role may be played by TNF in the central nervous system ((CNS)
effects of AIDS. (1) TNF is produced by microglia and astrocytes in the CNS (2)
TNF can kill oligodendrocytes and cause demvelination.'' (3) In AIDS patients. high
levels of TNF correlate with encephalopathy.)

Multiple lines of evidence support the hypothesis that damage to the neurons
producing CNS disease is not a direct effect of HIV infection, but an induced effect
of viral proteins or cytokines induced by HIV'` (1) Multinucleated giant cells formed
by HIV-induced fusion of macrophages or microglia can be found in close proximitY
to hyperplastic cells of the cerebral microvasculature. This suggests blood-brain-barrier
alterations including increased vascular permeability, vasculitis, or necrosis." These
areas arc also deficient in myelin.' (2) Cortical neuronal loss has been described in
AIDS patients brains,'" and neuronal cell culture studies indicate that the gpl20 enve-
lope protein of HIV can be neurotoxic in vitro possibly by increasing intracellular free
calcium."' Thus viral envelope proteins can be toxic without a direct neuronal
infection. (3) The rapid and relatively complete responsiveness of some AIDS dementia
complex (ADC) patients treated with zidovudine suggests that the initial damage to
the CNS is reversiblc.' This suggests that diffusible factors induced by HIV may be
responsible for initial ADC patholog-. (4) HIV- I can trigger the production by mono-
cyres of cytokines, including TNF. by binding to CD4.22 CD4-positive T cells can
be induced to produce LT by a similar mechanism." TNF and other cvtokincs (Il.-I.
IL-6) augment HJV replication in Tcells and macrophages. Thus a positive feedback
loop may generate increasingly large amounts of TNF. (5) TNF has been implicated
in the pathogenesis of other neurologic diseases such as multiple sclerosis` or cerebra]
malaria." The failure to find consistently ele, ated levels of TNF in the cercbrospinal
fluid (CSF) of AIDS patients may reflect the importance of local tissue levels of I'NF
rather than systemic levels. Because TNF can be produced locally by macrophagc,
and microglia in the brain and may often exert its effects through direct cell-cell contact.
CSF levels may not correspond to local tissue levels of TNF (6) In disease and trauma
states, TNF has been shown to cause white matter lesions. astrogliosis, and vascular
changes.)' " Taken together these data strongly suggest that TNF (and other cvtokines)
may mediate the bulk of CNS pathology. seen in AIDS.'

TNF is coded as a prohormone (26 kD) that can appear as a transmembrainc cell
surface protein that can be proteolytically clipped to the mature 17 kD form (I -7

amino acids).'" This monomer non-coval-rntly aggregates to a trimer. wNhich is bcievecd
to be the physiologically active species:" The amino acid sequence of TN: is highls
conserved amongst mammalian species (See Aggaiwal'" for a review ofl'NF structure)
Human TNF has no carbohydrate and has a pl of 5.3. A single disulfide bridge exists
between cysteines 69 and 101 The protein contains almost no a-helix and about
60% 0-sheet by circular dichroism. This is confirmed by the crystal structure, which
shows anti-parallel 0-sheet and a novel face-to-edge packing of these sheet, I[hc
sheets are organized in a "jelly-roll" motif characteristic of viral coat proteins Substantial
similarity is observed between TNF and capsid proteins from satellite tobacco necrosis
viruses (STNV) and foot and mouth disease virus (FMDV). [he three-dimcensionaIl
structure is also remarkable for a central "channel" that extends more than halt\sa\
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down the threefold axis of symmetry of the trimer. INF binds to most cells through
a single class of high affinity receptors (0. 1- 1.0 nM), although a second class of lower
affinity receptors is sometimes observed, I'NF receptors are homologous to NGF
receptors. P (or B) cell antigen, and Shope fibroma virus antigen:i Both [NF and
LT bind to the same receptor.x The primary sequences of TNF and 1.1 show about
28% identi,/ and 52% homology.- A remarkable feature of the TNF protein is its
ability to renature and recover partial activity after treatment with urea, SDS, or
guanidinium.

2
1

The ability of TNF to depolarize muscle cells suggested that the plasma membrane
might be a site of action of TNF.' TNF's effects on oligodendro.yte necrosis and
periaxonal swelling were also consistent with a change in cell membrane permeability.
Furthermore, in model membrane studies, TNF exhibited a pH-dependent ability to
insert into liposomes and to allow efflux of calcein. "" These studies. coupled with
the structural studies showing a potential channel down the threefold axis of TNF,- ..
led us to test the effects of TNF and LT on planar phospholipid bilaver membranes.
We report here that both TNF and LT can form pH-dependent ion channels, and
we suggest that these channels may play a role in cytokine-mediated cytotoxicitV.

METHODS

Solvent-free lipid bilayers were formed by the union of two monolavers across an
aperture separating two aqueous phases. We have described these techniques in detail
elsewhere." The formation of such bilayers was carried out in a l'cflonx chamber
with two compartments separated by a thin (30 pm) Teflons film with an aperture
diameter of 50-200 gm. Each of the compartments was connected by plastic tubing
to syringes filled with aqueous salt solutions. Initially, the level of solutions in both
compartments was raised up to a level just below the aperture. Then, a 1 solution
of lipid in hexane was carefully spread at the surfaces of the aqueous phases of both
compartments. A small amount of squalene (usually 20 pl of a 1 7 solution in pentane)
was spread at the partition between compartments. After solvent evaporation (I5-
20 min), the bilayer was formed by the gentle raising of the solution surfaces at both
compartments to a level above the aperture. Formation of the bilaver was verified by
monitoring its electrical characteristics (capacitance and conductance).

To monitor membrane formation, a triangular wave or square pulse of 10-20 mV
and 100 Hz frequency was used. At the time when the levels of solutions arc below
the aperture level, the capacitance response was very small. After the raising of the
solution levels above the aperture, the capacitance increases when monolavers are
opposed. Union of two monolayers into a bilayer is indicated by a sharp increase in
capacitance response. To measure conductance, a DC voltage of 100 m\ is applied
to the bilayer. Suitable membranes in these conditions showed a stable, voltage-
independent current of less than I pA for at least 10 minutes.

Preparation of TNF.containing Liposomes

TNF-containing proteoliposomes were prepared by incubation of liposomes with
recombinant human TNF at a low pH. L.iposomes were prepared as follows. len

I _
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milligrams of lipid (200 p)l of purified so 'ybean phospholipids in heXanC ~tJ a oflentra-
tnon of 50 mg/mI) was added to eachi \vial and then dried under a stream11 of nitrogzen
One milliliter of salt solution U 00 mMi~ NaCI. 10 mMA 1XLA- I ris, pf 1 4 5) was
then added to each vial 'The lipid-salr solution mixture was sonicated 15 min by
pulse-sonication. To the resulting liposome mixture, I pig of 'INF was added, and
then liposomes were incubated at 37 O(: for I hour. A control sample of' liposomes.
was incubated iu the same conditions but wvithout protein addition After I h of
inculiation at the low pHl both liposome samiples, were adjusted to pHi 7J5 b\ addition
of Tris from a 200 mMA stock solution.

Preparation of Membranes from Proreoliposomes

Formation of planar lipid membranes from proteoliposomnes was carried out usMniV
the method developed by Schindler.: I, Lpid mlonolayers were formed onl the air/salt
Solution inter-face using liposomes instead of a lipid/hiexane mixture. Monolayers wýere
formed from the disruption of liposomnes on the air/solution initerfaices. Proteolipo-
sornes were added to the cis. compartment and proteini-f rc liposýome \ were added to
the trans compartment After 30 min, monolayers were formed. Planar membrane,
were then prepared as described above by a gzentle raising of surtacc levels of both
solutions above the hole in the partition between the tsvo comipartmecnts.

Lipids

Soybean phospholipids (Avanti) or a/olectin (Signia. i - -ph(q)sphat id. slchol inc 11-.',
were used in the experiments. 'These lipids svere purified in tso stepsN from dit Went
cations and proteolipids bv the method of I abarca at at'ý and from neCutral and
oxidized lipids by the mecthod of Kagawa cite al. " Purified lipidN svere dissNolved in hexaine
to a concentration of 50 mng/mIl and stored at - 20'G. TO prevecnt oxidation, the
second step of lipid purification was re-applied evers' two xs ecks.

Electrodes

The measurement of the electrical llaraitcr of lipid lulayvers requires elecktrical
connection of the membrane to the recording equipment Silser-silver chloride eCIcý
trodes with or without agarbhridges (used for mecasu remnirts i n cond It lotw, of ass mmeIt mk
solutions) were routIinely used] Elctirode asmment ry \\as alwavys less, than 'I \

Recording Equipment

A Keithley 427 current amplifier was routinely used for jnicistrin4 nineliraite
current . A signal gene ratoir and oscisIl(loscoipe were cniipho * ed I() ion iit('to ril m brainle
capacuitace (usually only at the stag~e of bilaYer formation) 1 ypical caIpacitancesN sýCer
oif the order oif 0.8 plýcl " T/m.'he sotirce (if* DC voltage %% isN ba iters with s'oltii~u
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divider or a standard signal generator. For single-channel experiments requiring low
noise and high resolution, we employed a commercially available voltage clamp ampli-
fier (Axopatch IC, Axon Instruments, Sunnyvale, CA) with suitable head stage (CV-
3B). For data acquisition, a digital tape recorder and video cassette recorder allowed
recording of large amounts of data. A storage oscilloscope was used for monitoring
membrane capacitance and single-channel recordings.

RESULTS

Five to fifteen minutes after addition of TNF to one side of a lipid membrane,
the conductance increased by discrete steps. FIGURE 1 shows the current response of
a TNF-treated membrane to voltage. In the absence of TNF the membrane conductance
is ohmic and equal to 5-10 pS, and membranes are stable to voltages of + 140 mV
to - 140 mV. The side to which TNF is added is taken as ground; hence, voltages
correspond to the "cytoplasmic" voltage. The conductance induced by TNF is due
to formation of ion-permeable channels. Observed single-channel conductances are
heterogeneous, but can be grouped into two main classes, one centered at - 5 to 10
pS, and a second, larger class ranging from - 200 to 2,000 pS. The most frequently
observed event is 5 pS at a sodium chloride concentration of 100 mrM. Although
channels can form at pH 7.2, channel formation is dramatically enhanced by lowering
the pl I of the aqueous phase containing TNF."'

FIGURE 2 shows current fluctuations due to the presence of TNF in membranes
formed from proteoliposomes. These records demonstrate that TNF can readily fbrm
channels at pH 7.2 and that this method of reconstitution can reliably produce single
channels for recording. Since the incorporation of TNF into liposomes at acidic pH
has been demonstrated by photolabeling," there can be little doubt that these channels
are due to the presence of TNF in the membrane. Their properties (voltage dependence,
kinetics, ionic selectivity) are quite similar to TNF channels incorporated from aqueous
solution. Since membranes are more stable at pH 7.2, this enhances our ability to
record channels successfully.

S.. . . ~ ~20 s , , , .

FIGURE 1. Membrane current fluctuations induced b) 'vTNF A planar lipid membrane arjs formed
from ,oybean phospholipids Salt solutions contained: I0.mM NaI, 2 mM MgCl. 10'mM dmethl
Outaric acid-NaOi (pll 4.5) in the as side and 1 00 mM NaCI, 2 mM MgCir 10 mM Fris-HI
(pl I 75) in the trans side J = 220(1 Addition of 500-700 ng/ml of 'INF to the mcembranc resulted
in the formation of channels with conductance approximately 5- 7 pS More rarl.h, Current transitions
(channels) with condittances 0 I -1 nS wcrc observed (data not shown)
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FIGURE 2. Ion channel conductance transitions of a lipid bilaver formed from TNF-containing

proteoliposomes. For formation of the planar membrane on a 150 pAm hole in the Teflons film.

two lipid monolavers were used: a monolayer formed from TNF-containing azolectin liposomes on

one side and a monolaver formed from pure azolectin liposomes on the other side Membrane voltage

was +40 mV Symmetric salt solutions contained 100 mM NaCI. 10 mM DGA-Tris. pH 7

We recently proposed that the observation of channels with a variety of single-

channel conductance amplitudes might be a result of TNF-trimer aggregation in the

membrane."5 Therefore we tried to find the conditions under which TNF might he

disaggregated.

To accomplish this we added TNF together with a low concentration of the

nonionic detergents Triton X- 100 or octylgiucopyranoside, or used high salt concentra-

tions in the aqueous solutions. Addition of 0.1-5.0 ptg/ml of detergents (at this

concentration the detergents do not change the electrical properties of lipid bilavers)

did not change the channel-forming activity and amplitude distribution of observed

TNF channels. Incorporation of TNF into membranes at I M NaCI also revealed a

wide distribution of amplitudes with peaks at 10, 50, 80, 160, 320, 360, 500 pS and

2.2 nS approximately (FIG. 3). Whether these peaks represent multiple conductance

states of a channel or multiple molecular species is uncertain.

Addition oflymphotoxin (LT or TNFI3) to the lipid bilaver also results in formation

of ion channels. FIGURE 4 shows the macroscopic currents indi,,d by I 1 in a planar

lipid bilayer. Note that the conductance increases at (trans) positive voltages and

decreases at negative voltages. These recordings were made in conditions of a pli

gradient (LI side: 4.5/trans side 7.2). In symmetric pH conditions, the voltage depen-

dence is much less apparent. FIGURE 5 shows current fluctuations due to single channels

of LT. Note that the predominant size of 6 ± I pS is very close to the single-channel

conductance of TNF under these conditions. As with TNF, larger conductance steps

can also be seen at later times after addition, suggesting a possible aggregation of I1

in the membrane.1 "
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FIGURE 3. Amplitude distribution histogram of ion channels tbrmed by TNF" in azolectin mem-
branes at high salt concentrations. Solutions with asymmetric pli contained I vi Na(', 2 m.M
MgCI.l, 10 mM DGA-NaOHI, pH 4.5 in the cis side and I M NaCI, 2 mM MgCI,, 10 mM Tris-H(I.
pH 7.5 in the trans side. TNF was added to the as side to a concentration of 500-700 ng/mI. Data
from six experiments were used. The number of events is 324.

DISCUSSION

The following data support our conclusion that channel formation is intrinsic to
TNF and LT. First, in the absence of added TNF and LT. no channel activity is
observed. Second, three separate, highly purified preparations of TNF and LT (recombi-
nant human TNF from Genentech, recombinant human LT from Genentech, and
natural human TNF from Calbiochem) produced similar channel activity. Third. bod-
ingTNF for 5 min, which eliminates biological activity, also eliminates channel-forming
activity. Fourth, channel activity is greatly enhanced by low pH. This is consistent
with reports showing that membrane insertion" and permeabilization" "' increase
at low pH. Although our results seem to contrast with those of Young,4 who found
no effect of TNF on lipid membranes, we should point out that his experiments were
not performed in the presence ofa pH gradient, a requirement for optimal TNF channel
activity that is highly reminiscent of findings with diphtheria toxin." Furthermore, his
membranes contained cholesterol, which renders membranes more rigid and may
inhibit protein insertion.

Despite intensive study, the cellular mechanisms of action of TNF remain unclear.
No enzymatic activity has been identified, and some evidence suggests TNF must be
internalized to act. Other evidence suggests that cell surface TNF receptors can mediate
the action of TNF. Although TNF receptors are necessary for cells to be sensitive to
TNF, there is no direct correlation between the number of receptors and the sensitivity)
After binding to the receptor, TNF is internalized and degraded.

Several lines of evidence implicate a role for membrane damage in TNF action.
(1) A degradation product of TNF secreted into the medium is lytic for liposomes."
(2) TNF can release calcium from liposomes of pH < 5." (3) TNF can induce lysis
of internal membranes." (4) Acidic phospholipids can increase the ability of TNF to
lyse liposomes." (5) TNF can increase the calcein permeability of negatively charged
liposomes at pH 5-6 and even neutral liposomcs release calcium when treated with
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FIGURE 4. Potential dependence of the lymphotoxin-induced steady-state current Lymphotoxin
was added to a final concentration of 2 girg/rl. The figure deemonstrate, that at negative membrane
potential ( - 100 mV) lymphotoxin-induced membrane current decreases, After application ot positive
voltage (+ 100 mV) current again increases to the original level.

TNF at pH 4.5.' This correlates well with the increased hydrophobicity of TNF as
measured by ANS fluorescence. 9 Other groups have -also observed that TNF can
insert into liposomes without causing efflux, and that this insertion is pH dependent."
(6) A TNF mutant with poor toxicity to 1.929 cells also fails to cause calcium efflux
from liposomes." It has also been observed that TNF leads to internucleosomal DNA
cleavage and that inhibitors of ADP-ribosylation block TNF toxicity.v " These investi-
gators noticed the similarities between the cell killing induced by TNF and by diphtheria
toxin (DM), which has been found to form channels in lipid bilaversY" and in target
cells. DT and TNF both lyse cells in a time- and concentration-depcndent manner,
bind to cell surface receptors, and are then endocytosed. This leads to an apoptotic
cell death with early DNA fragmentation, and the toxicity of both proteins can be
blocked by ADP-ribosylation inhibitors.'

Although the above data demonstrate convincingly that "'JNF and L]T can torm
ion-permeable channels in lipid membranes in a pH-dependent manner, the question
of whether these channels are relevant to the action of TNF in vivo remains. Addition
of TNF to human U9 37 histiocytic lymphoma cells rapidly increases ::Na' uptake
by approximately 100-300%, in the presence or absence of ouabain. The simplest
explanation for this enhanced Na* uptake is a direct permeabilization of the target
cell membrane by TNF.1 9
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FIGURE 5. Current fluctuations of a planar lipid bilaver induced by one-sided addition of lyvmpho-
toxin (TNFP or LI). The membrane was bathed by salt solutions with asymmetric pH (as lO0
mM NaCI, 2 mM MgCI, 10 mM DGA-NaOH, pH 4.5; trans:l00 mM NaCI. 2 mM MgCI:. 10
mM Tris-HCI, pH 7.5). Holding potential was + 120 mV. LT was added to the solution %%ith lower
pH (cs side) to a final concentration of 600 ng/ml

It is noteworthy that the three-dimensional structure of TNF shows striking homol-
ogy to that of several viral coat proteins,"9 including the influenza hcmagglutinin HA.
which displays acid-dependent membrane fusogenic activity. This saggests a possible
role for the "jelly roll" motif in facilitating acid-dependent membrane penetration. Our
results raise the further possibility that acid-facilitated conformational changtes and
subsequent membrane penetration may allow the central "channel-like" region of the
TNF trimer to assume an "open" state.

Channel formation by TNF would explain the rapid decrease in resting membrane
potential in skeletal muscle observed by Tracey et al., the increased cellular Na and
water levels seen in endotoxic shock," and the myelin dilatation, oligodendrocyte
necrosis, and periaxonal swelling seen by Selmal and Raine." Channel formation in
an internal membrane might explain the inhibition of mitochondrial energy transfer
caused by TNF.49 The presence of TNF-specific receptors on the plasma membrane
might compensate for the relatively low channel-forming activity of TNF seen with
planar membranes at neutral pH (e.g.. by facilitating membrane insertion), localized
acid pH effects are also possible both intracellularly (e.g., in endosomes) and extracellu-
larly (e.g., near activated macrophages and osteocdasts).

The cytotoxic effects of TNF and LT could be explained quite simply b\' channel
formation. The presence of these channels in the plasma membrane of target cells
could induce efflux of vital intracellular ions such as K' or Mg- -.. ' Altcrnativl\(.
an influx of toxic elements such as Ca2 " could occur through an ion channel. Determina-
tion of the precise mechanism of killing must await further studies.
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The pH dependence of channel formation may be relevant to the multiplicity of
actions of TNF. Entry into an acidic endosome may induce TNF to form channels
with altered voltage dependence and may have a different effect on the target cell
than channel formation at the plasma membrane. Alternatively, channel formation
may be related to entry of TNF into the cytosol as is the case for diphtheria toxin."
Finally, it must be considered that channel formation may represent an epiphenomenon
that reflects the ability of TNF and LT to insert themselves into membrane environ-
ments under appropriate conditions.
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INTRODUCTION

Several years ago, molecular biology clarified the amino acid sequences of rhodopsin.
transducin, phosphodiesterase, and ion channels involved in phototransduction of
vertebrate photoreceptors.' According to the accumulated data, we can visualize how
the received signal is transmitted from rhodopsin molecule to ion channels. The photo-
signal is initially received in the I I-cis retinal molecule, which binds basically to Lys- 306
in the seventh helix of opsin. The helix VII is considered a principal region for photore-
ception along with helix It. The photoisomerization of retinal induces isomerization
of X-pro, which is involved unusually in the helix structure. This isomerization will
induce a large change in domain structure, which is composed of three cytosolic loops
and some peptides involved in the C-terminal. This structural change will activate the
G-protein. When the G-protein is associated with an activated rhodopsin, the binding
constant of this protein to GDP is lowecrd and its affinity to GTP is increased. Thus
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GTP-GDP exchange interaction occurs on the G-protein molecule When GIP binds
to Gt the complex is divided in two. One part is GTP-Ga and the other is (Gy,
thought to remain in the membrane. GTP-Gax becomes free from the membrane
aad can activate phosphodiesterase (PDE), which is composed of three subunits (P,.
P5, and P,). It is estimated that an activated single rhodopsin can produce more than
500 GTP-G,a. The signal-carrying complex molecule GTP-G,a will bind to P, (01
kD) of PDE and remove this smallest subunit from the others. By this process, PDE
is activated and it hydrolyzes about 500 cGMPs to 5-GMPs. The hydrolyzation of
cGMP will close ion channels and a hyperpolarized response is generated. FIGURE 1
illustrates this admittedly oversimplified model for information flow of vertebrate
photoreceptor. This model does have some problems to be solved. One problem is
how a large protein molecule such as Ga could move freely in the cytosol and hit
exactly a target molecule, Py. This is very unlikely. Another problem is more serious
because this model uses a negative second messenger, whose diffusion constant may
be far less than that of a positive messenger. If we use a negative messenger system,
we can not explain sufficiently the time resolution of photoresponse. Therefore there
is still a possibility that the model will change again.

In the case of the photoreceptor system of invertebrate signal, the mechanism might
be more complicated. In 1985, we found that phospholipase C, which hydrolyzes
phosphatidylinositol (PI) and phosphatidylinositol 4,5-bisphosphatc (PIP,), As essential
for photodetection in Drosophila eye when using a visual transduction mutant.') Alan
Fein and his collaborators, however, found that inositol 1,4, 5-trisphosphate (IP0.
w.hich is a hydrolyzed product of PIP,, is not involved in the phototransduction
process.' Many researchers tried to solve this contradiction but failed. Furthermore, the
response time of the invertebrate photoreceptor (for example, Drosophila) is estimated at
less than several ten Jasec (unpublished data). To make clear the complicated phenom-
ena, we focused our attention on the characteristics of PIP, molecules and developed
a new model to explain these contradictory results. The situation described above
tells us that a totally different approach is needed to understand the actual mechanism
of signal transmission in the invertebrate visual cell. Before proposing a new model
of signal transduction in invertebrate photoreceptor, we would like to introduce "en-
tropy," a fundamental concept to help consider information transmission from receptor
to ion channel.

THE GENERAL THEORY FOR SIGNAL TRANSMISSION
IN BIOLOGICAL SYSTEMS

It has been believed that any type of signal transmission can be explained by
information theory, which was developed about 20 years ago. This established concept
was successfully applied to genetics and neuroscience. In the case of neuroscience, the
information theory was applied to the central nervous system (CNS) to analyze the
information capacity of nerve fibers, information processing in CNS, and information
transmission from endolympha to basilar membrane.' The concept can be expanded
to determine the role of macromolecules in information transmission inside a cell
Here we would like to propose an information transmission model at the cellular
level, focusing on the flow of entropy.
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The Relationships between Information and Entropy

In 1949, Shannon proposed a new formula describing relationships between the
information quantity of a sentence (I) and the appearance probability of letters (P),"

I = -logP. (1)

This equation corresponds to the definition of entropy

S = -klogP + Const. (2)

where k is Boltzman's constant and P is probability of general definition. On the basis
of the results accumulated by many researchers, the close correlation between entropy
and information transmitted in biological systems can be understood by two theorems:

(1) According to the information theory and the Boltzman formula for entropy,
a quantity of information of the molecular system in a physical unit represents an
entropy reduction in the system caused by the receiving of the information.

(2) According to the second law of thermodynamics, entropy production in the
process of receiving information always exceeds the entropy reduction mentioned
above.

Thus we can say at present that information and entropy belong to the same
category. Now we have established the theoretical base to use entropy instead of
information. In the following section we will discuss entropy flow inside the cell.

Entropy Flow in the Cell

Firstly, we would like to point out that the cell has a metabolic system for entropy.
Therefore, emitted entropy (S,,,) produced at the time of signal reception awavys
exceeds entropy absorbed inside of the cell (S,,,,). Therefore, the thermodvnamical
state of the receptor at the time of signal reception might be "negative entropy."
Secondly, we would like to indicate that entropy is transmitted unidirectionally. In
this case, the signal is propagated from one molecule to another one by conformational
change of the molecule, just like a wave. Attention should be paid to the fact that
entropy is not carried by moving molecules, but by the change of molecular state
(FIG. 2).

METHOD OF SIGNAL TRANSMISSION BY ENTROPY CHANGE

As mentioned above, the received signal was transmitted from receptor to io'
channel by the conformational change of signal molecules, as if it were a wave. Three
different methods are remarkable for such entropy-type signal transmission: conformna-
tional, membranous, and concentration methods.
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S =Kin Z. (3)

where K is Boltzmann constant and Z Is the numnher of microscopic mole1cular starevS
If we consider a single protein molecule and comnpare Solid and l1(uid States. \%e can
show that entropy of protein in a solid ,tate is greater than that in a liquid state

where R 'is gas constant. When the protein miolecule is dissolved and amnino acid
residues are moving freely in thle solution, and if\we assumeI1 each amino acid has 3e

different configurations, the value of entropy oit an amino acid IS ca1Lculated as S=
Pln 36 = 7.2 e~u. (e~u. = cal/mnol -deg~ A ctuadll\ In the native state, the amino ac~id
may, have only two different States, cis and trans, here thle valuec of entrtopv night he
S = Rln2 = 1 .38 c~u. In the case of phosphorylation and dephospli trylat ion, ma
have considered two amlino acid residues. serine and threoninfe Then we iget S
Rln4 =2.75 euI. IhuIs, protein can transmit entropy bv cinftormational chanve
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The Entropy Transmission by Change in Membrane Structure

When phospholipase C hydrolyzes the acidic phospholipid molecule PIP. in the
inner leaflet of the membrane, negative charges associated with phosphate group are
removed from membrane surface in the form of IP, and drastic disturbance of mem-
brane potential will occur.- This disturbance will be propagated on the membrane as
if it were a spin wave in magnetic materials. This spin wave-like information wave
packet may always have large decaying time constant, so that the disturbance can not
propagate for a long distance.

The Entropy Transmission b, Concentration Change

The second messenger system can also be expressed using entropy theor.. WVhen
cAMP is used as a second messenger in a cell system, the concentration change might
be twofold. The entropy change must be S = - G/T = -(-R'1n2)/T = Rln2 =

1.38 e.u.. where G is free energy given as

G = Riln [concentration of second messenger before stimulation/
concentration of second messenger after stimulationl.

If Ca is used as a second messenger, the concentration change of Ca by the stimulation
must be generally around tenfold. Then the entropy change will be S = RnlO =
4.35 e.u. Therefore, it is concluded that Ca is a more efficient second messenger than
cyclic nucleotide.

ONE-WAY DIRECTIONAL INFORMATION TRANSMISSION
FROM RECEPTOR TO CHANNEL

If a molecule is involved in information transmission, the molecule will change its
thermodynamical state (FIG. 3). This is referred to as an entropy cycle. In this figure.
the entropy change in process()will be written as

A S, = S,-S. = S (X24Z) - S (XZ,), (6)

when variable x or z changed, the entropy change by this process is expressed as

AS + AS;
AS + AS,

The order of each entropy is A S, :5 A .' When A S, z__ 0, the entropy is transmitted
freely in one direction.

If we accept the idea that a signal is propagated in the living cell in the form of
entropy, heat production or temperature change must be associated with the transmem-
brane signaling process, because signal reception may cause an entropy change in the
receptor system. Simultaneous changes in mechanical structure of signaling molecules
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FIGURE 3. Cyclic change of entropy of signal-transducing molecule S. entropy o•t the molecular
system. o, inlet or outlet of entropy, x and z variable describing molecular state

and in concentration of the second messenger and membranous physical wave gzenera-
tion will be discussed in the following sections, independently.

Hear Production in Squid Retina in Response to Light

In 1985, Tasaki and Nakave reported that exposure to a brief light pulse evoked
a rapid increase in the temperature of the dark-adapted squid retina. The amount of
heat generation was far greater than that associated with the stimulating pulse itself'
Using a pyroelectric heat detector made with polyvinvlidene fluoride (PVI)F) film,
they observed the thermal response of a slice of the dark-adapted squid retina. With
a brief pulse of light, a fairly rapid increase in temperature was observed approximatelY
20 msec after the onset of light pulse at 20'G The rate of temperature increase
reached maximum value about 90 msec after the onset. I'hese thermal responses.
however, disappeared when glucose was removed from the incubation medium or
when an oxygen-utilization inhibitor, azide or cyanide, was added to it. These results
suggest that ATP and/or phosphorylation is essential for heat production. The reason
for the ATP requirement in the phototransduction process will be understood later
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by the consideration of the importance of the PI cycle in the retina. When P1 turnover
is blocked by the addition of any kind of inhibitor, octopus retina could not generate
receptor potential.

Involvement of Phospholipase C for the Drosophila Photoresponse

Involvement of phospholipase C (PLC) in the Drosophila photoresponse was estab-
lished in our laboratory using a visual mutant, norpA. ' " The PLC was localized in
Drosophila retina and hydrolyzed PIP, as well as PI. The enzyme was associated with
the plasma membrane and it was sensitive to pH and Ca. A degree of defect in PLC
activity was found to be in parallel with the size of electroretinogram (ERG), which
corresponds to receptor potential. especially in fly."' This parallelism was confirmed
using a temperature-sensitive allele of norpA mutant, K050.' K050 showed normal
photosensitivity when kept at 18°C, but the sensitivity was lost at 280 C or more.
If the involvement of PLC in phototransduction is correct, PLC activities in K050 alleles
kept at different temperature must show different enzyme activities.This prediction was
completely verified.

Initially our findings were thought to support the idea that IP; might be a second
messenger in the invertebrate photoreceptor. Actually Szuts et al. measured IP, forma-
tion on a rapid time scale in squid retina.'' Before the findings on the concentration
change in IP, by light flashes, Fein et al. reported that IP, injected into Limulus
ventral eye photoreceptor cell, R-lobe, showed the production of a discrete wave of
depolarization and a burst of waves, which have a similar waveform to the quantum
bumps that are evoked by a single photon. These findings suggested that excitation
and adaptation by injected IP; are mediated by a rise in intracellular Ca.' However.
the idea that IP,-induced intracellular Ca release causes visual excitation is problematic.
The dilemma is that whereas ECTA blocks excitation by IP, it does not block the
light response. Therefore, another as-yet-unidentified transmission system should be
considered in the molecular mechanism of the invertebrate photoreceptor.

PIP2 Breakdown May Cause Photoresponse in Hermissenda Photoreceptor B Cell

Considering the above description, the following two contradictory results may be
true for phototransduction mechanism in invertebrate photoreceptors. (1) PIP 2-specific
PLC is necessary for the production of photoreceptor potential. (2) IP,, the hydrolyzed
productof PIP,, is not necessary for the generation of photoreceptor potential.

To construct a reasonable model that can explain the above description, we would
like to demonstrate a novel idea: destruction of ionic equilibrium across membrane
or the abrupt change in membrane potential. In general, phospholipid composition
of the inner leaflet of the membrane is a mixture of Pl, PS, PE. and PIP,. Although
the content of PIP, in the membrane is very low (less than 1%), the effect of IP;
release from the membrane should be quite large, because IP, has five negative charges
in neutral pH. If we neutralize these negative charges with positively charged material,
nothing will happen by photostimulation, To confirm this idea we injected neomycin,
which belongs to the aminoglycosidc complex, and spermine. belongIng to polyamine.
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FIGURE 4. The proposed mechanism of'photoreception li) invecrtebrate photorece:ptor PA.ph,
phatidic acid; Pl. phosphatid 'linositol; PIP. phosphiatidel inositol 4-nti miphin sphate. PIP phospbat i-
dylinositol 4,5-bisphosphate, DG, diacyllvdcerol; VP. inositol 1.4. 5-trisphosphare. AiP. charce( In
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into Hermissenda photoreceptor B cell."'' For comparison. isohuLtvlmiiethv.lxanItltnel
(IIBMX), which is known to suppress P1 cycle,'" and manoalide, %%hich is an Inhibitor
to PLC activity, were also examined. When IBMX and neomvcin, was injected indepen-
dently, photoresponse was almost suppressed and recovered grad ually. Ihei spernmne-
injected receptor showed partial suppression in photoresponse. W\hen we examined
manoalide, results were found to be inconsistent: occasionall1y the response was reduced
largely, but sometimes the responses were increased, conversel. 1(1 explain these
physiological data, we examined the effect of marioalicde (in PI.(. activitY bliolieinticalls\
It was found that the effect of manoalide and its concentration had an in\ erse relation-
ship. The order of the effectiveness of the inhibitor wvas tound to be neonlYcin>
spermine > IBMX > manoalde. TIhese results Suggest that membrane poiteniia] should
be changed totally by the release of a negative charge from the inner surface of the
membrane. The voltage-sensitive ion channel can thus lie opened li 'v the reduction
of membrane potential. [he diagram of the mechanism is shown in t1i;t Ri 4
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CONCLUSION

By introducing the physical concept of entropy, we proposed a novel model of
phototransduction for invertebrate photoreception and demonstrated it experimen-
tally. What is the advantage of the introduction of entropy, Firstly, we can point out
that entropy, can be propagated unidirectionally. Secondly, entropy is transmitted three
different ways: conformational change of protein molecules, structural disturbance in
membrane (phospholipid) molecules, and concentration change in second messengers.
The conformational change in protein molecules is the fastest, while the second mes-
senger system is the slowest (diffusion constant of second messenger is estimated as
D = 7 x 10' cm 2/sec). We can select the most plausible model among these three
models based on the response time.

The greatest advantage of the introduction of entropy is that we could establish
the physiological significance of the measurement of heat production associated with
the signal reception. According to the law of entropy, heat generation coupled with
signal reception can be predicted theoretically. However, no one succeeded, except
Tasaki and Nakaye, because of the poor time resolution and sensitivity of thermodetec-
tots. Now we are ready to introduce the entropy concept for photoreception as well
as signal reception in general.

It is likely that signal transduction thermodynamics will be a major step after
molecular cloning of signaling molecules.

REFERENCES

I. HARA, T., Ed. 1988 Molecular Phyvsiology of Retinal Protein. Yamada Science- Foundation
Osaka.

2. YosmoKA. T., H. INOLI & Y HorrA. 1985.J Biochem. 97: 1251-1254.
3 INoUr, H , T YOs1i1OKA & Y 1to0 A 1985. Biochemn Bioph\s. Re Commun 1;2: 'iS-

519.
4, FN, A., R. PAYNE., S %V( CORSON, \I. J. BERRIDGt & R F1 IRvINt 1984 Nature 311: 15"-

160.
5. flAI.ZMi.I ER, W. 1981 Information in Biological System [he Role of .Iacromoleculeý ('am-

bridge University Press. Cambridge

6. SHANNON. C. E. & IW'. WEAVER. 1949 The Mdathientatical Iheorvof 0Communicarion Un'ler-
sity of Illinois.

7. YosiHiOKA, T. & H. SLzt/,I. 1989. Biosignal Trainsduction Mechanism 12-1 ; Springer-Verlac
Tokyo.

8 TASAKI, T. & T. NAKAYL. 1985 Science 227: 654-605
9 "OYOS114MA, S . N M\4ii '- , P WANG. , I\ I I NO('ti. F \O,,iiOK.\ NI o I I.-\& I 01. \%%

JiOo. J. Biol( Chem. 265: 14842-14848
10, lionA, Y. & S. BEN7F/R 1970. Proc Natl. Acad. Sci. USA\ 67: 115o6-1165
II. Sznis. 1 Z., S. F. Wooo, \4 J RFID & R. F, IRviNt. 1986 Biochem j. 240: 929-9,12
12. SOKARE \A., J. I|IAVASE & K NIYAMOo. 1982. Proc Jap Acad. SSB 177- 18(
13 NoMi kA, K., K. IIAR.SF, K. WAIANAB1 &, \ SOKARE 1990 J .Menibr Biol 115:241-2 1
14 YosHIiOKA, 1-. i INotUE. %A. 'I AKN(,i. F" 1 IAAsMs & I) ,\MKA\% A 1983 BiocLoh Bio1) hNV

Acta 755: 50-55.



A Sodium Channel Model

CHIKARA SATO AND GEN MATSUMOTO
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Tsukuba, lbaraki 305, Japan

The complete amino acid sequence of an invertebrate sodium channel was pre-
viously determined by cloning and sequence analysis of the complementary DNA of
the squid Loligo bleekeri.' This, together with other findings obtained for vertebrate
sodium channels, has made it possible for us to elucidate the structural organization
of the sodium channel with respect to its functions of voltage sensing, activation, ion
selectivity, and inactivation. This could be carried out partly because the sodium
channel was well studied in the electric organ of the eel Electropborus electricus and the
rat brain (see papers in this book by Catterall, Noda and Imoto for review), but also
because the squid sodium channel, as compared with vertebrate sodium channels.
retains a rather short sequence length of 1 522 residues, corresponding to approximately
three-fourths of the sequence length for rat sodium channels. In spite of their simplicity.
amino acid sequences for the squid sodium channel closely resemble those for vertebrate
sodium channels, especially for the segments of membrane-spanning portions S2, S 3.
S4, and of the linker between S5 and S6 (S5-6 region).' Furthermore. we adopted
the assumption that all transmembrane segments S 1 -S6 form 3 ,,-helices, not Ct-helices.
In the 3 rhelix S4 segments, the charged side chains are clustered largely on one side
of the helix. Together with this assumption, the charged residue configuration in S I
to S6 segments for the respective domains led us to the conclusion that the octagonal
structure illustrated in FicaRu I (a and b) correctly represents a sodium channel structure
in which the S5-6 regions stably interact with the inner surface of the core pore
formed by the S4 and S2 segments. In the resting membrane state, the tips of S5-6
remain at the positively charged sites of S4 nearest the positions where the negative
charge residues of S2 are located (FIG. I, c and d). In our sodium channel model, the
S5-6 region serves the three principal functions of ion selectivity, voltage sensing,
and activation. The S5-6 regions, negatively charged as a whole, are capable of sensing
membrane potential, resulting in voltage-sensor function. The negatively charged sites.
together with the size of the pore formed by the four S5-6 regions, enable selection
of ions passing through the S5-6 pore.' When the membrane is depolarized, Si-b
can slide through the guiding pore formed by S4 and S2 to the cytoplasmic side (FiG
2,c). This sliding is energetically favored by linearly aligned, positively charged sites
of S4s (FIG. 1,f). In the resting state, the guiding pore is kept closed by the C-terminal
segment from the cytoplasmic side (FR; IGe-c; FIG. 2,a). When the tips of the S5-0
regions approach the cytoplasmic side upon depolarization, the C-terminal is repelled
by the electrostatic interaction between the tips of the S5-6 pore and the C-terminal.
the C-terminal is also directly repelled by the depolarized potential. In this way, the
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FIGURE 1. Schematic illustrations of our sodium channel model. The otagonal topolog" of trans-

membrane segments SI1-$6 and the S.,-6 regions for the domains I-FIn is show n from the extracellular
side (a) and from the transmembrane side (b). Note that the domains form a cirle in the octagonal
structure in the sequence of IV-"IV I-IlII instead of that of I-N1II'Ii'-I proposed by Noda et
at. in 1984 (Nature 312:121 -127), Resting configurations of the $5-6 regions and C- and N-terminals
are also illustrated as cross sections along line ct (c) and line j3 (d), where segments (I and 1I) and

•' (III and IV) are viewed, respectively. Resting configurations of the II-1I and Ill-IV linkers, anti N-
and C-terminal regions are shown from the cytoplasmic side (e). Positive and negative charges of the
(II4 and M2 segments, respectively, are exposed on the inner surface of the guiding pore (see text) as

shown in (M.
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FGR2.Schematic illustrations of the proposed tertiary structure model ot the sodiumn channel
corresponding to the resting (a). activated (c), and inactivated (d) states [he tipper and low~er pictureN
in (a), (c) and (d). represent the transrnemhrane and intracellular side %views of the channel. respectivel \
The illustrations (b) and (e) represent transitional configurations betwecen (a) and (c) and beCtwe en
(d) and (a). respectively.

sodium channel is activated (FIG. 2,c). The Ill-IX' linker, which has been understood
to play a crucial role in inactivation (see Cattcrall in this volumne for rev-iew%), covers
the C-terminal from the cytoplasmic side in the resting state (FIG. Ixe and (t FIG. 2.a).
Synchronously with the activation, the III-IV linker moves away from the channel
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pore (the S5-6 pore) together with the C-terminal (FIG. 2,c). However, the III-IV
linker in this configuration (FIG. 2,c) is unstable, both electrically (since negative charges
of the S5-6 tips are exposed on the cytoplasmic side, the tips attract the Ill-IV linker)
as well as elastically, and the linker eventually reverts to its original configuration (FI,.
2,d). Thus, the sodium channel is inactivated.

The present model was developed mainly by dctermin;-g the configuration with
the least electrostatic energy, when we assume that all transmembrane segments form
3 w-helices. This model of ion selectivity, voltage sensing, and activation is consistent
with other experiments employing site-directed mutagenesis, as reviewed by Noda
and Imoto in this volume.
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INTRODUCTION

Familial hyperka-lemic periodic paralysis (HvperPP) is a dominant genetic disease
characterized by transient attacks of muscular paraly'sis. Attacks can bev precipitated
by rest after exercise or potassium intake. Serum potassium level may elevate during~
the attacks. A candidate gene approach has been used to define the molecular basis
for the human inherited condition. T'hc disease has been found to be caused by point
mutations in the adult muscle sodiumn channel gene on chromosome I ~q. It Is the
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(japan. K.A), the Ministrs' of E~ducation. Science and Culture (japan. K .\). Nationail Institute of
Health (16.S A.ý ERlI ), and the Muscular DyNstrophy Association (V6S A , F P 11

'Address correspondence to Kiichi Arahata. M I) IDepartmeint (of Neuromosutulair Research.
National Institute of Neuroscience. National Center of Neurology and Pss~taia r 4-1Il Ogasa-
htga~shi, Kodaira. lokyo I197, japan
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first genetic disease attributable to mutations of voltage-sensitive ion channels.' ' We
examined two Japanese HyperPP families using a novel application of the ligase chain
reaction (LCR) to detect the previously identified point mutations (Thr-,, to Met and
Met,•l2 to Val) in Caucasian HyperPP patients.

CLINICAL CASES

Patient I

A 19-year-old female (FIG. 1, A) had the first episode of paralytic weakness at 3 years
age, characterized by generalized muscle weakness involving facial and pharyngeal

,uscles. Myotonia was not noted. Attacks were provoked at rest or sleep after exercises.
Excessive sweating occurred prior to the episodes and serum potassium was elevated
(TABLE 1). Acetazolamide treatment reduced the severity and frequency of the attack.
The symptoms get worse before menstruation. Muscle biopsy showed myopathic
changes with tubular aggregates. Her father was similarly affected since 12 years of
age. He still feels slowness ot movement after prolonged sitting on the floor. The
patients had no thyroid dysfunction.

Patient 2

A 30-year-old man (FIG. 1, B). He noticed first paralytic attack at 16 years of age.
characterized as generalized muscle weakness and dysesthesia in hands and feet. Serum
potassium level was elevated during the attack (TABLE 1). He had grip mvotonia and
myotonic repetitive discharges. An attack is provoked by exposure to cold, rest after
exercise, fasting, and oral administration of 5 g KCI. He was clinically normal between

(A) Family of Patient 1.

II

(B) Family of Patient 2.

II

III
/

FIGURE I. Pcdigrcc of families.
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attacks. Acctazolaniide treatment aholished the attack. 'lb vrold function %%as normal
Six other family members were similarly affected (Fi;, 1 B).

DNA ISOLATION AND LCR ANALYSIS

DNA was isolated from whole blood. PCR and LCR (liga~se chain reaction) primers
flanking the target regions were synthesized from the cDNA sequence foir the skeetal
muscle sodium channel alpha subunit, and LCR analysis (20 cycles at 940(C for I
mmn, then 65 0 C for 4 min) was done as described.'

RESULTS AND DISCUSSION

Patients in the first HyperPP family had the predicted Thr-.4-to-Met mutation
(C-T transition) of the skeletal muscle sodium channel alpha subunit, but no mutation
was identified in the second Japanese family. Although both Japanese families had
characteristic clinical features that can be observed in "adynamia episodica becreditadia"
or primary HyperPP. Patient 2 in the second family had atypical findinigs 1.kith sno
abnormality during the attack, and the attack was provocative by cold exposure. l'huý,
both genotype/phenotype heterogeneity exist in Japanese HyperPP families.
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Tetrodotoxin (TTX) selectively blocks sodium channel in excitable membranes.
The puffer fish is thought to have TXX-resistant sodium channels, resulting in tolerance
to the toxin in spite of its high accumulation in the tissues.' To clarify the exact nature
of the sodium channel of puffer fish, we cloned the channel eDNA from Fugu rubripes
rubripes (Tora Fugu in Japanese).

cDNA library was constructed in Xgt 10 vector using poly(A)' RNA isolated from
the fish brain. Twelve partial cDNA clones were isolated, which were classified into
three types (pfBNa 1, pfBNa2, and pfBNa 3) after compilation of the sequences. pfBNa2
directed the C-terminal 1717 residues of the channel peptide, while pfBNal encoded
the 530-residue sequence corresponding to the N-terminal portion of the peptide,
Overlapping sequenccs of these two peptides differed from each other in the connecting
loop between putative membrane-spanning segments 5 and 6 of the repeat I among
four homologous repeats in the channel peptide' (FIG. 1). ptBNa2 lacked a 14-residue

FIGURE I. Comparison of amino acid sequences for the regions between putative mniembrine
spanning segments 5 and 6 of four internal repeats in various sodium channels Ill. repeat 1, till.
repeat II; 11111, repeat Ill. l|VI repeat IV pfBNal, puffer fish brain channel 1, pfBNa2, puffer fish
brain channel I11 hliNal, human heart I'X-insensitive channel'. rMNa2, rat heart and skeletad
muscle T"X-insensitive channel'; rMNa , rat skeletal muscle TI" -sensitive channel'. rBNa I. rat brain
"[TX-sensitive channel V"; rBNa2, rat brain Erx-sensitive channel 11', rBNa3, rat brain lIlX-sensiti\c
channel 1W. Sets of identical residues are enclosed with solid lines. Gaps (- - -) have been inerted
to achieve maximal homology. The membrane-spanning segments 5 and 6 in each repeat. I to IV
are indicated below the alignments. Short segmental domains, SS I and SS2, in each connecning loop
between the segments 5 and 6 are also indicated. The 14-residue deletion found in the l'lX-insnsiti\sc
sodium channels is shown above the alignments

"To whom correspondence should be addressed
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segmnit iH the N-tcrmiri:d. part ot the coninecting lof)p, which i,, eXpected 1o .CI\end
outward fromT the membrane surface. lhe reported ITX-ins'nshii(: odium ohannel-,
ot rat skeletal musleS' and human heart' a.so had deletions in the ,samc position Ih,:
FII-binding site was predicted from the sit, directed mutagenesis studil's to lic in
the seven-residue segment in the SS2 domain of the connecting loop n the repeat I

(I QD(AVER in the rat hcart TIX-inscnsitivc channel) Howevecr. the sequence for

the secen residues of ptfBNa2 of pul)r fish is JQI)Y,''EN, which is the same as those
of TlX-sensitive rat brain channels.' Therefore, it seems difticult to accpt that the
SS2 domain is responsible tor the TIX resistance.

Northern hiot anal 'sis was performed with poly(A) RN.,\ isolated from the tslh
tissue using the cloned eDNA as a probe. The results indicated that the hrain containcd
a mixture of mRNA with lengths ranging from o)000-7,000 nucotides Ihe skeletal

muscle, the hcart, and the intestine contained two distinct species of mRNA \s iTh
ahout 6.000 ari d 1. (10 nudclotides, resperivelv. while the lice'r ci mntained Inl ,mi'e

species \with about 6,000t nIcleotides.
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Identification of Ligand-Binding
Sites that Form External Mouth of
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AND YUICHI KANAOKAA
Faculty of Pharmaceutical Sciences
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Sapporo 060, Japan

Since the primary structures of ion channels including sodium channels, calcium
channels, and potassium channels, have been elucidated succeedinglyv. it is intrigzuingz
to identify the structures relevant to their integral channel functions. Utilization of
toxins or drugs that act specifically on the corrcsponding channels is one of the prom Isinig
approaches to accomplish it.

We specifically photolaheled the sodium channel protein (250 MI) from ccl elcc
troplax using a bioactive tetrodotoxin 0(Y"X) derivative possessing a (diazirintio~tniio-
roethvlbenzovl (DTB) group as a carbcne precursor that reacts more efiicicnitly to
afford more stable photoproduct(s) than a nit-rcnc-gcnerating azidophenvyl group:. as.1
similarly shown in the I 4-dihydropyridine (DHP) receptor-selectivec photoadfinit '
probe for calcium channels.' Photoaffinitry-labeled regions wvere identified b1w probing!
labeled proteolytic fragments with several anti-peptide antibodies recogn izing differen~t
segments of the sodium channel.4 One fourth of the label occurred in tryptic f -ragmei cn ts
between Lx's- 1478 and Lx's-I 542 derived from the loop) between segmients S5iand
S6 in repeat IV that had been proposed to be extracellular. O)nc fifth of the labeling.
however, was found in the tryptic fragments between i's- 121 3 and Arv- 1226 as \\(-It
as Arg- 1226 afldArg- 1269 The latter fragment apparently contains thle trawnimenilran(-
segment S6 of repu!- 1ll. '1hese data could Imply* that the'- XN binding sitc IN f rniud
by close appositi. t, WO discontinuous retzions of the sodiumi Channel ýeC(lueCeI III
repeat IIl and IV. ats the sodium channel has onlx a single high atfinit.\ bindfingý site
for FIX Similar results have been previouslyv oliser% cd for the 1)1 IP biinding ýic(Ie
skeletal1 muscle calciumi channels by phinoaffinity labeling' ssit h theDII '1)1iP nd l!
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C02-

FIGURE I. A model for dihydropyridine binding on the repeat III and RV of the L-type calcium
channel. Note that the proposed folding of the segment between transmembrane helices Si and So
back into the membrane to form the lining of the transmembrane pore ' A similar fildzng model can
be drawn for the sodium channel by the photoafiinity labeling results

It is worthwhile to point out that photolabeled fragments with the 'ITX derivative
were observed in the regions between S5 and S6 of repeat IlI and IV but not in the
region of repeat 1. We propose that C-I I of ITX. where the photoreactive DIB
group is attached, is favored to orient the repeat III and IV, and the guanidinium
group of TIX, which is apparently directed opposite to C-Il , orients most likely to
the negative charge cluster of the repeat I and/or 11' (Fi(;. 2). This may be partl[
supported by the careful inspection of the recent results of site-directed mutagenest.&
that mutation of Asp-1426 in the repeat Ill had no significant etffcts on the toxin
sensitivity. whereas mutation of i.vs-1422 to a negatively charged residue like those
located at the equivalent position of repeat I and II, strongly reduced the sensitivit*y
1.'s- 1213 ([ vs-I 422 in the rat brain channel 11 in repeat III, which is well conserved
in all of the cloned sodium channels, is a likely participant in the interaction wvith the
hemiacetal OH group (or more likely with its anionic form, pK., = 8 7. after binding
with s;odium channels)

It is also worth pointing out that the two labeled region, in repeat III and IV. the
.oinnecting loops between S¢ and S6 and the transmembrane segnment S6, wcrc identi-
tied as the binding site tor both o(f FIX and I)N tP (onsidering that I TX and 1I fP
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7 y1 - 1422
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Amp- 1717
in repeat IV)

FIGURE 2. A proposed binding model for the photoreactise tetrodotoxin derivative on the odiumn
channel. Lys- 1422 in repeat III is proposed to associate \ith the hemniacetal 0) of tetrodowtxn and
stabilize the binding as w~ell xs acidic residues in repeat L. 11. anld IV'

reach their binding sites from the extracellular side to block the entry of sodium) and
calcium ions in the respective channel, the results strongly suggest that (1) the loop
b)etween S5 and S6 of the ion channels folds back into the membrane and contributes
to the formation of the transmembrane Ion pore and (2) the binding sites ot two
ligands must be located to the external mouih of the ion pure.
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Patch-Clamp Study of
Developmental Changes

in Voltage- Dependent Ion
Channels of Mouse Skeletal

Muscle Fibers
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INTRODUCTION

It is known that acetylcholine receptor,, ot'skdeleal mu.%clcs underiyo remnarkablu
changes in their density as well as their properties and distribution in early postnatal
days. However, similar postnatal changes have not been well understood for other
types of ion channels. Our recent studies of postnatal changes in types of Voltage-
dependent Na, Ca. and inward-rectifier K channels of mouse skeletal muscle fibers
are summarized in this paper. I also suggest a cellular mechanism that controls a part
of these changes.

METHODS

Muscle fibers-were isolated from A. flexor digitorum brevis of 0to 30) day-old (P30)
mice i)y collagenase digestion.' They were cultured in mixture of Illulbecco-\oizts

modified Eagle medium. 10% horse serum. and 5% newb-Iorn calfserumi. Ihe hole)I-cell
patch-clamip method was used to record ionic currents, from freshly isolated and cultured
fibers. Compositions of extracellular recording solutions (pl 1 7.4) were as follows.,
with millimolar concentrations in parentheses. For recording Ba currents througb Ca
channels- Ba(Oli)2 (30). tetrae!thvlammionium ('ILA)-OH (90). l'EA-(Cl(10). miethane-
sultonate (140), gLucose (3), and 3-(N-miorpholino)propanesuLft'(nic acid(MOPS. 0
Na currentv NaCI (5). TEA-Cl 1(14 45). K( :1 (5), (laCl (I 1.5). Mg( 1k (1). kducose( )

and MOPS (5) K current,, KOH (20), tihdrx etl)aio tHan (13ý
C la(( )11) (1 5). 11 IC(8). me1thanesuLltfimate (IS) and MO PS ( 10) IDeners~tion on

mus~cle fibers, was performed by cutting the sciatic nurve under aetei

1 52



GONG! DEVELOPMENTAL CHANGES 35

RESULTS

Ca Channel Currents

Muscle fibers of newborn mice showed two distinct types of Ca channel Currents,
a low-threshold transient and high-threshold sustained currents
The mean specific amplitude of 1c,,_- at P I was, - 2.7 A/Farad (F; membrane
capacitance) at - 30 mV test pulses. 1(, ..... decreased progressively in the postnatal
days and became undetectable by P 17 (FiG. 1). In contrast, the spccific amplitude of

1( at + 20 mV test pulses increased fourfold from - 6.9 A/F at P1 to - 27.7
A/F at P30. Denervating muscle fibers at P8 or P1 7 did not interfere the disappearing
process of The increase of l ~~was suppressed by the denervation.

Na Currenrs

In muscle fibers of newborn mice geographutoxin 11 (GTIX If) distinguished two
different types of volt age-sensit ive Na channels: GTX li-sensitive and -resistant chan-
nels, which corresponded to tetrodotoxin (I'ITX)-sensitivc and -resistant channels, re-
spectively.4 ' The mean specific Na conductance(!~ for the total ((,I'X Il-sensitive
plus resistant) Na channels was 0.22 mS/ýtF at 5 mM [Nal, at P0. The total] g\,

Na* (toxin -resistant)

Inward rectifier K'

FIGURE 1 . Change% in typcý ofi \oltaig-dependent ion (hatnnl deisiticN in inouwc 'kclctal 11111111
tibers (luring tp s natdl devcloi )prnef Nerx ti crs irc ~tiizi.1 dra'mn co indliLdiv dit pr': kC%cs'

thiit reqUirc inn~rration for thc 0i,ingvý
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increased sixfold during the first 20 postnatal days. The specific g\., for the GTX
ll-resistant channels was 0.15 mS/fiF at P0, decreased progressively to become unde-
tectable by P16.

In muscle fibers denervated at P4 or P12, the GTX Il-resistant gN. increased in
the following days. The increase of the total gN, was accelerated over the level of
normal fibers in P4-denervated fibers, but it was suppressed in P1 2-denervated fibers.

Inward Rectifier K Currents

Inward rectifier K currents were hardly discernible in fibers acutely isolated from
PI mice. The steady-state component (I,,) and the slowly activated component (l-J
of inwared rectifier currents became apparent between P8 and P16. The specific
amplitudes of I,., and I ... at a test-pulse of - 100 mV increased to their respective
plateau values of -68 and - 15 4A/cm2 at P20.

In fibers denervated at P4 the developmental increase of the specific I, was sup-
pressed to one tenth of that in normal fibers, and I,_ did not appear throughout the
development. In muscle fibers denervated at P16 or P20, the specific amplitudes of
I,_, and Ir,, decreased, reaching the levels of P4-denervated fibers in 2 to 4 days after
denervation.

In fibers isolated from P1 mice and cultured in control culture medium, I,, and
1,.1. were hardly observable.' Within one day after addition of Ca"' agonist, A23187.
ionomycin, or ryanodine to a culture medium, significant increases of I,, (- 106 i.A/
cm2 at - 100 mV for the case of A2 3187) and L,,,, were observed. The inward rectifier
current decreased to the level of control cultures within II h after a removal of
A23187.

DISCUSSION AND CONCLUSIONS

In normal in situ development of mouse muscle fibers the channels of I . and
the toxin-resistant Na channels disappear, and inward rectifier K channels appear in
the first few weeks after birth (FIrs. 1). The channels of 1 ............. , and the total Na
channels increase during this period. The muscle fibers have to be innervated for the
toxin-resistant Na channels to disappear and for the inward rectifier K channels to
appear. Innervation is also required in mature fibers to keep these channel densities
at their respective adult levels. In contrast, the channels of l( ..... ,,, disappear indepen-
dent of innervation and do not re-appear even after denervation. I conclude that the
mechanisms regulating densities of the voltage-dependent iun channels were heteroge-
neous among the different types of channels.

I propose the following hypothesis on the regulatory mechanisms and physiol'gical
roles of muscle inward rectifiers. The fibers with high muscular activity may have a
relatively high lytosolic [Ca' 1, and more inward rectifiers may be induced in these
fibers. The induced rectifiers help the re-uptake of K" ions, which have been extruded
through repetitive membrane firing. Also, the induced rectifiers hyperpolarize the
muscle membrane and reduce the probability of Ca" release from the sarcoplasmic
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reticulum and Ca2 entry through voltage-gated Ca channels, thereby lowering cvto-
solic [Ca2 I of the active fibers to a preferable level.
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Chronic depolarization with elevated K- has proved to support neuronal Lurvia.d
in a variety of cell type!s in vitro including sympathetic neurons.: ' The Ca- channel
antagonists such as nimodipine and nifedipine effectivcly block thie surviva-pronmoting
effect of elevated K-(>35 mrM), while the Ca2- channel agonists including Bay K
8644 and ( + )-(S) 202 791 do not by themselves promote survival, but stronoly augmlent
the effect of high K *, indicating that the activation of VoltagC-dCpcndeqt L.-type (a:-

channels have a crucial role in this phenomenon.'-' Recently, measurements of intracel-
Vular free Ca2 - levels (jCa2 "j,) of neurons loaded with fura-2 have revealed a good
correlation between cell survival and [Ca` ', of sympathetic or other neurons chroni-
cally exposed to various concentrations of extracellular K' ' . It has also been shown that
elevated levels of [Ca2 , arc associated with acquisition of trophic Lictor-indepcndcet
survival of sympathetic and sensory neurons.' - Since depolarization-mediated neu-
ronal survival is dependent on Ca'" influx through l.-type Ca" channels, the functional
state of this 1.-type Ca2, channels may be critical for neuronal survival under depolarii-
ing conditions. This study examines the responses of cultured sympathetic neurons
to membrane depolarization as a function of treatment with N6F

Dissociated sympathetic neurons were prepared from superior cervical ganglia of
Wistar rats (P 1) as described previously.:.- The anti-mitotic drug. meuorodeoxvuridin
(20 4IM) was added together with 2(0 tiM uridine to the feeding mcdiun for 5 days
to kill non-neuronal cells. The neurons were fixed with 49, paratirmnd(dhlhYdc (in
Ca2 

-, Mg, -'-free phosphate-buffercd saline, pHi 7.2, and stained with anti-\iAP 2

"lhis work wais partly supportcd hYv (Grani-tin-aid from tht .\inhstrv ot IFducatton ('uiltur and
Sctcntte and a (Grant from it -Mintstrv of I lcalth
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antibody. Sympathetic neurons were loaded with 4 4M fura-2 for I h and details of
fluorescence imaging of fura-2 loaded neurons were described."'

Superior cervical ganglion cells dissociated from newborn rats and grown in the
presence of NGF for 6 to 7 days were well hypertrophied with extensive neurites
Employing these cultured neurons, we reported 2 " that membrane depolarization with
elevated K* supported the survival of these neurons independent of NGF. However, as
shown in FIGURE 1, elevated K" (40 mM) did not support the survival of sympathetic
ncurons grown for 8 h (designated as Day 0 in FIG. 1) or one day in the presence
of NGF. At Day 3, these neurons became partially responsive to membrane depolariza-
tion by elevated K' (40 mM) (FIG. 1). As shown previously, sympathetic neurons
treated with NGF for 5 to 7 days survived fully under depolarizing conditions. In
order to have a correlation between responsiveness to high K and intracellular calcium
levels, we measured the time course of [Ca2 

*1, changes of the neurons in response to
high K-. When sympathetic neurons, grown for 7 days in the presence of NGF, were
loaded with fura-2, its fluorescence intensity was homogeneously distributed: no clear
distinction between cytoplasmic and nuclear levels of free Ca 2' was observed in 80-
90% of these neurons. Exposure to a high K- medium (40 mM) induced a rapid
increase in [Ca 2 , followed by sustained levels of [Ca2 1, (FIG. 2, right) that could be
maintained for up to 2 days; for example. the sustained level of [Ca-" 1, of the neurons

40K+, +NGF U 40K+, -NGF

100

• 80

"60U,,

-40

20

0
Day 0 Day 3 Day 7

FIGURE I. Enhancement by NGF of high K' (40 mM)-mediated nurona sur% iraJ S,(; (,ulperior
ccrvicaJ ganglion) neurons were dissociated from newborn rats and grown for 8 h (designataed .s I)av
0). 3 days (Day 3). and 7 days (Day 7) in the presence of ýo ng! ml NGF 'lic neurons ". crc then
exposed to a high K' medium (40 rmM) containing NGF (1 ) or anti-N(F (0) for ; h, and %crc
examined for cell survival Surviving neurons idcntitied l'v ant.-MAP 2 staining s crc counted up to
4.0(0) cells. Relative number of survisin neurons Under depolariiing conditions are pretcitcd koin-
pared to the number of surviving neurons in the prcsen,.c of N(;F lhc total (\toplaýrmi cni\ mc
activities were compared in catses where cell counting w\is a difficult task. such as In the ncurons
grown for 7 days which tended to form aggregates Mean + SD) (n 5)
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FIGURE 2. High K' -induced increase in intrace-Hluir calcium levels (jCa jj of SCG neurons SCG
neurons grown in the presence of NGF for 8 h (designated as Day 0. left) and for 7 days (Day
right) were loaded with 4 pM fura-2 for Ih The neurons were then challenged to a high K' saline
(40 mUM), and the time course of changes in lCa2 *',levels of five individual neurons were recorded

depolarized for I day was 247 + 14 nM (n = 30), while the basal level of [Ca' ]1
was 9 3.0 + 10.5 nM (n = 48). The rapid phase is mediated by a transient activation
of N-type Ca" channels, while the sustained portion is due to L-type Ca2 channels.
When the neurons at Day 0 were exposed, however, to a high K' medium, no
threshold response was observed followed by small plateau levels, which were soon
diminished even under continuous exposure to a high K- medium (FIG. 2. left). These
findings suggest that the capability of sympathetic neurons to respond to membrane
depolarization is developmentally regulated and NGF enhances this response possibly
through the upregulation of L-type Ca- channels (and also N-type channels)
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Dih5 dropyridine-Sensitive
Calcium Current Mediates

Neurotransmitter Release from
Retinal Bipolar Cells

MASAO TACHIBANA, TAKASHI OKADA.

TOMOMI ARIMURA, AND KATSUNORI KOBAYASHI
Department oj Psychology

Faculty of Letters
The University of Tokyo
7-3-1 Hongo, Bunk yo-ku

Tokyo 113, Japan

The investigation of the Ca "-neurotransmitter release coupling in the vertebrate
central nervous system has been hindered largely due to technical difficulties arising
from the small size of presynaptic terminals. In the goldfish retina, one type ot bipolar
cells has an extraordinarily large axon terminal (ca. 10 pm in diameter) Using this
preparation, we examined the properties of the presvnaptic calcium current that medi-
ates the release of neurotransmitter.

Bipolar cells with a large axon terminal were dissociated en!vmaticallh from the
goldfish retina,' and were voltage clamped by a patch pipette in the x,'hole-cell recording
configuration. A Ca2" indicator, Fura-2, was introduced into the bipolar cell via patch
pipette, and the spatiotemporal changes of intrakellular free Ca" concentration (2IC:",
and the calcium current (I(.,) were monitored simultaneously.

A horizontal cell isolated from the catfish retina was voltage clamped in the whole-
cell recording configuration, and used as a probe of glutamate. which is the leading
candidate for the neurotransmitter of bipolar cells.'

l, of bipolar cells was identified as the high-voltage activated, dihYdropvridine-
sensitive type (FIGS. I and 2). Neither the w-conotoxin-sensimle type nor the lo\\-
voltage activated type was detected in this preparation.

Upon activation of h., by a depolarizing pulse [Ca2 *, increased rapidly at the axon
terminal region, and then recovered slowly to the initial level after the cessation ot
the pulse (FIG. 1). On the other hand, jCa"'*, at the cell body did not change (Fi.
1), or increased slightly with a slower time course and reached a peak much later
than the offset of depolarization Nicardipine blocked both 1, , and the increase of
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FIGURE 1. Simultaneous recordings of 1- and ot temporal changes of (aI Ina \lotgIC-clamtxd
bipolar cell. The membrane current evoked by a dcpolarizing, pulse mos•tl.\ L0nsistcd of 1 Ith laka11
current was not subtracted) Fura-2 (100 t.M) w•s introduced into the .. ll a ,aa paith pipettc \idc
images of Fura-2 fluorescence were obtained cver ' 5 frames per sc. I,% oinig . ihonc-intcnsit1,d
target camera and its output waks fed into an image processor (..\R('L*S-Io io,( A ,\tncm. I lamamatu
Photonics) The main panel indicates the spatially as craged ftuiiricetc ratios d"4 0 1F 60) In de
axon terminal region (AT) and in the cell body region i(:B)

[Ca",. 2 These results suggest that dih)vdropyridine-sensitriv calcium channels are highi,
localized to the axon terminal region

Activation of 1i., of a bipolar cell evoked a neurot ransrittcr-indtIced Currentin
the horizontal cell closely apposed to the axon terminal of the bipolar cell (lF1t; 2) 1,
and the neurotransmitter-inducCd current were suppressed concomitantl lbv nift.dipinc
and Co"', but not by 0)-conotox'i. The larger the Ca" influx into bipolar cells, thc
larger the amplitude of the neurotransmitter-induced current

It is concluded that the neurotransintter (probably glutamate) is released b\ thc
activation of dihydropyridinc-sensitive calcium channels locali/cd to the pre.s, naptic
terminals of bipolar cells.
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CONTRC' cw-CONOTOXIN NIFEDIPINE Co'*

f-1 1 0I mv
- 70mV
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FIGURE 2. Effects of co-conotoxin, nifcdipine, and Co'" on 1 ot a goldtish bipolar cell B( and
on the neurotransmitter-induced current rccorded from a catfish horizontal cell IttCi Joce- ipposcd
to the axon terminal of the BC. (A) A depolarizing pulse (top trace) applied to the BC es ok.d I- in
the BC (middle trace) and an outward current (the neurotransmittcr-midued ,urrent) in the H1C
voltage-clamped at + 40 mV (bottom trace) Both currents were not afiectcd bs ()-coneotomi. I •.,t.
B), hut were suppressed by nifedipinc (100 ltM. C0. and Co-. (3 M. MD 0-Conotowl. nfcdilpinc
or Co2- caused little suppressive effect on the glutamate-evoked current, ot ff(I
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Voltage-Dependent Block of
L-Type Ca Channels by Caffeine

in Smooth Myocytes of the
Guinea Pig Urinary Bladder

M. YOSHINO, Y. MATSUFUJI AND H. YABU

Department of Pbysiology
Sapporo Medical University

Sapporo 060, Japan

Recent whole-cell patch clamp studies have shown a possible direct inhibitory action
of caffeine on voltage-dependent Ca channel in smooth muscle cells.,` However,
those studies mainly measured Ba" currents passing through Ca channels and the
more precise mechanism underlying the inhibitory action of caffeine remains unclear.
In this study, we have examined the inhibitory action of caffeine on L-type Ca current
in more detail using the whole-cell and cell-attached patch clamp techniques in smooth
myocytes of the guinea pig urinary bladder.

The time course of inhibitory action of caffeine on Ca current (1 ) was examined
by applying repetitive depolarizations at a frequency of I Hz. The inhibition of 1,
induced by caffeine was found to occur in a biphasic manner when a low concentration
of EGTA (0.05-0.5 mM) was included in the patch pipettes (FIG. 1,A). The initial
transient decrease in I(. was eliminated by increasing EGTA concentration (20 m,\)
or adding both procaine (10 mM) and heparin (I mg/ml) in the patch pipettes (FIG.
IB), but the steady decrease in l(:, was unaffected by those treatments. The result
suggested that the initial transient decrease in I(, induced by caffeine was due to
Ca-mediated inactivation of 1(,, caused by release of stored Ca and that the steady
decrease in I(, was probably due to the direct blocking action of caffeine on L,

The degree of steady decrease in I., by caffeine was found to be dose dependent

with the K, value of 20 mM. The steady-state activation curve remained unchanged
by caffeine. The steady-state inactivation curve, however, was significantly shifted to
the negative direction by caffeine in both 1 .8 mM Ca2 - (FIG. 2) and Ba" 2,Solutions

This hyperpolarizing shift in the steady-state inactivation curve was not observed when
we applied 8-bromo-cyclic AMP (100 iM) to the bath solution.

Cell-attached patch clamp recordings from smooth myocytes of the guinea pig
urinary bladder were done with 100 mM Ba" as the charge carrier. Application of
caffeine into the bath solution reduced the opening probability of L1-type Ca channel
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FIGURE 1. The time course of inhibitory action of caffeine on I(, in two different pipette conditions
It: was obtained by depolarization (100 msec duration) to 10 mV from a holding potential of -60
mV at a frequency of I Hz. The relative peak 4, was plotted against time. Caffeine was applied for
the periods indicated by the bars. 0. 5 mM EGTA (A), and 0.5 mM EGTA with procaine (10 mrM)
and heparin (1 mg/ml) (B) were included in the patch pipettes.

current (slope conductance, 3I3 pS) without a significant change in single channel
conductance. These results suggest that caffeine has a direct blocking action on 1,
presumably by preferential binding of caffeine to L-type Ca channel in the inactivated
state similar to the action of 1,4-dihydropyridine Ca channel antagonists.'
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FIGURE 2. The effects of caffeine on steady-state inactivation curves tfr I,, in the abence (C)
and presence (0) of 10mM caffeine. The conventional two-pulse protocol was used a 5-sec cond ion-
ing pulse to various potentials was following by a 100-msec test pulse to 10 mV The maxImum
amplitude of the peak inward current evoked with no conditioning pulse was normalited to 1 0
Each point represents an averaged value obtained from 4-10 different cells Smooth curvx's ssrc
fitted based on the Boltzmann distribution for the inactivation gating parameters as a function of
the membrane potential. Control. I = I/I I +exp(V'+ 23.4)/7 51. Caffeine, I lIl *c.xp(\+
3 9)101.O
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Cyclic AMP-Dependent
Phosphorylation and Regulation

of the Cardiac
Dihydropyridine-Sensitive Ca

Channel

AKIRA YOSHIDA,a MASAMI TAKAHASHI,
SEIICHIRO NISHIMURA,' HIROSHI TAKESHIMA,b

AND SHINICHIRO KOKUBUN'
Mitsubishi Kasei Institute of Life Sciences

Macbida, Tokyo 194, Japan

1'Kyoto University

Kyoto 606, Japan

"Nibon University School of Medicine
Tokyo 173, Japan

Stimulation of Ca2' influx through the dihydropyridine (DHP)-sensitive Ca channel
into cardiac muscle is essential for the isotropic effect caused by P-adrenergic drugs.
cAMP-dependent protein kinase (PKA)-mediated phosphorylation participates in the
stimulation of the Ca current, however, phosphoproteins involved in this regulation
remain to be identified.' 2 We investigated the phosphorylation of the a I subunit in
rabbit heart and CHO cells stably transfected with cDNA encoding the entire region
of the a l subunit (CCAR cells) and the effect of dibutyryl cAMP (db-cAMP) and
forskolin on the Ca current in the cells.'

A polyclonal antibody, CR2, against a C-terminal segment of a I subunit of rabbit
cardiac L-type Ca channel immunoprecipitated more than 60% of I'H1PN200-1 10-
labeled Ca channel solubilized from rabbit cardiac membranes. The CR2 recognized
200 kD and 250 kD polypeptides as major and minor antigens, respectively, in the
rabbit cardiac membranes by immunoblotting. A 250 kD protein recognized by CR2
was expressed in the CCAR cells. cAMP-dependent protein kinase (PKA) phosphory-
lated the 250 kD but not the 200 kD protein in vitro (FIG. I). The 250 kD protein
in the CCAR cells was phosphorylated within 5 min after treatment with db-cAMP.

SNew address: Advan~cd Research Center for Human Sciences, Waseda Universita. 2-579-15
Mikajima. Tokorozawa. Saitama 359, Japan
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FIGURE I. Phosphorylation of the cardiac a I subunit trom the rabbit heart and CCAR cell by"
PKA in vitro. The a I subunit were solubilized from (0 I0 cells, (*(,.AR cells, and rabbit hearts, and
immunoprecipitated with either control Ig(; (C) or CR2 (S) l'hc inlnunoprecipitatcs were incuba.tetd
with [y- 2PIATP and a catalytic subunit of PKA for 10 min at 30°C

In order to determine whether PKA-mediated phosphorylation of the 250 kD
form of al subunit could affect the Ca channel function, we investigated the electro-
physiological properties of the CCAR cells. In CCAR cells, voltage-dependent Ba
current was expressed and was completely inhibited by 1O iiM nicardipine. The
amplitude of dihydropyridine-sensitive Ba current observed in the cells increased sig-
nificantly by treatment with db-cAMP or 8-bromo-cA MP (FiG. 2). We obscr-, ed an
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FIGURE 2. The effect of db-cAMP on I1, in CCAR cdlls. (A) Currents in the absence of db-cAMP
recorded by depolarization to -40, - 20. 0, + 20, and + 40 mV for 500 msec from a holding
potential of - 60 mV are superimposed. (B) Currents in the presence of db-cAMP (200 a-tM) recorded
at same membrane potentials as those in A are superimposed.

increase in the amplitude of Ba current by db-cAMP and 8-bromo-cAMP in 8 and
14 experiments out of 19 and 25 in the CCAR cells, respectively. The amplitude of
Ba current at +20 mV gradually increased after adding db-cAMP, and reached a
steady level about 5 min thereafter. This was consistent with the time course of the
phosphorylation of the a I subunit. These results indicated that the Ca channel activitY
can be modulated by cAMP-dependent phosphorylation of the a I subunit of cardiac
Ca channel.
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Primary Structure and Tissue
Distribution of a Novel Calcium
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Voltage-dependent calcium channels are essential for the regulation of a variety
of cellular functions, including membrane excitability, muscle contraction, synaptic
transmission, and other forms of secretion. At least four types of calcium channel
(designated T-, L-, N-, and P-type calcium channels) have been distinguished by their
electrophysiological and pharmacological properties. Recently, eDNA cloning studies
have revealed the existence of multiple calcium channel gene products. Here we report
the complete amino acid sequence of a novel brain calcium channel (designated BI)
deduced from the cDNA sequence. The tissue distribution of Bll mRNA, toigether
with that of BI mRNA, has also been studied bv northern blot analysis.'

FIGURE I shows the primary structure of the rabbit BIT calcium channel deduced
from the eDNA sequence; the open reading frame corresponding to the amino acid
sequences of the skeletal muscle,2 cardiac,' and BI4 calcium channels was adopted and
translation initiation site was assigned to the first ATG triplet that appears downstream
of a nonsense codon. Two isoforms of BII calcium channel (BIT-I and B[I-2; see FIG.
I legend) differ from each other in the carboxy-terminal sequence beginning with
amino acid residue 2,101. BIT-I, and BII-2 are composed of 2,259 and 2,178 amino
acid residues, respectively, with relative molecular masses of 254,249 and 245,595.
Amino acid sequence comparison of the BIT, BI-2, cardiac and skeletal muscle calcium
channels reveals that the amino acid sequence of the BIT calcium channel is more
closely related to that of the BI-2 (59% amino acid identities between the BIT-I /BI-2
and BII-2/BI-2 pairs) than to those of the other calcium channels (38, 40, 41, and
42% amino acid identities between the B1T-1/cardiac, Bll-2/cardiac, BIT-1/skeletal,

'GenBank Accession Number: The nucleotide sequences of the rabbit BRi )DNA ,\ill appear
in the EMBIU, GenBank and DDBJ nucleotide sequence data hases under the accession number
X67855 (B1!-1) and X67856 (Bi1-2)

'Address correspondence to. Tetsuhiro Nitdome, Tsukuba Research I.aboratories. FI•sa (.o,
Ltd., I-3 "lokodai 5-chome. Tsukuba-shi. Ibaraki 300-26. Japan
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BIl-2/skeletal pairs, respectively). Significant sequence divergence among the four
(or five) calcium channels is found in a region between repeat 11 and III, and in a
carboxy-terminal region. RNA preparations from different rabbit tissues and from
different regions of rabbit brain were subjected to northern blot ana]ysls with a BII
cDNA probe or a BI cDNA probe (FiG. 2). Two major hybridizable RNA species of
- 10,500 and - 11,000 nucleotides were detected with a BH1 cDNA probe and a
major hybridizable RNA species of - 9,400 nucleotides with a HI cDNA probe in
the brain at high levels. The level of BII mRNA species was much higher in the
cerebral cortex, hippocampus, and corpus striatum than in the olfactory bulb, mid
brain, cerebellum, and medulla-pons, whereas the level of BI mRNA species was much
higher in the cerebellum than in the other regions of brain.

Our results show that voltage-dependent calcium channels can be classified into at
least two main subfamilies, according to the degrees of amino acid sequence homology
between calcium channel pairs. One subfamily consists of the L-type calcium channels
from skeletal muscle, heart, smooth muscle, pancreas, and brain, and the other subfam-
ily consists of the BI calcium channel, which may represent P-type, and the B1I calcium
channel. The spatial distribution of BII mRNA in the brain is markedly diffe'rent from
that of HI mRNA. BI1 mRNA is abundant in the cerebral cortex, hippocampus, and
corpus striatum, while BI mRNA is expressed predominantly in the cerebellum. Very
recently, a partial cDNA encoding the class E calcium channel have been isolated
from rat hippocampus.' The amino acid sequence of the class E calcium channel is
most closely related to the class A and B calcium channels, which appear to represent
P- and N-type, respectively. Northern blot analysis shows the class E calcium channel
mRNA is found in different regions of the brain, its level being much higher in the
hippocampus. These results suggest that the class E calcium channel is the rat counter-
part of the BI! calcium channel in the rabbit brain. What are the physiological roles
for the BHI calcium channel? Notably, CA 3 and DRG neurons have a significant fraction
of high threshold calcium channel current remaining in the presence of 0)-Aga-lV*,\,
co-conotoxin, and dihydropyridines.6 which are specific blockers of P-, N-, and L.-tvpe.
respectively. The HiI calcium channel may represent this unidentified fraction and be
involved in long-term potentiation and/or delayed neuronal cell death.
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FIGURE 1 . (Left and above) Amninio acid ph.enco. (in xinc-letter ýodo (it the rabb it brain ca]li urn
channel B11, deduced from the cDN,\ sequeces. nd alignincritof h mn su esies tddrn

calcium channels. For the cloning procedure.s see N idoniceta a i netdsqenei)86nsct
residues. \Nhich contains in-frame translational tt rminnation codon. is tound in txs oJones X(ýT 82t
and k(IB244), whereas it is m1issing~ in anothirc liinc (X( 83204 ht srindltii.x ihpuai
results from a.1ternatie RNA splicing. ,ixc% risen to distiinct niRNAs ncoi~dinit tss o isoturnis ot thx
Bill calcium channel (B11- I and B3II-2) Ihi. tour siquvrices (or (is e alter discriten~c ot the fill I anid
B11-2 sequences) compared (from top to liottom) areas tolloss s fill - . abtcrda ) P i 'tx
calciunm channel' (C). rabblit skeletal muscle [DI IP-senisitiv calc&ium channel (Ski Atuino as dresidues1
are numhered from the initiatingt methionine, and numbiers oif the anmio acid residue' oit i-as I line
are given on the Tight-hand side. The arrowhead indicates wvhere the B11-1 and B11-2 protehin, lix eriie
in sequence; residues 2,040-2,110 of B1I- 1. %hich imrmcdliatcl\ precde the position indid~ ttd lix
the arrowhead, are not di~splaved. Sets of fiiur (or fie) identical residues at one piositiont ire ecitsiOl1

wNith solid lines. and sets of four (or five) identical or coiinseratixe residues at onec position \\ it iriikei
lines The putative transmeinbrane: segtments SI-S6 in each of the repeats 1-1V are shosson

FIGURE 2. Autoradiograms of blot hybridi/ation analysis oif RNA from dlifferenit ralihit tissues
and different regions of rabbit birain with a 1111 cI)NA probe (A) iir am BI cI)NA probe (B) (A) to)
jag of pol ' (A) RNA (a) or 15 jag oif total RNA (bi) wvas applied to each lanec [he probie sas thte
0 60klb Sail) I 2981/BamFh( 1.988) fragment derived from k(CBP20I' (a) or the 2 6 kbi EioR10.6H99)
EeoRh(6,29 3 fragment from VIBA24' (b) and labieled by random primer incthixd andx the nick
translation method, respectively - Sinmilar results were obtained in the experiment in schich the 2 6
klib EroRh( 3.689)/EeoRI(6.29 3) fragment from kCBA24) Wa~s usedi as a probie (datai not shiikni)
Autoradiography was ait - 701C for 3 days (a) or 7 da 'ys (Ib) %% ith an intetisitsang screen (B) 10( pg
iof polv(Ar RNA\ (a) or total RNA (Ib) was applied to each lane [he probe seas Bbzh .840

RbvI( 5,088) fragmient derived fromn XCBP1I07' and labieled lby nick translation methiid Auioraciixirai
phv was at - 70'C for 24 h (a) or 7 days (b) with an intnsimfyinmt screen .- n RNA ladder (Bethesdla
Research ILaboratories) was used for size miarkers (in kilohases).
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Synaptocanalins (N-type Ca
Channel-associated Proteins) Form

a Complex with SNAP-25 and
Synaptotagmin

TERUJO ABE, HIDEO SAISU,
AND HIROSHI P. M. HORIKAWVA

Department of Neurochemistry
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Niigata 951. Japan

Twvo monoclonal antibodies (MAbs). SPM1-l and SPM-2, imrnunopreeipiatae 'om1e
of Co-conotoxin-seflsitiWe (N-type) Ca channels in the brain. 'SPM- I and SPM-2 recoL-
nize nervous systemn-specific proteins of 3 6 kD and 2 8 kD, respectively. These proteins
are not subunits of N-type Ca channels hut are associated with them We identified
several isoforms of the 36 kI) protein (named sx'naptocanalins) (SCsi and cloned cDNA
for one isoform.) Very similar proteins (HPC-lI/svntaxins) have been identified from
different lines of research. "Here we show that the 2 8 kD band contains two proteins
and that one is identical to SNAP-25, a protein in pres ' naptic terminlals. Wec ilso
present evidence for the association of SCs with a synaptic vesicle protein. svnaptotati-
min (SI).

On SDS-PAGE in the presence of urea, the 28 WD bands in the 51)5 eluates from

SPM-l- and SPM-.2-Sepharose were separated into two components (29a and 28h).
Both components reacted with SPM-2. The 28a component wvas cleaved wivth CNBr
and fractionated hy HPI.C. The amino acid sequences of major frigmencrts are given
in TABILE 1. [he exact sequences of all these fragments were contained in the sequence
of SNAP-25. Moreover, the 28a component reacted with antisera raised against twO

partial ami:.) acid sequences of SNAP-2 5. These results indicate that the 28a compo-

TABL.E 1. Amino Acid Sequences of Fragments Obtained byN CNBr Oclavati
of the 28a

Fragmecnt Sequcnme

A -G-S-W--R-RA-I'-1A

3 1)1:-N-F .E-QA'-S-(-
I hc mimno .K id SVijuelwesC Of (N Br trag eniviit purificdis F) F 1P1 (arc slum Ia i c Fh ScI ev Ufli

Al the'e trageniv-t, ire cliltaifled Iin tile se]uvncOfle SNAP-21

3 73
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nent was identical to SNAP-25. The 28b component differed from the 28a component
(SNAP-25), as it did not react with either of the antisera.

ST was not immunoprecipitated by SPM-I or SPM-2, when a digitonin extract
of bovine brain membranes was used. However, it was precipitated when CHAPS
was used instead of digitonin (FIG. 1), in agreement with previous reports.4" Conversely,
small amounts of SCs and the 28a component were precipitated by a MAb against
ST (mAb ID 12, kindly supplied by M. Takahashi, Mitsubishi Kasei Institute of I.Life
Sciences),

Together with our previous findings,' 2 the above results indicate the association
of SCs with SNAP-25 and ST. Thus, SCs may play roles in the regulation of N-type
Ca channels and neurotransmitter release at the presynaptic terminals.
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N-type, (o-conotoxin GVIA-sensitive, calcium channels are believed to be directly
involved in the release of neurotransmitters at many synapses in the peripheral and
central nervous systems. Two membrane proteins (36 kD and 28 kD) associated with
brain N-type calcium channels were identified using two monoclonal antibodies.' They
may be involved in the regulation of the channel. Most recently, the 36 kD protein
has been demonstrated to contain several isoforms, which are collectively named as
"synpatocanalins."2

We have examined the localization of the 36 kD and 28 kD proteins in the rat
brain by immunofluorescence, confocal laser, and immunoelectron microscopy using
two monoclonal antibodies, SPM-l and SPM-2. The pattern of immunostaining for
these two proteins was almost identical, suggesting that they were colocalized. These
protein, was widely distributed throughout the brain, though there were marked
differences in staining intensity in various parts of the brain. In general, the cortex
and nuclei in all parts of the brain were preferentially stained, whereas the medulla
showed no weak immunostaining. The perikarya of neurons were usually immunoneg-
ative.

In the cerebellum, the whole molecular layer was intensely stained to show a
lattice-like pattern of fluorescent dots as observed with a confocal laser microscope
(FIG. I). No immunostaining was detected in the perikarya and dendrites of Purkinje
cells. In immunoelectron microscopy, most of, but not all, presynaptic regions were
positively stained, more intensely on the presynaptic membrane, and the postsynaptic

S[his study was supported in part by Grants-in-Aid for Scientific Research from the Mimstry
of Education. Science and Culture, Japan, and the Brain Science Foundation.
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FIGURE I. Confocal image of the cerebellar cortex immunostained for the 36 kW protein The
molecular layer (ML) shows a lattice-like pattern of fluorescence, while the perikarya of Purkinje
cells (P) are not stained. In the granular layer (GI.). scattered aggregates of fluorescent dots arc

observed.

regions in the perikarya and dendrites including dendritic spines of Purkinje cells were
immunonegative (FiG. 2). The granular layer was less intense in imrmunoreactivitv
with scattered aggregates of immunopositive synapses. Interestingly, granular celis

appeared to be immunopositive in their perikarva. The cerebellar medulla was only
weakly stained.

In the cerebrum, the cortex was intensely stained to show a dense network with
neuronal perikarya and vertically running fibers unstained. An intense immunostaining
was also observed in the limbic system, especially in the hippocampus, where the

molecular layer of the hippocampus was most intensely stained. The olfactory bulb
and the median eminence also showed an intense immunostaining. In the brain stem
most of the nuclei were stained as typified by the solitary nucleus and the nuclei of
N. facialis, N. trigeminus, and N. vestibulocochlearis.
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FIGURE 2. Immunoielectron micrograph of the molecular layer of the cerebellum Presynaptic
regions (Pre) are immunoistained, more intensely' on the presynaptic membrane (arrowheads). Note
that the dendrites of the Purkinje cell (P) including the postsynaptic region (Post) arc immunionegative

These observations suggest that in the rat brain the 36 kD synaptocanalin and 28
kD protein coexist as important presynaptic membrane components associated with
N-type channels.

REFERENCES

I SAISL', H., K IHAPAKJ. T1. YAMAGUCHII N' Sf.KINI, & I' Aet. 1991 Monoclonal antibodies
immunciprecipitating (O-conotoxin-scrnsitive calcium channel molecules recognize two nose1
proteins localized in the nervous system. Biochem. Biophyvs. Res. Common 181: 5-)

2. MORI IA, T1., IH. HowI, K. SAKIMIJRA, M MISIIINA. Y. StKINE, A 15iGI IA, S ODANI, I I P. M
I ORIKAWA, H. SAI.SU & T Aw.. 1992. Synaptocanalin 1. a protein associated with brain N-typev
calcium channels. Biomed Res 13t ;57-364



Diversity of Calcium Channel
Subtypes in Presynaptic Terminals

of the Chick Ciliary Ganglion
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Voltage-gated Ca- channels in the presynaptic nerve terminal have been shown
to be crucial molecules in the process of transmitter release. In contrast to the neuronal
somata, the diversity of presynaptic Ca"' channels were studied in limited preparations.

We have presented direct evidence that two subpopulations of high-threchold Ca"
channels coexit in the caliciform presynaptic terminal of chick ciliary ganglion.' The
major type was sensitive to w0-conotoxin GVIA (w-CgTx) but insensitive to dihyd ropyr-
idines (DHPs). This subtype was little affected by the change in holding potential.
The other Ca"+ channel subtype was resistant to both wo-CgTx and DHPs and Was
easily inactivated at depolarized holding potentials. It has been shown that in mamma-
lian neurons, a spider venom toxin, w-agatoxin IVA (co-Aga-IVA) specifically blocks
a subcomponent of high-threshold Ca"+ currents (P-type) that is resistant to both
(o-CgTx and DHP.29 In this study I have tested whether the co-CgTx-resistant Ca"•
current in the chick ciliary presynaptic terminal is sensitive to c0-Aga-IVA or not.

Large presynaptic terminals in the chick ciliary ganglion were identified and prepared
as previously described. ' Whole-cell Ba" current was recorded by using a patch pipette
containing CsCI in a Na'-free extracellular solution containing tetraethylammonium
and tetrodotoxin. The Ba2+ currents were activated by step depolarizations to 0 mV
from a holding potential of -80 mV (FIG. IA). co-Aga-IVA (100 nM, a gift from
Dr. M. E. Adams, Department of Entomology, University of California Riverside.
USA) partly blocked the Ba2' current (FIG. 1,A and B). The remaining current wsit
further blocked by 10 ltM wL0-CgTx (FIG. IA and B). However, about 3 % of total
Ba2" current was observed in the presence of both co-Aga-IVA and co-CgTx. Thc
remaining current was abolished by 0.5 mM Cd-> (FIG. 1,B).

When o-CgTx was first applied, a large part of the Ba'÷ current was irreversibly
blocked (FIG. 1,C). The remaining current was, however, insensitive to 100 nMi
co-Aga-IVA (FIG. IC). The wo-CgTx-resistant current was completely abolished by
0.5 mM Ca2" (FIG. 1,C). The o-CgTx-resistant component of Ba2 ÷ current was also
unaffected by co-Aga-IVA in two other experiments.

It concluded from the above results that in the chick ciliary presynaptic terminal,
the DHP- and co-CgTx-resistant subtype of Ca2' channels was not sensitive to to-Aga-
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IVA. On the other hand, (o-Aga-IVA blocked a subcomponent of w-CgTx-sensitive
Ca2+ conductance. It is unclear where the discrepancies between the mammalian neu-
rons and the chick ciliary presynaptic terminal come from.
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INTRODUCTION

Lambert-Eaton myasthenic syndrome (LEMS) is an autoimmune disorder of neuro-
muscular transmission characterized by muscle weakness and autonomic dysfunction.'
LEMS autoantibodies affect presynaptic mechanisms by downregulating the voltage-
gated calcium channels that trigger transmitter release.' 2 N-type calcium channels are
oligomeric proteins' that play a major role in excitation-secretion coupling. They can
be labeled with "2'-o-conotoxin-GVIA ('2 I-oCgTx) and are specifically immunopre-
cipitated by LEMS antibodies.4 We describe identification of a LEMS antigen associated
with N-type calcium channels. Our results have novel implications for the mechanism
of synaptic vesicle docking at release sites.

' This research was supported by grants from the "Association Fran;aise contre les Myopathtes,"
the "Assistance Publique de Marseilie," and Bayer Pharma.

'To whom all correspondence should be addressed.
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1 2 3
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FIGURE 1. LEMS IgG and mAb ID12 bind to closely related proteins. ID12 antigen was immu-
noaffinity purified from rat brain synaptic membranes on a mAb I D12-Sepharose 4B column Western
blots were probed with normal human IgG (lane 1), LEMS IgG (lane 2). and mAb IDD2 (lane 3)
and immunoreactive proteins were detected using anti-IgG peroxidase and Amersham ECL reagents

RESULTS AND DISCUSSION

Solubilized ... 1-coCgTx prelabeled calcium channels were partially purified by a
two-step affinity procedure.' Proteins were separated by SDS-PAGE, transferred to
a nitrocellulose membrane and probed with a range of human plasma or IgG. IgG
from LEMS patients that immunoprecipitate solubilized '25I-o)CgTx receptors at high
titre recognize a 58 kD protein in immunoblots.' This antigen does not appear to be
a channel subunit. Western blotting experiments with crude neuronal homogenates
suggested the 58 kD polypeptide was a major constituent of synaptic membranes.
Sucrose density gradient centrifugation demonstrated that most of the 58 kD protein
sedimented at low velocity, and only a small fraction was associated with the more
rapidly sedimenting calcium channel.' We therefore concluded that this LEMS antigen
is a major synaptic protein that can functionally interact with the channel.

The monoclonal antibody ID12 has similar properties to these LEMS IgG. It
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FIGURE 2. The association between synaptotagmin and calcium channels may play a role in docking
Synaptic vesicles at exocytotic sites in the presynaptic plasma membrane Other proteins could he

involved in this interaction including p3 5 (syntaxin) During exocvtosiS the intravesicular N-terminal
domain of synaptotagmin would become accessible to circulating LEMS 2C.

immunoprecipitates calcium channels and recognizes a 58 kD band in immunoblots
of rat brain synaptic membranes and partially purified wCgTx receptor. " I D 12 anticen
was purified on a mAblDI2-Sepharose 4B immunoaflinity column. LEMS lgG as
shown to bind to this protein (FIG. I) whereas healthy human lgI did not. [he
protein was identified, by immunoscreening a rat brain Xgt II library with mAb I D 12,'
as synaptotagmin (p6 5) a synaptic vesicle membrane protein thought to be involved
in exocytosis.

Our results indicate that synaptotagmin remains associated with N-type calcium
channels during an approximately 300-fold purification. A monoclonal antibody
(ID 2) initially selected for its ability to immunoprecipitate `'l-WCgTx-laheled chan-
nels in fact binds to synaptotagmin. Antibodies from patients with LEMS, an autoim-
mune disease in which neurotransmitter release is defective, -also bind to synaptotagnIin.
These findings are consistent with the hypothesis illustrated in FIGURE 2 and suggest
physical interaction between synaptotagmin and the calcium channel. Other proteins
may be involved, including a 35 kD polypeptide (syntaxin, p 3 5), which is a synaptotag-
min and N-type channel-associated plasma membrane protein."• Association of sYnap-
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tic vesicle proteins with calcium channels would presumably site the calcium sensor
protein(s) that trigger(s) exocytosis in a favorable zone rapidly accessible to calcium
transients. Following calcium-triggered exocytosis the intravesicular N-terminal domain
of synaptotagmin would be exposed at the cell surface and LEMS antibodies could
then bind to a synaptotagmin-calcium channel complex.
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The omega-conotoxin GVIA receptor (oC'IXR) from rat forebrain yields five
proteins upon purification."2 The subunit composition of the CIX-sensitive N-type
voltage-dependent calcium channel (VDCC) is similar to the lI-type VDCC of skeletal
muscle"4 and brain.' The apparent molecular weights of the associated proteins and

"To whom all correspondence should he addressed.
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possible identities are: 240 kD protein (ilpha); 140 kD protein (alpha,); 10 kD
protein; 70 kD protein (beta,); and 58/60 kD protein(s) (beta&). There is also evidence
of an unidentified 100 kD protein au.sociated with the neuronal DHP receptor.' In
addition to proteins possibly conserved in all VDCC, there is recent evidence that
certain proteins, which localize to synaptic vesicle and plasma membranes, may be
associated tightly with '2 l-labeled CTX binding sites. Anti-synaptotagmin' and anti-
syntaxin (HPC-1 /synaptocanalin I) antibodies"-"' are capable of immunoprecipitating
solubilized "'2 -labeled CTX receptor, indicating an association with a crude detergent-
solubilized IoCTXR preparation. With the goal of defining the component proteins
tightly associated with (oCTXR, we have used specific antisera to determine the extent
of co-purification of the oCTXR with the 110 kD protein, synaptotagmin, and a
novel 58 kD protein.

MATERIALS AND METHODS

Monoclonal antibodies were produced in SJL mice, immunized with partially puri-
fied digitonin-solubilized chick brain membrane protein,'' and hybridomas were gener-
ated and screened as described.' 2 A monoclonal hybridoma cell line (mAb 9A7) was
established by two successive clonings by limiting dilution and the antibody was purified
from the serum-free culture media (SFM-101, Nissui, Tokyo) of the hvbridoma cells
by ammonium sulfate precipitation. The isotype of the immunoglobulin was GI.
Anti-58 kD antibodies from rabbit serum were affinity purified against 58 kD protein
transferred to PVDF, eluted with 8 ml 0.2 M glycine, pH 2.5. and immediately
neutralized bytheaddition of 2 ml 100 mM Tris, pH 7.5, and 12% BSA." Purification
of the oCTXR was according to published methods, " which include negative chroma-
tography followed by hydroxvapatite chromatography, (HA). The peak fractions of
the HA column were pooled and applied sequentially to succinylated wheat germ
agglutin (sWGA)-coupled Sepharose and wheat germ agglutinin (WGA)-coupled
Sepharose and eluted with 0.5 M N-acetylglucosamine in the presence of asolectin. The
radioligand binding assay for '2 1 -labeled CTX was according to published methods.'

RESULTS AND CONCLUSIONS

Monoclonal antibody mAb 9A7 immunoprecipitates approximately 20% of "'1.-

labeled CTX binding from sucrose gradient-purified detergent extracts and identifies
a 100-110 kD protein predominant in brain (FIG. 1). However, i, is -also present in
non-neuronal tissues, although detected at lower amounts (data not shown). Western
analysis of the 100-110 kD protein recognized by mAb 9A7 and a 58 kD protein
recognized by affinity purified anti-58 kD antibodies indicates that both proteins
copurify with the aWCTXR throughout purification (FIG. 2). Synaptotagmin also associ-
ates with the .0CTXR throughout purification (FIG. 2,d); however the fractionation
of synaptotagmin does not parallel the recovery of "'l-labeled CTX binding sites.
Unlike the 110 kD and 58 kD proteins, the association of synaptotagmin with the
coCTXR is highly dependent upon ionic strength (data not shown).
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FIGURE 2. (a) top; (b) bottom. See page 391 for legend.
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FIGURE 2. (c) top; (d) bottom. Sec page 391 for legend.
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These results and previous studies indicate that synaptotagmin,' the 110 kD, and
58 kD components of the (oCTXR remain associated with the active oCTXR by
both immunoprecipitation (110 kD) and Western analysis of the purified (oCTXR.
The tight association among the active oCTX binding site, the 110 kD protein, and
the 58 kD proteins suggests a functional or structural complex that may pre-exist in
native neuronal plasma membranes and is preserved in the detergent-solubilized and
highly purified oCTXR preparation. The retention of "'-labeled CTX binding after
the dissociation of the 110 kD protein from the CoCTXR complex2 indicates the 110
kD protein is not required for an active WoCTXR and furthermore may have a cellular
role other than an intrinsic subunit of the CTX-senstivie VDCC.
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FIGURE 2. Co-fractionation of 100-110 kD and 58 kD throughout purification of OCTXR.
Representative fractions obtained throughout the purification of the rat brain CTXR' were resolved
on a 4-17% gradient gel and transferred overnight to PVDF membrane. The total amount of specific
[`I1CTX bound/sample is shown in (a). The PVDF filters were probed with mAb 9A7 (1/10.000
dilution), (c) affinity purified anti-58 kD antiserum (I / 50 dilution) and (d) anti-65 kD/synaptotagmin
(mAb ID12) antibodies (1/500 dilution). Filters incubated with mAb 9A7 and anti-synaptotagmin
were developed via ECL; anti-58 kD reactivity was detected with alkaline phosphatase coupled to
goat anti-rabbit IgG.



Irregular Activity in the Giant
Neurons from Shaker Mutants
Suggests that the Shaker Locus
May Encode Non-A-Type K +

Channel Subunits in Drosophila

M. SAITO, M.-L. ZHAO, AND C.-F. WU
Departmnt of Biology

University of Iowa
Iowa City, Iowa 52242

A gene that codes for a K' channel protein was first identified in Drosopbila as a
result of previous studies of behavior mutants of the Sbaker (Sb) locus. Recent molecular
studies show that the Sb gene can produce multiple transcripts by alternative splicing.-"
These transcripts have been expressed in Xenopus oocytes to form distinct voltage-
activated K- channels. Some transcripts produce typical A-type currents (fast inactivat-
ing, IA) and others produce delayed rectifier type currents (slow inactivating, lk)."

In muscle, Sb mutations affect a particular type of K* current, the A-type current.
However, molecular heterogeneity may be present in the A-type channels. For example.
IA in the majority of neurons is independent of the effect of Sb mutations. 1. Nevertheless
immunohistochemical staining and in situ hybridization suggest that Sb messages are
present in a large portion of the nervous system in Drosopbila."' In the present study,
we examine the possibility that the Sb gene products can participate in forming not
only the A-type but also the delayed rectifier type of K" channels in the nervous
system.

Whole-cell voltage-clamp and current-clamp experiments are performed on the
cultured giant Drosophila neurons derived from cell-division arrested embryonic neuro-
blasts ..... The most extensively studied allele, SbKsIP was used in this study. Because
the site of mutation is localized in the conserved pore-forming H5 region in all Sb
splicing variants,' the mutation should affect all neurons expressing Sb gene products.
Voltage-activated K' currents were isolated, and the degree of inactivation was com-
pared between wild type and SbKsW (FIG. 1). Interestingly, we observed that Sb neurons
tended to show a more pronounced inactivation. A degree of inactivation less than
70% was not found in SbKSI" neurons, but was not uncommon in wild-type neurons
(16%).
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FIGURE 1. Sb"'s5 " neurons show more pronounced inactivation. Outward K" current, induced
by membrane depolarization to - 10 mV, was isolated as differences between the currents attainable
following preconditioning pulses of - 100 and - 20 MV.' ,2 Percent of inactivation was calculated
(see inset for an example) as the ratio between the peak (A) and the amount of inactivation (A-B)
Note that a degree of inactivation less than 70% was not found in Se1'" neurons, but not uncommon
in wild-type neurons. Open bars: wild-type neurons. Sbaded bars: Sb"s'. Na" and Ca` influxes were
blocked by 100 nM TTX and 100 i4M Cd 2", respectively. Scale bars: 80 pA, 50 msec.

Since voltage-activated K' curre.nts in different neurons represent mixtures of L.
and IK, the ratio between these components is a key factor in determining the degree
of inactivation of the total K* current. A reduced IK component in comparison to
IA could account for the Sb-dependent effects; all Sb neurons studied inactivated more
than 50% (FIG. 1). It is consistent with the idea that some Sb gene products are utilized
to form delayed rectifier type of K* channels in embryonic neurons observed in this
study (in contrast to previous reports in adult and prepupal neurons.'"

Complex neuronal activity reflects contributions from a diversity of K' channels.
Under voltage clamp, it is difficult to distinguish and isolate Sb-dependcnt currents
from the rest of K' currents because of overlap in the biophysical properties. However,
current-clamp experiments may be more effective in revealing defects in Sb-dependent
currents, since a slight imbalance in the inward and outward currents may result in
striking changes in action potential shapes. Voltage-responses in Sb" '" neurons (16%)
showed abnormalities such as plateau potentials and irregular oscillations, which were
not seen in wild-type neurons (FIG. 2). Interestingly, similar irregular voltage-responses
could be induced in wild-type neurons by applying blockers (TEA) of the delayed
rectifier K* channels, but not by 4-AP, which preferentially blocks IA.12

Both voltage- and current-clamp studies reveal that a subpopulation (16%) of SbKs'
neurons showed clear deficiency. Our results suggest that in the embryonic giant
neurons, Sb gene products can be utilized to form non-A-type K* :hannels. Since
the same mutation disrupts IA in a similar percentage of neurons in the pupal stage,
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FIGURE 2. Irregular electrical activity in SbI" 1 neurons. At and A2 show sample records from
wild-type and Sbr'sI" neurons, respectively. (A,) Normal all-or-none action potentials observed in a
wild-type neuron. (A2) Irregular action potentials in a Sb'sIB neuron. Voltage-response patterns are
classified as 1 = all-or-none; 2 = graded; and 3 = non-regenerative. (For details, see refs. II and 12).
Irregular responses were seen only in SbISKI neurons (16% or 6/37 **), but not in wild-type neurons
(*). Open bars: wild-type neurons, shaded bars: SbKsIH.

it is possible that Sb splicing products can be regulated differently at the embryonic
and pupal stages.
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Single-Channel Recordings of an
ATP-Sensitive K Channel in Rat

Cultured Cortical Neurons
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The presence of ATP-sensitive K- (KMP) channels in the central nervous system
has been demonstrated by electrophysiological studies and radioligand binding studies
with specific KArP channel inhibitors.' There are several reports on properties of single
KA [P channels in the nervous tissue and most of them have indicated that KA1 p channelsin central neurons are quite different in properties from the "classical" KArI channels
originally found in pancreatic 13 cells and cardiac muscle cells. 2 In this study, we
demonstrate that rat cortical neurons have a KAIP channel quite similar to that in
pancreatic 13 cells.

Primary cultures were prepared from the cortex of I- to 5-day-old neonatal rats,
and the inside-out, outside-out, and whole-cell configurations of the patch-clamp tech-
nique were applied to the cultured cells 4-12 days after seeding. FiGcuR I shows an
example of single-channel recordings from inside-out patches containing ATP-sensitive
channels and current-voltage relationships of these channels under two different ionic
conditions. As shown in FIGURE I(A), the channel with a single-channel conductance
of 65 pS (in 145 mM/145 mM K') was completely inhibited by application of 0.2-
1 mM ATP to the cytoplasmic surface of the inside-out patch, The current-voltage
relationships of the ATP-sensitive channel indicated that the channel is a K-selective
channel, namely, a KAIP channel. The KArP channel was inhibited by a KAIP channel
inhibitor, tolbutamide (0.5 mM), and activated by a K.-Ip channel activator, diazoxide
(0.5 mM), when these drugs were applied to the extracellular surface of outside-out
patches (FIc. 2,A). These properties are quite similar to those of the KA\p channel in
pancreatic 03 cells. In whole-cell recordings, effects of these drugs on the membrane
potential and the conductance were examined. Extracellular application of 0.5 mM
diazoxide induced a pronounced hyperpolarization (FIG. 2,B) concomitant with an
increase in membrane conductance, whereas 0. 5 mM tolbutamide evoked a depolariza-
tion concomitant with a decrease in conductance. The number of KAIP channels
per neuron was roughly estimated from the data obtained in the whole-cell and the
single-channel recordings, on the assumptions that all the overall tolbutamide- and
diazoxide-sensitive K' conductance originated from the KAIP channel characterized

396



OHNO-SHOSAKU er al.: CULTURED CORTICAL NEURONS 397

AB
Control • 6-

I mM ATP

-0 -50 50'1 X0. 2 'rmm ATP 7ý Potentlaý IMv.

S-0
washout

751) mE 4

FIGURE 1. Blocking effects ofcytoplasmic ATP on K channels and the current-voltage relationships
obtained with inside-out patches. (A) The pipette was filled with a high-K" solution containing (mrM)
145 KCI, I MgCl,, 2 CaCI2, and 10 HEPES/NaOH (pH 7.3), and the bath solution was a high-K+ /
low-Can2 solution containing 125 KCI, I MgCIŽ, I CaCI:. 20 KOH, 10 HEPES. and 5 EGTA
(pH 7.3) with or without 0.2-1 mM ATP. The membrane potential was clamped at - 50 mnV. (B)
The pipette contained the high-K* solution (open circles) or a normal solution containing 140 NaCI.
5 KCI, 1 MgCIl, 2, CaCI:, 10 HEPES/NaOH, 10 glucose, and I gM tetrodotoxin (pH 73). The
slope conductances were 65 pS (open circles) and 26 pS (closed circles), The lines were fitted by eve

here, and that the open probability of the channel is 100% in the presence of diazoxide
and 0% in the presence of tolbutamide. The estimated number of K.,p channels
ranged between 20 and 150 per neuron. If neurites or presynaptic terminals also
contain KAIP channels, a real number of KAP channels per neuron will be higher than
the estimated number.
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FIGURE 2. Effects of tolbutamide and diazoxide on a single K,5 , channel in an outside-out patch
(A) and on the membrane potential of a cortical neuron (B) The pipette solution was the high-K'"'
low-CaY+ solution, and the bath contained the high-K* solution with or without 0..f mM tolbutamide
or 05 mM diazoxide. (A) The memhrane potential was clamped at -5S0 m% (B) The membrane
potential was measured at the current-clamp mode with the whole-cell configuration
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Mechanical Modulation of
M-Current in Cultured Bullfrog

Sympathetic Ganglion Cells

S. HARA AND K. KUBAa
Department of Pbysiology

Saga Medical School
5-1-1, Nabesbima
Saga 849, Japan

Under the wh -1e-cell patch clamp condition, local flow of a solution (identical to
the bathing solutioni from a micropipette to a cell (FIG. 1), but not other mechanical
stimuli, produced a non-inactivating outward (in 34 cells out of 141) or inward (in
70 cells) current (If(ot, or If,o, respectively) depending on the cell (FIG. 2,Aa and Ba).

A a b \ Micromanipulator
Inlet

Suction

50 - 70 mmH 2 0

Ba

200 ms 2 nA

b
--7

I. 10 sec

FIGURE 1. The local solution flow device (A) and the rate of changes in membrane current produced
by local flow of a high K" (20 mM) solution (B). The tip of the micropipette (Aa) was opened or
closed by pulling or pushing a rod with an oil-operated micromanipulator (Ab).'

'To whom correspondence should be addressed
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Both lo.., and I,(,) appeared at voltages more positive than -60 mV (FIG. 2,Ab and
Bb), accompanied by increases and decreases, respectively, in membrane conductance
and current relaxation (FIG. 2,Ac and Bc) to a voltage jump between - 30 mV and
-55 mV without a change in its time constant (whose value was similar to that of
a voltage-dependent non-inactivatingK* current known as IM'), reversed at a membrane
potential close to the equilibrium potential for K", and blocked by Ba' * (4-8 mM),
and muscarine (10 aiM: the latter produced either an "apparent inward" or outward
current).2 Thus I,(o,, and Ik,,, are generated by the activation and inhibition, respectively,
of IM by the local flow of solution. Although current responses were not seen, the
mechanical effects took place even at - 70 mV, as Isoo, or If(m,) appeared on shifting
membrane potential to - 30 mV immediately after the local flow. 2 A transient outward
current activated by a voltage jump from - 85 mV (or - 75 mV) to - 30 mV was
little affected by local flow of a solution that produced l1,,o or Ifn... Since negative
pressure to, or the lateral, forward, or backward movement of, a recording patch
pipette affected little the membrane current of a ganglion cell, it seems that lo.,) and
Ifi.) were produced as a result of the flow-induced shear stress to the cell membrane.

Although the physiological functions of Ifo., and Iftm) are not known in sympathetic
ganglion cells, they seem to play, in general, some roles in the regulation and modulation
of the neuronal membrane excitability under a variety of mechanical stresses during
development and plastic activities.

Aa b c
VH = .30 m V Coý Irol nA C -- Vro• 6 • _. i V

l . . ...... III...................................................I . F ,, 5 -
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FIGURE 2. I.,,, (A) and 10,,) (B). (Aa and Ba) Membrane currents and voltages before, during, and
after the local flow of Ringer. Hyperpolarizing voltage pulses (700 msec) of constant (20 mV) or
various (10-65 mV) amplitudes were applied throughout the records. (Ab and Bb) Current/voltage
relationships before and during a solution flow. (Ac and Bc) Current responses to a hyperpolarizing
voltage pulse before and during a solution flow.
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Alterations of Gating Parameters
by Neutral Substitutions of

Transmembrane LeU52 of Slow
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The slow potassium channel induced l)V the 1,K protein Is unique in both structural
and functional aspects.' The 4~ proteins have only 129 or 130 amino acid residlues with
a single transmembrane segment (FIG. IA) that is highly conserved amoatg species.`
Although its structure Is very simple and differs completely from that of other known
ion channel proteins, the slow K channel possesses all properties of the voltage-gated
K' channel. The structure-function relationship of this channel has been studied using
site-directed mutageneSIS. 7 . In an earlier paper, we observed that a very' conservativC
neutral substitution from leucine (L~euP?) to isolcucine (1-521) in the transmcmbrane

FIGURE 1. Mutational changes in the slow K channel activation~ (A) The pnimarv structure of
the transmembrane segtment ot the wild IK protein and the mutants Singic-letter code is used No
net charge exists in the segment~ Leu` (wild-type. %VI') was replaced by either Ile (1.521) (ir AId
(1.52A) through site-directed mutagenesis (B) C'urrent records from Xeiwptut oocs'tes Infected with
the mRNA svmthesizcd in vitro from a wild type cl)NA or a mutant cl)N.' Whole ooc\'te currents
elicited liy 14 sec-d 1cpolarizing pulses (from -20) mV' to + 60 mV') were reciorded at 2 1 1( Current,
did not reaih steady-st at es during 14 sec pulses [he holding poitential was -70 mV 'Iw\o mnicriielec-
treode voltage clamp studies were pie~rfored in NI)96 solution (NAJ 9~t)i m.\. K0 2 m\1M. (:,( ].,
1 8 mM. MgCI I miM, I IEPES 5 mM. PlI 74) uinder perfusion Defolliculation \%.as done Just
priiir to the elect rophysiologica] experiment p( am p wasý used for applying the oltagecr iad
for the sampling and the data analysis Leakage currents were subtracted
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segment brought about apparently faster activation." In the present study, shifts of
the voltage-dependent activation curve were observed in 1.521 and 1522A mutants in
the oppositc dirccticn.

FIGURE 1 (B) shows the difference of activation time course between the 5.521 channel
and the wild type or the L52A. To see the underlying effects of the mutation quantita-
tive kinetic analyses were performed. In FIGURE 2, two time constants (A) and the
relative contribution of the fast component in the current amplitude (B) are shown
as a function of voltages. Both mutations did not induce marked changes in both fast
and slow time constants. The most prominent difference was a contribution of the
fast component: At less depolarized potentials the fast component was negligible in
the wild type and the L52A channel, whereas a considerable contribution of the fast
component was found in the L521 channel even at 0 mV. FIGURE 2(C) shows the
voltage-dependent activation for the sum of the two components. The activation curve
was shifted to the left (more negative potentials) for the L521 mutant, whereas the
right shift was observed for the L52A mutant. The effect of the mutations on the
gating charge was not obvious in both mutants.

An isomeric substitution (from Leu to lie), where the location of a methyl group
is shifted only for a distance of the C-C bond, induced marked alterations in both
the gating kinetics and the activation curve, whereas a relatively large volume change
in the sidechain (from Leu 166.7 A' to Ala 88.6 A) induced a change only in the
activation curve. There is no simple interpretation for these effects of the mutations.

FIGURE 2. Kinetic parameters and activation curves of the slow K channels All current tracce
could be fitted by the double-exponential function as 4(t) = 1 ....... + A, expl - i/T,] + A. cxpi - tiT]
at least during 14 sec pulses. Different symbols represent the wild tylpe (arcles). 1.521 (triangles). .nd
L52A (squares). Data are shown as mean ± SE. Number of the experiments %%cre I ý for the wild
type, 18 for 1.521, and 7 for L52A. (A) Fast (T,. open symbols) and slow (T.. closed symbols) time
constants for the wild type and the mutants as a function of voltages. Volt.ige dependency of the
"t, was not notable. The T, of the 1,521 channel showed signiticantly higher %alue at 20 mV [here
is no statistical significance for the difference of T, between the wild type and the I.52A mutant The
"T, became shorter with increasing the voltage in both the wild type and the mutants. there is no
statistical significance for the difference between the wild type and either mutant. (B) The relative
contribution of the fast component (A,) to the sum of both fast and slow components. .\s the \oltaec
became less positive the relative contribution of the fast component for the wild type and the I.52A
channel decreased more prominently than that of the 1.521. There is no statistical ditfrrencc between
the wild type and the L2A. At -20 mV and 0 mV th, data points for the I.J21 mutant are
significantly different from those of the wild type. (C) Voltage-dependent acti% ation cur\ es. Nirmnaied
chord conductances (G) were calculated for the sum of the two compoments by (A, + A.)/(' - Ek),
where El, is the equilibrium potential for potassium. Even if the current does not reach the steads-state
in this time range, the equation would have the physical basis and may represent a compositc function
of rate constants in the partial state diagram around the initial activating process At 0 mV the data
points for both mutant channels arc significantly different from those of the %siId type Activation
curves were fitted by the Boltzmann distribution: G : (,,,. / (I + explz'C'(V - V, :)/kT). in
which z is the effective valence, e the elementary charge. k the Boltzmann constant. T the absolute
temperature and V, the half activation voltage. For the wild type G,,., is 17 itS. z is I 3 and V!
is - 14 mV. For the 1.521, z is fixed as 1.3 because of the lack of points at more negative potentials
Thus, the V,1 salue (- 39 mV) is not very' accurate. G,,.,, is I I IpS For the l.€2A, G,. z and V
are 9 ItS, 2.1, and, 0.2 mV, respectively
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Neutral substitutions introduced in other ion channels resulted in altered gating behav-
ior.9- 2 The mechanism has been assigned to a hydrophobic interaction, such as leucine
zipper'' (the sequence of the leucine zipper interaction is Leu > lie > Ala) or just
volumetric exclusion"2 (Leu = lie > Ala). Neither of them can explain our results.
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Ca2"-activated K channels were observed in many smooth muscle cells"- and these
channels were demonstrated to be dominant K channels for the physiological functions
in guinea pig vas deferens smooth muscle cells.' Ca 2"-activated K channels usually
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Z
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a0 et [Ca1÷1 x1O-1' M
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FIGURE 1. Effects of membrane potential on an open probability (P,,.,,) at a different [Ca "], during
single event activity. The solid line is obtained by fitting the data points with the following equation,

RV) a( a = 2zF/(I,= -- a=2 B= V.,
I +e,'-"O' RT 2

where as are 0.085, 0.093, and 0.105 and O3s (in mV) are 42.1, 14.6, and -42.6 at ICa2 '], of I
x 10-', 2 x 10 , and 2.3 x 10 M, respectively.
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have sensitivities to a membrane potential and [Ca2 j,.4` The single-channel properties
of this channel is the main interest in the present paper.

The single-channel activity was analyzed with the inside-out patch clamp method.
The solutions used in the experiments contained (in mM) 119 NaCI, 30 KCI, 2.3
CaCI2, 1.2 MgCI2, 5.8 KHCO3, 5.8 HEPES, and 11.7 glucose for the external solution
and 145.7 KCI, 1.4 MgCI2, 5.2 HEPES, and I EGTA for the internal solution. The
free Ca2 concentration in the internal solution was calculated using the standard
method. We could not obtain a pure single-channel patch, but obtained some patches
containing two channels that behaved as a single channel. We analyzed only the single
event activities in these patches. Single-channel recording were analyzed by pClamp
(Version 5.15, Axon Instruments, Inc.).

Ca2 +-activated K channels in the cells were highly sensitive to the potassium concen-
tration of both sides of the membrane and the reversal potentials in I-V relation were
well within the EK values calculated from Goldman's equation. The single-channel
I-V relation did not change when [Ca 2"], was changed and the single-channel conduc-
tance was approximately 90 pS.

Open probabilities (P,,,) as a function of membrane potential at three different
[Ca 2 ], are plotted in FIGURE 1. The experimental data were fitted by Boltzmann's
distribution function and the V1 /2, which is the membrane potential where P,, was

Open ClosediI I
2 2x 30'M (,a 2x It) 0M C

k , = 1.53 ms = 11.595 m-

Time (2msidiv) Time (Ims div)

Open Closed

2.3x 10 M Ca 2.3 xi10 N1 Ca

r1 = 8.18 ms T, = 1) 452in
_ 12.14 is T_ = 3.23 ni

. . .. . . .. . . . , . .

Time (2ms/div) Time (lIs div)

FIGURE 2. The open time histogram (Cft) and closed time histogram (sb e and T2 show the
time constants of two exponential distribution of open and closed times. The open time distribution
was analyzed between 0 and 100 msec with a 2 msec bin and the closed time distributions for 2
x 10' M Ca 2 and for 2.3 x 10' M were analyzed between 0 and 180 msec and between 0 and
25 sec, respectively, with a I msec bin.
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half maximal, was a linear function of ln[Ca:],. An apparent Hill coefficient in the
relation of Pop. versus [Ca2 1, could be reduced from the Po•,0  - V relation. A slope
of Vi1 , -ln[Ca 2'], relation was around 8, showing a marked dependency of P., , on
[Ca2 I..

Both the open and the closed time histograms consist of two exponential compo-
nents. In the open histogram, the time constant T, of the fast component, which was
a major component, increased markedly but the time constant T. of the slow component
increased a little, when the membrane was depolarized and [Ca 2 ], was increased. In
the closed time histogram, the time constant t, decreased when [Ca-'", was increased
but T2 was not affected significantly by [Ca' -],.
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Voltage-dependent Ca channels control Ca2 influx to the presynaptic nerve termi-
nal and the neurotransmitter is released. However, characterization and identification
of Ca channel(s) need further work. Synaptosomes isolated from the electric organ
of electric rays consist of cholinergic nerve terminals and are free from postsynaptic
membranes, characteristics which make this preparation most suitable for pharmacolog-
ical and biochemical characterizations of calcium channels of presynaptic terminal
membranes.

We prepared synaptosomes from ajapanese electric ray (Narkejaponica). Acetylcho-
line (ACh) released from these synaptosomes depolarized with a high concentration
of potassium ions was measured using a chemiluminescence method.' Addition of 20
g.tM 0o-conotoxin GVIA (0o-CgTX), known to be a blocker for N-type Ca channels,
almost completely inhibited the evoked release of ACh. The concentration required
for 50% inhibition (IC5,,) was 7 gM, a value close to that (8 riM) for the intrasynapto-
somal Ca2" increase measured with Fura-2.' This means that inhibition of the release
of ACh is the result of a blockade of the influx of Ca 2". Assay using a radioiodinated
toxin derivative revealed a single-type binding site with a dissociation constant of 8
tM, again close to the IC, values above. Autoradiography with SDS-PAGE analysis

To whom all correspondence should be addressed.
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after covalent cross-linking of the labeled toxin, using disuccinimidyl suberate, revealed

the 170 kD peptide to be an co-CgTX receptor.
Contrary to previous reports,', dihydropyridines (DHPs) known to block L-type Ca

channels also inhibited (in the micromolar range) ACh release from the synaptosomes.
Addition of 10 gM S-12967 completely inhibited ACh release-the inhibition-
concentration relationship is shown in FIGURtE 1. IC,0 values for S-12967 and for
other DHPs are shown in TABLE 1. Assay of a DHP binding to synaptosomal plasma
membrane using [3HIPN 200-110 revealed a specific binding site with K& = 3 iiM
and Bm,_ = 147 pmol/mg protein.

The present finding that (o-CgTX or a DHP inhibits almost completely the release
of ACh indicates that these two types of Ca channel blockers act on the same and
single type of Ca channel through which Ca2̀  enters the nerve terminal. Similarity

a

b

C

d

e

1 min

FIGURE 1. Inhibition with water-soluble DHP, (+)-S-12967 of ACh release from s vnaptosomes.
as evoked by depolarization with a high concentration of K" ion following 10 min preincubation
with or without the Ca channel blocker. The concentration (in 4M) of the blocker is (a). 0: (b)
0.5; (c) I; (d) 5; (e) 10. The released ACh was determined continuously using the chemiluminescence
method. At the time indicated by the arrow, the concentration of KCI had increased from 3 m.1
to 40 mM by injection of 10 pi of I M KCI into 250 It of synaptosomal suspension (200 ptg
protein/ml) present in physiological medium consisting of 280 mM NaCI, 3 mM KCI, 1.8 mM
MgCI2, 3.4 mM CaCI2 , 5.5 mM glucose, 50 mM urea, 400 mM sucrose, 40 mM HEPES-Na (pH
7.4), and chemiluminescence agents (20 U/ml choline oxidase, 6 pg/ml peroxidase, 50 pM luminol)
The sharp peak at the beginning is an artifact related to injection of the stimulant
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TABLE 1. Characteristics of Ca Channel Blockers for Inhibition of Evoked
ACh Release from Synaptosomes and for Their Binding to Synaptosomal
Plasma Membranes'
Ca Channel Blocker IC,,)b (pM) &~a (4iM) B.. (pmol/mg protein)

Co-CgTX 7 8 200

DHPs
PN 200-110 2.6 147
Nicardipine' 8

(+)-S-12967' 2

(-)-S-12968' 2

SBinding assay of Ca channel blockers was done using 1
2

[lI-labeled c.0-CgTX or I'HIPN 200-110 The
binding of the labeled blocker to synaptosomal plasma membranes was measured using a rapid filtration
method and a glass-fiber filter The difference between bindings observed in the absence or presence of
excess amounts of the non-labeled compound ((+)-`ý-12967 for [FHIPN 200-110) was taken as specific
binding. Dissociation constant (KJd) and maximum binding capacity (B-) was obtained from Scatchard
plots.

From Yamanouchi Pharmaceutical Co., Tokyo, Japan.
'From Institut de Recherches Internationales Servier, Courbevoie, France.

in the density of receptors of the two types of Ca channel blockers may support this
notion. The Ca channel probably contains a subunit of the 170 kD peptide with
o-CgTX binding site(s).
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Hyperpolarization-activated inward current (If) is one of the inward currents contrib-
uting to membrane depolarization to threshold during diastole. Young embryonic
chick ventricular myocytes also exhibit spontaneous activity, which generates slow-
rising action potentials. In embryonic chick ventricular myocytes, whole-cell voltage-
clamp experiments were performed to examine modulation of the If. Long-duration
(3 sec) hyperpolarizing pulses were applied from holding potential of - 30 mV to
steps of -40 to - 120 mV. Intracellular Ca2 concentration was chosen to give a
pCa of 7 to facilitate the If amplitude, according to an equation. If was marked in
3-day-old cells, diminished at 10 days, and almost completely gone at 17 days (FIG.
I,A-C). The If current density (at - 120 mV) was -6.8 ± 1.2 pA/pF (n = 23) in

3-day-old cells, -3.1 ± 1.1 pA/pF (n = 17) in 10-day cells, and -2.2 + 0.7 pA/
pF (n = 12) in 17-day cells (FIG. 1 ,D). The reduction of 1, paralleled the decrease in
spontaneous activity. The voltage ofthe half-activation (measured from the tail currents)
was -92.0 ± 2.4 mV (n = 3) in 3-day cells, and was -87.2 ± 2.1 mV (n = 3)
in l O-day cells. In 3-day-old cells, the threshold potential (V,h) Was - 5"0 to - 60 mV,
and the reversal potential was - 13.4 ± 1.3 mV (n = 3). The amplitude of I, was

enhanced by 12.1 ± 1.8% (at - 120 mV) at 301C compared with 20'C. The time
course of activation was also temperature dependent, and was fitted by a single exponen-
tial: was 1.3 ± 0.4 sec at 200C and was 0.7 ± 0.4 sec at 30'C. Cs' (3 mM)
completely blocked If and had a negative chronotropic effect. The rate of spontaneous
action potentials (with less than - 60 mV of the maximum diastolic potential) was
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FIGURE 1. Developmental change in the hyperpolarization-activared inward current (I) in young
embiyonic chick ventricular cells. Test pulses were applied between -40 to - 120 mV, in 10 mV
increments, from a holding potential of - 30 mV. Then, the pulses were constantly stepped to + 20
mV to measure the tail current. (A) Presence of large If in a 3-day-old cell. (B) Smaller 1, in a I0-day-old
cell. (C) Absence of I, in a 17-day-old cell. (D) Current-voltage relationships for I, current density
in the three developmental stages. Symbols used are: 3-day (open circles), I 0-day (triangles). and 17-day-
old cells (squares). The values are plotted as mean + SEM. The capacitances were 12.7 + 2.0 pF
(n = 17) in 3-day cells, 9.9 ± 2.1 pF (n = 14) in 10-day cells, and 8.5 ± 2.6 pF (n = 14) in
17-day-old cells. External solution included 3 mM BaCl:, 10 gM TTX, and 3 mM CdCl2 The
short line at the left of the current records in A-C represents the zero current level.

decreased by 60.9 ± 3.4%. Therefore, the If current may not be a major contributor
to the pacemaker potential.

Isoprenaline (ISO; 1 AM) caused a positive chronotropic effect (17.1 ± 2.9%, n
= 5) and increased If by 65.2 ± 5.6% (at - 120 mV; n = 7). This agonist also
re-started automaticity in Cs -induced quiescent preparations. Carbachol (CCh; 0. 1
MuM) had a negative chronotropic effect (26.3 ± 3.4%, n = 5), and decreased If by
41.2 ± 1.3% (at -120 mV; n = 7). Tat -120 mV was reduced to 1.0 ± 0.2 sec
(n = 5) by ISO, and increased to 1.5 ± 0.4 sec (n = 3) by CCh. CCh (0.1 4tM)
also reversed the enhancement of If produced by ISO (n = 3). Intracellular application
of 100 piM GTP-yS (non-hydrolyzable GTP analogue) decreased basal 1, by 3 5.2 +
5.0% (n = 17), but potentiated the stimulant effect of 1 4M ISO (by 37.8 + 4.7%,
n = 9) and the inhibitory effect of 0.1 4.M CCh (21.2 ± 4.3%, n = 9) (FIG. 2, A
and B). Effects of ISO and CCh on If were potentiated further by GTP-yS. It is likely
that direct G-protein pathways connect both muscarinic and 03-adrenergic receptors
to If channels. In young (3- to 5-day-old) embryonic chick hearts, cAMP level is very
high, whereas cGMP level is very low. The present results suggest that young embry-
onic cells possess high sensitivity to muscarinic receptors, even though the 3-day-old
heart is not yet innervated by parasympathetic nerve. G-proteins inhibitory to 1, were
dominant over stimulatory G-proteins in young embryonic chick heart. The knoAi
dominance of the vagal effect may also be reflected by the dominance of the inhibitory
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FIGURE 2. Modulation of GTP-yS on I, current in the presence of isoprenaline and carbachol

(A) Percentage changes in I, in a 5-day-old cell as a function of time. Test pulses were applied to

- 120 mV from the holding potential of - 30 mV. Control (open circles). GTP-YS 100 AiM ifii'd

circks), GTP-yS + I I.M isoprenaline (ISO) (triangks), and GTP-yS + 0 1 4M carbachoi W, xcbr

(squares). GTP-yS (100 4iM) was added into the pipette solution. External solution included 3 m.VI

BaCIz, 10 i'M TTX, and 3 mM CdCI2. (B) Summarized percentage changes in 1, (at - 120 m\)

Left panel shows effects by ISO (I tAM) or Carb (0.1 giM) alone. On the right panel, the changes

by GTP-yS (100 laM). GTP-yS + ISO AiM), and GTP-yS + Carb (0 1 tiM) are shown Vertical

bars represent the mean values and the SEM values are superimposed. The numbers in parentheses

indicate the number of experiments. **p<O.Ol,; **p<O.OO1. with respect to control value
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G-proteins activated by GTP-yS. Direct G-protein coupling between autonomic recep-
tors and I, channels may partly account for the ability of the autonomic nervous
system to produce its effects within a single heartbeat, and an indirect coupling via
second messengers can account for the more persistent effects.

In conclusion, the hyperpolarization-activated 1, current (Cs sensitive) may contrib-
ute to the electrogenesis of the pacemaker potential of embryonic chick heart cells and
decreases during development. I3-adrenergic agonists stimulate I, whereas muscarinic
cholinergic agonists inhibit I1 and reverse j0-adrenoceptor stimulation. Thus, G-proteins
directly and indirectly couple autonomic receptors to I, channels in embryonic chick
ventricular cells.
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Stretch-activated (SA) ion channels are ubiquitously distributed virtually in all organ-
isms and supposed to have important roles in fundamental cell functions such as cell
volume regulation.' However, because of the absence of useful blockers (except for
the inorganic cation gadolinium) and activators the mechanism of activation or physio-
logical role of the channel is unclear. In the present study, a number of drugs have
been subjected to screening by using the conventional patch-clamp technique. We
have found that aminoglycoside antibiotics, such as neomycin, strongly blocked the
cation-permeable SA channels of chick skeletal muscle cells, and that a certain class
of amphipaths, such as chlorpromazine, could activate the SA channels in the absence
of mechanical stimuli.

There are two types of SA channels in cultured chick skeletal muscles.' One (sSA)
is a voltage-independent nonselective cation channel with a conductance of 60 pS at
150 mM KCI in the pipette. The other type (ISA) with a larger conductance (190
pS) is a voltage-dependent nonselective cation channel (FIG. Ia). We found that both
types of SA channels were blocked by externally applied aminoglycoside antibiotics
in a dose- and voltage-dependent manner (FIG. I ,b). Dose dependence of the blockade
indicated that the drug interacts with the channel in a 1:1 fashion (not shown). From
the analysis of the voltage-dependent blockade, the zero voltage dissociation constants
of several aminoglycosides in sSA and ISA channels were determined as follows (in
gM); neomycin (2.4, 2.4), streptomycin (20.7, 25.4), ribostamycin (32.4, 55.9), dibe-
kacin (47.5, 17.5), and kanamycin (54.7, 22.1). Although these drugs block other
ion channels like Ca or K channels,' their dissociation constants for the SA channels
are much lower than those for other channels.

A certain class of amphipaths is known to accelerate the opening of SA channels
from E. coli spheroplasts.' Those drugs are thought to penetrate into the lipid bilayer,
generating strain in it. We also have found that several amphipaths (chlorpromazine

SSupported by grants from the Ministry of Education, Science and Culture of Japan (034407 •.
03454558, 04263291).
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FIGURE I. Voltage-dependent blockade of ISA channel by kanamycin. (a) Single channel currents
of voltage-dependent ISA channel at different voltages in the absence (klf, control) and in the presence
of 10 lILM kanamycin (rtigbt) in the pipette. (b) Single channel currents are plotted against bath voltage
(membrane potential) at various kanamycin concentration in the pipette, where the pipette potential
is defined as zero voltage, All the data were collected from excised inside-out patches of cultured
chick skeletal muscle cells at room temperature (20-25•C). Bath solution (in mM): (150 NaCI, 5
KCI; 2 CaCI2; I MgCI2 ; 10 HEPES, pH 7.4); pipette solution: (15O KCI; 5 NaCI'; I MgC[.;
kanamycin; 10 HEPES, ph 7.4).
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FIGURE 2. Time-dependent effect of chlorpromazine (CPZ) on the open probability of single sSA
channels. (a) Activation of single sSA channel by negative pressure in the pipette (left, control) and
by 10 ýiM CPZ in the pipette without suction (rigbt). (b) Plot of single channel open probability
(Po, %) against time after gigaseal formation at various CPZ concentrations. All the data were obtained
from cell attached patches of cultured chick skeletal muscle cells. Essentially the same results could
be obtained from excised patches. All other conditions are the same as in FIGLREI 1, except that
pipette solutions contained CPZ instead of kanamycin.



420 ANNALS NEW YORK ACADEMY OF SCIENCES

and trinitrophenol) could activate the SA channels of cultured chick muscles in the
same manner as mechanical stimuli (FIG. 2,a). For example, chlorpromazine (CPZ) in
the pipette dose- and time-dependently activated the SA channels (FIG. 2,b), which
might arise from the progressive stress caused by time-dependent penetration of the
drug into the lipid bilayer. As the activation of the SA channels in our preparation
has been suggested to relate to cytoskeletal structures,' both cytoskeletons and lipids
may contribute to the SA channel activation.
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The opening of GABAA receptor-linked CI- channels in hippocampal pyramidal
neurons hyperpolarizes the perikaryonic membrane and depolarizes the dendrites.'
The differences in the local intracellular Cl- concentrations ([CI - ) among the cellular
regions are considered to be responsible for such diverse effects, but have not been
confirmed by conventional techniques. In this study, the regional [Cl -1, and the distribu-
tion of Cl- transporters in cultured rat hippocampal neurons were investigated using
a Cl-sensitive fluorescence dye, N-(6-methoxyquinolyl)acetoethyl ester (MQAE).

Hippocampal neurons from 17-day-old Wistar rat embryos were cultured and
loaded with MQAE as described elsewhere." The microscopic MQAE fluorescence
intensity was continuously recorded with a multichannel window photometer, which
enabled the simultaneous observation of [C2-1, in central and peripheral regions of
the same perikaryon of a pyramidal cell-like neuron. The [C0-, in neural processes
was separately measured at a fiber bundle consisting of processes from clustering
neurons.

After the transmembrane Cl- gradient was minimized with ionophores, the MQAE
fluorescence intensity was decreased with stepwise increases in the medium Cl- concen-
tration (FIG. I). The stationary level of [Cl -, in each region was estimated from the
initial fluorescence level in the corresponding calibration curve of fluorescence intensity
against the Cl - concentration. TABLE I shows the estimated values and their changes by
inhibitors of Cl - transport systems working in neurons4 : ethacrynic acid for outwardly
directed Cl- pump,' furosemide and bumetanide for inwardly directed Na* /K/2C1
cotransporters.

The stationary [Cl-1, was lower in the central region of the perikarya than in the
periphery. The [C0 -, in the neural process was much higher than that in the perikarya.
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FIGURE 1. Intracellular calibration of MQAE fluorescence intensity. The regional fluorescence
intensities were continuously recorded in the central and peripheral regions of a perikaryon and in
a bundle of neural processes of MQAE-loaded hippocampal neurons perfused with Krehs' solution
To control the [CI- . the transmembrane CI- gradients were minimized by the calibration solution
containing 135 mM KNO;, 10 gsM valinomycin, 5 gsM nigericin, 10 PiM tributyltin, and definite
concentration of C- ([KCII + IKNOj = 135 mM). The stationary level of [CI I, in each region
was estimated by the initial fluorescence intensity using the calibration curve against log [Cl I

The increase in [CI-1, by the inhibition of CI pump was greater in the central region
than in the periphery, but not detected in the neuronal processes. After the inhibition
of Na÷/K÷/2C1- cotransporter, the [CI-], was lowered prominently in the peripheral
region, moderately in the central region, and weakly in the peripheral region.

These findings suggest that the heterogeneous regional [Cl 1, in hippocampal neu-
rons is maintained by the spatially diverse distribution and function of Cl transporters;
the ethacrynic acid-sensitive CI- pumps are distributed mainly on the perikaryonic
membrane and work more effectively in the central region than in the periphery, and
the furosemide- and bumetanide-sensitive Na /K /2CI - cotransporters are distributed
in the entire cell but work more efficiently in the peripheral region.
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TABLE 1. The Effects of CI - Transport Inhibitors on the Regional Intracellular
CI- Concentration ([CI-])'

Regional ICI 1, (mM)

Center of Periphery of Neural
Drugs perikarya perikarya process

None (stationary) 11.4 ± 2.7 17.4 + 2.8 35.0 ± 7.8
Ethacrynic acid (0.3 mM) 33.7 ± 7.6* 30.4 + 4.9* 35.4 ± 2.3
Furosemide(0 mM) 4.4 +1.9" 0.4 ± 0.3* 173 ± 2.5*
Bumetanide (50 4M) 1.8 ± 0.8" 0.3 ± 0.2* 21.1 ± 2.1"

'The stationary values of regional [CI-], were estimated by respective calibration experiments.
[CI-, values were estimated at 5 min after the perfusion with or without drugs. The number of
determinations: 4-8.

* p < 0.05 compared with each stationary value.

REFERENCES

I. ANDERSON, P., R. DINGLEDINE, L. GJERSTAD & I. A. LANGMON. 1980. J. Phvsiol. 305: 279-
296.

2. Newberry, N. & R. A. NICOLL. 1985.J. Physiol. 360: 161-185.
3. HARA, M., M. INOUE, T. YASUKURA, S. OHNISHI, Y. MIKAMI & C. INAGAKI. 1992. Neurosci.

Lett. 143: 135-138.
4. INOUE, M., M HARA, X-T. ZENG, T. HIROSE, Y. YASUKURA, T. URIt, K. OMORI. A. MINATO

& C. IN-rj. 1991. Neurosci. Lett. 134: 75-78.

5. SHIROYA, T., R. FUKUNAGA, K. AKASjIj, N. SMJMADA, Y. TAKAGI. T. NIsHINO, M. HARA & C
INAGAKI. 1989. J. Biol. Chem. 264: 17416-17421.



Identification of an Anion
Channel Protein from Transverse

Tubules of Rabbit Skeletal Muscle

JUN HIDAKA, TORU IDE, TAKAHISA TAGUCHI,
AND MICHIKI KASAI

Department of Biophysical Engineering
Faculty of Engineering Science

Osaka University
Toyonaka, Osaka 560, Japan

The transverse tubule (TT) of skeletal muscle is an interface that transduces the
membrane depolarization to Ca2" release signal from sarcoplasmic reticulum. Hence,
the stability of membrane potential permits TT to function normally. Since some
kinds of Cl- channels are considered to have a role to stabilize the potential, it is
important to characterize the channel in TT membrane to understand the mechanism
of excitation-contraction coupling.

The Tr vesicles were prepared from rabbit skeletal muscle by the homogenization
with a blender and six of the centrifugation steps including the step with sucrose
density gradient. To characterize Cl- channels in TT vesicles, these vesicles were
incorporated into artificial planar lipid bilayers and the electric currents through the
channels were analyzed as reported previously.'

The Cl- channel of TT membrane was found to have the following biophysical
properties. (1) The single channel conductance is 40 pS in choline Cl solution (cis
side; 300 mM choline Cl, trans side; 100 mM choline CQ). (2) The open probability
does not depend on the membrane potential in the range between - 80 and + 60
mV, and it is not affected by Ca 2 . (3) The channel is blocked from both sides of
the membrane by 50 jIM stilbene derivatives (DIDS, SITS), which are known as
the inhibitors of the voltage-dependent Cl- channel of Torpedo electric organs. (4)
9-antracenecarboxylic acid (9AC), an inhibitor of the voltage-dependent Cl channel
from muscle, inhibits the channel activity from cis side at 300 ptM

To elucidate the biochemical structure of the CI channel in TV, we used the
polyclonal antibody against the 180 K protein which was identified as a C1 channel
protein in the electric organ of Narkejaponica.' The western blot analysis with this
antibody (FIG. 1) revealed that the antibody recognized the 90 K and 60 K proteins,
or only a 140 K protein under the condition of electrophoresis with or without
2-mercaptoethanol, respectively.
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FIGURE 1. Western blot analysis of TT proteins using a polyclonal antibody against the 180 K
protein from electric organ of Narke japonica. The proteins of TT membrane prepared from rabbit
skeletal muscle were separated by sodium dodecylsulfate-7.5% polyacrylamide gel electrophoresis
(SDS-PAGE). These proteins were then electrically transferred onto a nitrocellulose sheet using a
semi-dry transfer system. After incubation with the anti-Cl- channel (anti-180 K protein) antibody
for 3 h, the sheet was reincubated with horseradish peroxidase-conjugated anti-rabbit EgG antibody.
Proteins with the antibodies on the sheet was visualized by incubation with dimethylaminoazobenzene
and 1H1O2. In A and B, proteins were separated by SDS-PAGE with and without 2-mercaptoethanol.
respectively. Four arrowheads indicate the molecular weight of 200 K (top), 94 K, 67 K, and 45 K
(bottom).

To confirm that the antibody recognizes the CI- channel in TT, we tested whether
the antibody were able to modulate the channel activity. As shown in Fioui• 2, the
antibody added in the solution on each side completely blocked the fluctuation of
single C}- current through the channel incorporated in the planar lipid bilayer. This
phenomenon was observed within 5 min after the application of the antibody and
continued for more than 40 mai.

These results indicate that the antibody recognizes the Cl- channel protein in "TT
membrane as well as the channel in the electric organ of Narkejaponica and the channel
in TT is composed of at least a 140 K protein, which contains two subunits (90 K
and 60 K) crosslinked with a disulfide bond. To determine the complete subunit of
channel, purification of the functional protein is indispensable and is now in progress.

Blatz eta/. have characterized three Cl - channels on a surface membrane of cultured
rat skeletal muscle.2 Although the unitary conductance of the CI- channel derived
from IT" membrane (40 pS) is close to that of one of these channels, the channel
reported in this study is considered to be different from these channels because there
is no voltage dependency and there is inhibition of 9AC from the cis side. The channel
of TT, therefore, should be classified as a "background" type of CI- channel.)
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FIGURE 2. Effects of the antibodies on the CI- channel functions. The IT vesicle suspension (10
gg protein/ml) containing CI- channels was applied to the cs side solution of the artificial planar
lipid bilayer membrane formed by the painting method. The cs and trans solutions were composed
of 300 mM choline Cl, 15 mM HEPES-Tris (pH 7.1), and I mM CaCl:, and 100 mM choline Cl
and 15 mM HEPES-Tris (pH 7.1), respectively. After the stable C1- current was observed, the
antibody was applied at the time indicated by the arrow, In A, the antibody of 12.5 Pg/ml (final)
was added to the cis side. Current fluctuation was measured at the holding potential of -25 mV
In B, the antibody of 30 pg/ml (final) was added to the trans side. Current fluctuation was measured
at - 10 mV. The letters of O" and "C" in the figure show the open state and the closed state (baseline)
of the channel, respectively.
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Joro spider toxin (JSTX) is a specific blocker of non-NMDA glutamate receptors.'
The distribution of JSTX-binding sites revealed by biotinylated JSTX is similar to the
distribution of non-NMDA receptors.' The binding is not inhibited by I mM gluta-
mate, 5 mM spermine, or I M NaCI. Consequently, (I) JSTX does not interfere
with the agonist binding, (2) the blocking activity of JSTX is not due to binding of
the polyamine moiety in the toxin molecule, and (3) JSTX does not bind through
the cationic charges in its structure.

Recently, we affinity-purified JSTX-binding protein from bovine cerebellum, with
the final purified fraction containing a major protein band with an apparent molecular
weight of 130 kD on SDS-PAGE.' Functional reconstitution of the purified protein
was achieved in planar bilayer membranes (FIG. 1). Planar bilayers were formed from
asolectin (15 mg/ml in n-decane) using the brush method.' Following incorporation
of the purified protein, addition of 100 4aM glutamate produced an increase in conduc-
tance associated with channel transitions. The activity and conductance of the gluta-
mate-induced channels did not appear to be affected by changing the membrane voltage
from + 70 mV to - 70 mV, consistent with voltage-independent channels. When
JSTX (40 igM) was added on one side (cis) of the membrane, channel openings were
greatly reduced in frequency without change in the conductance. This indicates that
JSTX acts as a slow blocker of the glutamate-activated channels of the incorporated
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FIGURE I. Schematic diagram of the planar bilayer system. The side to which proteins, glutamate.
and JSTX were added is defined as the cis side. The voltage is referred to the trans side, opposite to
the ci side. Single channel currents of glutamate-sensitive channels reconstituted into the artificial
lipid bilayer. Glutamate (100 laM) induced channel activity, which was similar at + 70 mV and - 70
mV (1). Addition of JSTX (40 gM) to the as side blocked channels in a voltage-dependent manner,
and blockade became more frequent with increasing the voltage (2-4).



SHIMAZAKI et al.: SPIDER TOXIN-BINDING PROTEIN 429

JSTX

-*v

Ab#56 6P-JSTX

FIGURE 2. Immunohistachemlical study using a monoclonal antibody-, to the altin tv-purified protein
Sagittal section of a part of the rat brain. Specific binding of biotinylated JSIX to the cerebellum
and hippocampus (top) was inhibited by treatment with the antibody (bottam). Bar i mm

protein. This inhibition appeared to be voltage dependcn c miore frequent channel
blockade was observed upon increasing the memnbran( Age on the cis side The
results suggest that JSTX b)inds to a site in the ion-conducting pathway at which a
voltage drop occurs.
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A monoclonal antibody was prepared against the affinity-purified protein. The
antibody was obtained as the product of a hybridoma cell clone isolated after immuniza-
tion of BALB/c mice. Using the monoclonal antibody (Ab #56), which specifically
recognizes the 130 K protein in Western blot, we carried out an immunohistochemical
study of the distribution of binding sites in the rat brain. The immunoreactive sites
revealed by the ABC method were Purkinje cell bodies and their dendrites in the
cerebellum, pyramidal cells in the CAI-CA3 layers, and the dentate gyrus in the
hippocampus. These sites are in good agreement with the distribution of JSTX (and
AMPA)-binding sites. The specific binding of biotinylated JSTX to the cerebellum
and hippocampus was inhibited by treatment with the antibody (FIG. 2).

Our results indicate that the monoclonal antibody (Ab #56) to the 130 kD protein
reacts with JSTX-binding sites. The histological investigation of the distribution in the
brain and the reconstitution of channel activity shows that the protein is a constituent of
the glutamate receptor.
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When malarial gametocytes are taken up into the mosquito midgut as intra-
erythrocytic parasites, gametogenesis is induced within 15 min after digestion of blood-
meal. These sexual parasites escape from the infected erythrocytes, during which the
male (micro-)gametocyte passes through three mitotic divisions and assembles eight
flagella, each snapping off with the attached nucleus to form a microgamete (sperm),
in the process of"exflagellation," and fertilization ensues. In contrast, the female (macro-)
gametocyte does not undergo any dramatic, visible process such as exflagellation during
escape from erythrocytes, but transforms into a single macrogamete (egg). In a rodent
malaria parasite, Plasmodium bergbei, microgametogenesis can be subdivided into five
stages (FIG. ).1 2 This process can be reproduced in vitro at an alkaline pH (8.0 +
0.3) and at a temperature 5-15o C lower than that of the vertebrate hosts.

Induction of exflagellation in P. bergbei is composed of two distinct mechanisms.'
The first is low-temperature-dependent DNA synthesis (FIG. 1, stage 3), and the
second is pH-dependent control of subsequent development (FIG. I, stages C-E). DNA
replication may be triggered by one of the two external "positive" signals, temperature
fall alone, since it is inhibited at 370 C and is independent of external ionic and pH
conditions. On the other hand, the induction of exflagellation absolutely requires
Na* and HCO- or monovalent cation and C- in the medium 2 Determination of
intracellular ionic concentrations by a new method of electron microscopy X-ray
microanalysis of cryopreserved, unfixed, unsectioned, and unstained samples revealed
that in the NaHCOj medium, external Na" (and probably HCO; ) enters the gameto-
cytes by exchange with internal Cl (and probably H'), whereas in CI -containing
media external unspecified cation and Cl - influx by exchange probably with H' and
HCO; - (FIG. 2). It is therefore suggested that two separate anion exchangers, i.e.,
Na -dependent HCO, (influx)/Cl (efflux) and non-specific monovalent cation-
dependent Cl (influx)/HCO, (efflux) exchangers, are involved in the induction mecha-

'This study was supported by Grant-in-Aid of the Ministry of Education, Science andt Culture.
Japan (No. 015 t70212 and 04670227)
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FIGURE 1. A schematic drawing of developmental events during formation of male gametes in
Plasmodium bergbei (Modified from Kawamoto et al.2). Mature, male gametocytes circulate in the
host blood as non-activated forms (stage A), but are quickly activated after transfer from the vertebrate
host into the bloodmeal of the mosquito. Their nuclei become enlarged and rapid DNA synthesis,
from 1.5C to 8C level, occurs within 10 min (stage B). Then, the newly synthesized DNA becomes
condensed (stage C), divides into 7-8 masses to form gamete nuclei (stage D). each of which incorpo-
rates into each flagellum, and exflagellation begins (stage E). MG, male gametocyte; PG, pigment
granules; N, nucleus; RBC, red blood cell.

nism (FIG. I,B). Furthermore, the presence of both class of anions in the medium
enhanced exflagellation activity and increased Na' uptake more than that in the NaCI
or NaHCO3 medium alone (FIG. 2,E). To explain this enhancement, we have proposed
a "recycling" model (FIG. 1 ,B) of cytoplasmic pH (pH) regulation by two contra-active
anion exchangers, in which HCO- and CI- are exchanged between the cells and the
media, resulting in the acceleration of monovalent cation/H * exchange. These anion
exchangers seem to be novel types since they are amiloride-sensitive (FIG. 2,F), and male
gametocytes treated with amiloride cease development at stage B. Thus, cultivation at
alkaline pH, another "positive" signal, may activate these exchangers in the presence
of suitable ions, and a rise in pH, by exchange of internal H* with external Na' or
monovalent cation could allow the development to proceed beyond stage B.

In eukaryotic cells, it is well known that external "positive" signals are transduced
into the cells by second messengers such as Ca2 , cAMP, and/or cGMP, where these
messengers activate various protein kinases and then initiate DNA synthesis. In malarial
gametogenesis, its induction was found to be regulated by second messengers of Ca>'
and cGMP.' Treatment with TMB-8 (a Ca 2" release inhibitor) and W-7/W-66 (cal-
modulin inhibitors) blocked exflagellation by inhibiting DNA synthesis from I1.C to
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FIGURE 2. X-ray microanalyses of non-activated (control. A) and activated gametocytes (Modified
from Kawamoto et at.4). Gametocytes are cultivated in isotonic NaIICO, (B), NaCI (C), CsCI (D).
NaHCO1 + NaCI (II:, E) and treated with 0.5 mM amiloride in NaHtCO• + NaCI (F). Note that
the Cl content has decreased to the background noise level in B (arrow).

8C level.4 In contrast, inhibitors of cGMP-dependent protein kina~ses such ats 11I-8,
H-87, H-89, and staurosporine also ceased the development, but DNA synthesis in
male gametocytes occurred as in the controls. Electron microscopy study 4 revealed
that male gametocytes treated with TMB-8 and W-7 failed to enlarge nuclei and to
form axonemes in the cytoplasm. In female gametocytes, treatment with both Ca:
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antagonists resulted in a dramatic morphological change in the endoplasmic reticulum
(ER), which is thought to be a Ca2 store. The ER network condensed near nuclei
and was laminated by the abnormal attachment of ribosomes between two ER mem-
branes. On the other hand, male gametocytes treated with protein kinase inhibitors
or amiloride had enlarged nuclei and axonemes, but failed to develop further. The
ER network in female gametocytes treated with these inhibitors was similar to that
in the controls.

These results taken together may suggest that the rapid DNA synthesis and axoneme
formation in male gametocytes may be regulated by Ca2 /calmodulin, and that further
development, leading to exflagellation, may be induced by cGMP-dependent pathways
and/or an increase in pH,. Low temperature-dependency of DNA synthesis in male
gametocytes may imply regulation by heat-shock proteins (HSPs) during its switching
on mechanism for transfer from vertebrate to invertebrate hosts. Since in malaria
parasites HSPs are expressed only in the vertebrate stages, it is quite possible that
mature gametocytes in the vertebrate blood may be down-regulated by HSPs and
"arrested" as non-activated forms (GI state P).
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Two important roles for Ca2 in skeletal muscle are excitatory and inhibitory ones.
Ca2 released from the sarcoplasmic reticulum brings about muscle contraction. Ca"2

influx through the sarcolemmal membrane, however, represses nicotinic acetylcholine
receptor (nAChR) biosynthesis,' and promotes nAChR desensitization. We have
found that non-contractile Ca2' (not accompanied by twitch tension) is mobilized via
nAChR by nerve stimulation with 0. 3 pM neostigmine in mouse diaphragm muscles.`
The mechanism and the functional role of non-contractile Ca" were investigated
using Ca2 aequorin luminescence.

RESULTS

The duration of non-contractile Ca2" transients was prolonged by calcitonin gene-
related peptide (CGRP, 0. 3-10 nM) and AA 373 (300 gM), a protein kinase A activator
(FIG. 1).6 CGRPS,,, (10-20 pjM), a CGRP antagonist, and H-89 (0.1 -1 pM), a protein
kinase A inhibitor, decreased the non-contractile Ca 2 transients. I 2-0-tetradecanoyl-
phorbol 13-acetate (TPA, 0.3-1 p.M), a protein kinase C activator, decreased contrac-
tile (accompanied by twitch tension) but not non-contractile Ca2 transients. Phospholi-
pase A2 and cholera toxin increased only contractile components. Neither calmodulin
nor phospholipase C affected both type of Ca2 transients. The peak amplitude of
non-contractile transients was increased by 4-aminopyridine (100 pM) and decreased
by hexamethonium (10-100 gjM).

To whom all correspondence should be addressed
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FIGURE 1. Characterization of the mobilization of contractile Ca" and R..\MiC. tin,,'c'i,,
ý:decrease, -:no effect

tubocurarine: nicotinic competitive antagonist, ' pancuronium: nicotinic competitive antaconist.
geographutoxin If: muscle Na' channel blocker, "•Ca2. releaser from SR.

To elicit contractile Ca'" transients during generation of non-contractile transients,
the phrenic nerve was stimulated by double pulse with delay (msec: 150, 300, 600.
and 1,000). Contractile Ca2 " transients were suppressed at shorter delays as non-
contractile Ca- transients increased, and were restored at longer delays as non-
contractile transients decreased. The extent of the suppression was dependent on
the peak amplitude of non-contractile Ca2- transients regulated by external [Ca"-..
demonstrating that non-contractile Ca2 - suppresses the contractile Ca2" mobilization.

DISCUSSION

Non-contractile Ca*, RAMIC (receptor-activity modulating intracellular Ca),
is mobilized depending on the accumulated amounts of acetylcholine in the synaptic
cleft. The RAMIC mobilization was caused by a physiological function of CGRP
through the activation of protein kinase A (FIG. 2). RAMIC may be released locally
in submembrane from a Ca2" pool triggered by Ca"- influx through nAChR

The decrease in contractile Ca2 transients by protein kinase C activator TPA
is correlated with nAChR desensitization promoted by protein kinase C-induced
phosphorylation.7 RAMIC may be utilized for activating protein kinase C and affect
contractile Ca2 transients evoked subsequently. RAMIC may stimulate 43 kD protein
like annexin beneath the postsynaptic membrane via protein kinase C for its inhibition.

The increase in contractile components by phospholipa.se A2 is at least in part due
to fatty acid-induced Ca" release from the sarcoplasmic reticulum." RAMIC may
activate phospholipase A,, thereby enhancing contractile Ca2' transients.
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Nicotinic acetylcholine receptors (nAChRs) from electric organ and muscle consist
of four distinct subunits assembled into ct210y(E)8 pentamer. To date, participation
of cAMP-dependent protein kinase (PKA) in phosphorylation of nAChRs in electric
organ and muscle is precisely characterized in vitro and in vivo. One of its physiological
roles is to regulate the rate of desensitization. In contrast, cAMP has been reported
to enhance the ACh-induced response in chick ciliary ganglion neurons.' Treatment
of chick ciliary ganglion neuron in culture with cAMP analogs leads to an increase
in the phosphorylation of the a 3 agonist binding subunits,2 which contrasts with rapid
phosphorylation of the non-agonist binding subunits in electric organ and muscle. In
this case, however, whether PKA directly phosphorylates nAChRs or activates other
protein kinases, which in turn phosphorylate nAChRs, has not been investigated.
Here, we show the in vitro phosphorylation of the a4 agonist binding subunits of
rat brain nAChR by PKA.

nAChR was highly purified from rat brains as previously described.' Purified prepa-
rations contained a4 and 132 subunits. Purified nAChR was phosphorylated by partially
purified PKA, immunoprecipitated with monoclonal antibody 299 (mAb 299) against
a4 subunits of nAChR, and subjected to sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) followed by autoradiography. The reaction mixture con-
tained 50 mM Tris-HCl buffer, pH 7.4, 10 mM MgCI2, 0.2% Triton X-100, 4 ýsM
cAMP, 18 pmol units of PKA, 2 jiM ly-"P)ATP (5 x 10' cpm/pmol), and 98 fmol
of ACh binding sites of purified nAChR in a final volume of 50 pl. mAb 299 was kindly
supplied by Dr Jon M. Lindstrom. Incorporation of "P into the immunoprecipitate
increased with time. Most of the `P in the immunoprecipitate was found to be
incorporated into the 80 kD band corresponding to the a4 subunits on the autoradio-
gram. When cAMP was removed from the reaction mixture, the 80 kD band disap-
peared on the autoradiogram (FIG. I, lane 3). H8, an inhibitor of PKA, inhibited
completely the phosphorylation (lane 5). These results show the specific phosphoryla-
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FIGURE 1. SDS-PAGE of phosphorylated nAChR Purified nAChR was phosphorylated in vitro
by partially purified PKA for 30 min at 250C under the indicated conditions 118 was used at 80
4sM. After phosphorylation, 2P-labeled nAChR was first incubated with control lgG-Protein
G-agarose complex, centrifuged and washed twice by suspending in the washing buffer. The combined
supernatant was incubated with mAb 299-Protein G-agarose, and then washed five times In the
case of lane 6, control igG-Protein G-agarose instead of mAb 299-Protein G-agarose was used
The precipitated immunocomplex was incubated with SDS-sample buffer and then centrifuged tfr
I min at 10,000 x g. The obtained supernatant was subjected to SDS-PAGE followed byv autoradiog-
raphy.
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FIGURE 2. Time course of phosphorylation of the a4 subunits by PKA. Purified nAChR was
incubated with the catalytic subunits of PKA at 30'C for the indicated time periods. After SDS-PAGE.
regions of dry gels corresponding to 0.4 subunits were excised and the radioactivitics were determined
by Cerenkov counting. Each point represents mean ± SD of four experiments.

tion of the t.4 subunits by PKA. FIGURE 2 shows the time course of phosphorylation
of the a4 subunits. The incorporation of 'p into ct4 subunits was found to plateau
at 2 h. Under the conditions used, a maximal stoichiometry of the phosphorylation
of the a4 subunits was 0.95 mol of phosphate/mol of ACh binding subunits. After
SDS-PAGE, 32P-Iabeled (x4 subunits were excised from the dry gels and subjected to
limited digestion with S. aureas V8 protease followed by SDS-PAGE autoradiography.
The resultant phosphopeptide maps revealed three distinct phosphopeptide bands, one
major and two minor bands. When the phosphorylated a.4 subunits were cleaved
with cyanogen bromide, a single major and two minor bands were also detected on
SDS-PAGE. Phosphoamino acid analysis showed that the ct4 subunits were phosphory-
lated exclusively on serine residues. Based on these results, we conclude that PKA
directly phosphorylates the at4 agonist binding subunits of nAChR purified from rat
brains.

In chick ganglion neuron in culture, the cAMP-dependent process has been postu-
lated to enhance the conversion of nonfunctional nAChRs to functional one.' In
contrast, treatment of bovine adrenal chromaflin cells with cAMP analogs has shown
to result in no increased nicotinic response.4 The present study opens the possibility
that PKA participates in the regulation of brain nAChRs.
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In the non-neuronal secretory cells, such as mast cells and platelets, it has been
known that secretion can be regulated by Ca2+--independent mechanisms or by the
direct modification of secretory apparatus, as well as by the internal Ca" concentration
([Ca 2 *].' The regulation of secretion in neuronal synapses has only recently been
elucidated.

We loaded a Ca2 -chelator, bis (O-aminophenoxy)ethane-NNN,N'-tetraacetic acid

(BAPTA), into the presynaptic nerve terminal of frog neuromuscular junction (NMJ)
by incubating a nerve-sartorius muscle preparation of Rana nigromacurata with acetoxy
methyl ester of BAPTA. Then, the facilitation measured as an increase in the amplitude
of end-plate potentials (EPPs) during a train of 10 impulses were greatly decreased
(FIG. 1, A).' The facilitation recovered when external Ca 2 was introduced into the
nerve terminal by making use of an ionophore, X537A.2 'This suggested strongly
that the [Ca"], at the release site was well buffered by BAPTA and the increase of
[Ca 21, upon stimulation decreased rapidly to the basal level, leaving little residual
[Ca2 * 1,. Using this BAPTA-loaded condition, we investigated whether four components
of nerve stimulation-induced increases in transmitter release, known in this synapse
to occur due to an increase of [Ca 2 ', at the release site. The fast component of
facilitation was completely lost upon BAPTA-loading, but three slower components
(the slow facilitation, augmentation, and potentiation) remained unaffected (Frc,.
IB). 2"' Under external Ca2 -free condition, no stimulation-induced phasic release
occurred, but both augmentation and potentiation of miniature end-plate potential
(MEPP) frequency were clearly observed after intensive stimulation, and were un-

affected by loaded BAP'I'A (Fic. 1,C).' These results summarized in T'ABIT I strongly
suggested "the residual Ca 2' hypothesis" on the fast component of facilitation and that
the three slower components occur independently of internal C'a". An amino residue-
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TABLE 1. Ca` -Dependence of Four Components of Stimulation-Induced
Increase of Transmitter Release at the Frog Neuromuscular Junction

Decay Time Effect of Internal Ca2'
Components Constant (see) BAPTA-Loading Dependence

Fast facilitation - 0.05 Complete loss Dependent
Slow facilitation 0.3-05 No Change Independent
Augmentation 5-10 No Change Independent
Potentiation 50-100 No Change Independent

modifying reagent, TNBS, a dye, erythrosin B, anc .ipertonicity were also suggested
to increase the release independently of [Ca2 '1,.2 The EPP amplitudes were little
decreased by BAPTA-loading in most cases (13/19), suggesting that the peak of Ca2

-

concentration around the Ca'- channels at the active zone is little affected by BAPTA
due to rapid supply of Ca'* and that it can trigger the release. Computer simulation
of Ca`- distribution supported this inference.'

It has recently been reported that Ca 2 -insensitive protein kinase C is abundant
in vertebrate presynaptic terminal and it is activated by arachidonic acid, as well as
phorbol esters.' In order to elucidate the molecular mechanism of Ca 2" -independent
regulation of transmitter release, we investigated the effect of arachidonic acid on the
transmitter release at frog NMJ. The phorbol ester is known to augment the transmitter
release at this synapse.' Preliminary results showed that tens ,tM of arachidonic acid
added in the external solution caused about twofold increase of transmitter release.
but reduced greatly the augmentation and moderately the potentiation (Sato and
Kijima, in preparation). The protein kinase C and/or arachidonic acid might be respon-
sible for Ca 2'-indepmndent regulation of transmitter release in this synapse.

After our work, many reports have appeared, presenting evidence of the Ca2'
independent regulatory mechanisms in both invertebrate and vertebrate synapses.
Among them are increase of release by serotonin in the crayfish NMJ.' reulation

FIGURE 1. Stimulation-induced increases of transmitter release in BAPTA-loadcd neuromuscular
junctions of the frog. (A) Facilitation of EPP amplitudes in a train of 10 stimulations at 100 1L|
EPPs were surface recorded and I 5 traces were averaged in both normal (control) and BAPIA-loadcd
NMJs. Calibration: 20 msec x -0.2 miV. (B) Changes in EPP amplitudes during and after tttanic
450 stimulations at 20 liz After tetanic stimulation, the test stimulations %&cre delivcred once ev'ery
1.5 sec 6 times and then once every 4 sec 60 times. Only augmentation (I ........... ) annd

potentiation (- ) were resolved and EPP amplitudes were expressed by product of both coispo-
nents (0----- ). EPPs were surface recorded and 9-13 records were averaged Ordinate is the
relative value of EPP, setting the average of EPP amplitude before stimulation L, utnit Iher'
were differences in the growth profiles of EPP during stimulation, but no significant ditlictrensce
in augmentation and pot ion between BAPlA-loaded and normal NMI (C) -\uVgmcitation
(.£ ...... L) and potent.oion ( -..... ) of MIPP frequency under external (a' -tree kondition

after 5,000 stimulations at I00 1 iz.' Normal plots during (<') and after (0. t>m) nervc stimulations
A moving bin display was used, setting the bin siwe 9 se% and the step size ;s et MlPP frequent\
was expressed ats the product of augmentation and potentiation and relative value is •1•os ii, setting
the MEPP frequency before stimulation to unity Both augmtentation and poteentition tcrc si ,mar
to BAPI A-loaded and control NMJs
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by serotonin and FMRFamide in the synapse of Aplysia responsible for short-term
memory,' and on the synapses of cultured hippocampal neurons." Ca' -independent
regulation mechanisms of transmitter release may be very important for synaptic
plasticities relating to memory and higher brain functions.
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In rat spinal neurons, the time course of glycinergic inhibitory postsynaptic currents
(IPSCs) becomes faster during the first two postnatal weeks. This is due to a switch
in the glycine receptor at subunit.' We have examined whether the quantal size of
IPSCs may also change developmentally. Using whole-cell recording techniques in
thin slices,2 we recorded strychnine-sensitive spontaneous miniature IPSCs (mIPSCs)
from dorsal horn neurons (cell capacitance 18-5 7 pF) in the presence of tetrodotoxin.
CNQX, and bicuculline. External Ca2 

- was replaced by Mn2 
- to exclude the possibility

of events caused by presynaptic Ca2 " spikes. Also, mlPSCs with rise time (10-90 %)
slower than I msec were excluded from analysis. The mean conductance of mIPSCs
recorded from one-day-old rat spinal neurons was 555 + 164 pS (standard deviation,
at - 80 mV; with equimolar C1 in external and internal solutions, 8 cells). In 15-dav-
old rats, the conductance was significantly larger (1,695 + 561 pS, 7 cellsp < 0.01.
t-test). The coefficient of variation was 0.65 + 0.18 in one-day-old animals and 0.61 +
0.18 in 15-day-old animals. In contrast with the amplitude, no significant difference
was observed for the mean rise time (10-90 %) of mlPSCs between one-day-old
(0.75 + 0.09 msec) and 15-day-old (0.70 +_ 0.12 msec) animals. It is suggested that

the quantal size of glycinergic IPSCs increases in the first two postnatal weeks.
To determine whether or not the functional density of glycine receptors changes

during ontogenesis, glycine (100 t.M) wa~s bath-applied in spin'al neurons T'he mean
an',.1itude of the glycine-induced current was 1.85 + 0.49 nA ( -80mV) in or, "{.y-oid
animals (5 cells each with capacitance of I 5-30 pF), comparable with that seen in
15-day-old animals (2.17 + 0.99 nA, 5 cells with capacitance of 14-22 pF). Thus.
the developmental increase in the mean amplitude of mIPSCs was not correlated with
somatic glycine receptor density. Ilhe single channel conductance of glycine receptors
in spinal neurons in two-week-old rats is not larger than that in 20-day embryonic
rat.1 Therefore, the developmental increase in quantal size may be produced either
by an accumulation of subsynaptic glycine receptors or by an increase in vesicular
transmitter content.
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The glycine receptor (GlyR) linked to Cl- channel is a major candidate for the
inhibitory receptors as well as the GABA receptor in the central nervous system (CNS)
of the mammal. The activation of the glycine receptor inhibits the neuronal firing by
increasing the postsy..aptic membrane Cl- conductance.' The fact that a convulsant
alkaloid, strychnine, potently antagonizes glycine on the GIyR makes clear the impor-
tance of the GIyR in the CNS. In the present experiments, a p, -amidal neuron
was acutely dissociated from area CAI of the rat hippocampus and monitored the
glycine-gated C1- current of the neuron under the voltage-clamped condition. We
report here that the GlyR-operated Cl- current is blocked by the well-known psycho-
stimulant drugs, methylxanthines such as caffeine and theophylline.

METHODS

Pyramidal neurons were enzymatically and mechanically dissociated from area CA I
of the hippocampus of 2-week-old Wistar rats, according to the previous technique).
The ionic composition of normal external solution was (in mM): 150 NaCI, 5 KCI,
I MgCI2, 2 CaCI2, 10 N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES),
and 10 glucose. Patch-pipette solution contained (in mM): 30 NaCI, 70 KCI, 70
K-gluconate, 0.25 CaCI2, I MgCI2, 5 ATP Mg, 5 EGTA, and 10 HEPES. Electrical
measurements were performed mainly in a whole-cell mode with the conventional

'Address all corresplondcnce to N Akatkc, Ph 1) . Department of Ncurophvsiolog., Tohoku
University School of Medicine, Sendat 980, Japan
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whole-cell configuration.' Drugs were applied using a rapid application method termed
the "Y-tube" technique. All experiments were performed at room temperature (20-
22-C).

RESULTS AND DISCUSSIONS

Dissociated CAl pyramidal neurons were perfused with normal external and inter-
nal solutions containing 161 and 82.5 mM Cl-, respectively. Under this condition,
the external application of 0.1 mM glycine evoked Cl- inward currents (l1 ,) of 592
± 117 pA (n = 8) at a holding potential (VH) of - 64 mV. The It, was inhibited
by applications of caffeine in a concentration-dependent manner (FIG. IA). Neurons
were pretreated with caffeine 15 sec before simultaneous application with 0. 1 mM
glycine. The blocking action of caffeine on the 1 (,, showed no significant dependence
on the pretreatment time of caffeine (data not shown). We tested the effect of some
compounds having methylxanthine structure on the I1,,, (FIG. 1,B). Consequently.
caffeine and its analogues inhibited the 0.1 mM glycine-induced Cl- current. The
inhibitory potency was in the order of pentoxiphylline > theophylline > caffeine >
theobromine; the half-maximum inhibitory values obtained from the concentration-
inhibition curves were 0.2, 0.39, 0.45, and 1 .49 niM for pentoxiphylline, theophylline.
caffeine, and theobromine, respectively.

To clarify the mechanism of the blocking action of methylxanthines on glycine-
induced Cl- current, the influence of caffeine on the concentration-response relation-
ship for lcG, was investigated (FIG. 2,A). In the presence of 1 mM caffeine, the concentra-
tion-response curve of 4,1, was shifted to the right without affecting the maximum
value. It is thus highly likely that caffeine may be an antagonist at a glycine receptor
site. The voltage dependence of inhibitory action of caffeine on 1(,,, was examined
(FIG. 2,B). The current-voltage (I-V) relationships for (,1, were measured in the presence
and absence of 0.1 mM caffeine. In both cases, lo, reversed the direction of the current
at -15 mV. This value was very close to the CI- equilibrium potential (-15.5
mV) calculated using the Nernst equation from the given intra- and extra-cellular Cl-
concentrations. Thus, caffeine had no effect on the E,, and depressed the 1,,, by the
same degree at every V11. Further, the inhibitory potency of caffeine did not depend
on the amplitudes or direction of the current induced by glycine hut on the concentra-
tions of applied agonist (data not shown). These features make it seem less likely that
caffeine acts as a channel blocker of glycine-activated I-channel.

In some preparations, it is suggested that the Cl- channels linked to GABA- or
glycine receptors were negatively modulated by second messengers such as Ca 2' and
cAMP.4 ' The intracellular concentration of those two substances can be elevated by
caffeine and other methylxanthine derivatives.' In the present preparation, however,
neither the internal perfusion with a potent Ca'* chelator (BAPTA) nor the pretreat-
ment with protein kinase inhibitor (H-8) blocked the inhibitorv action of caffeine
significantly (data not shown). Even when the intracellular cAMP was elevated by
using potent adenylate cyclase activator, forskolin (t10 gM), the [,,,, was depressed only
less than 10% (n = 5). These results suggest that the involvement of the intracellular site
of caffeine action in blocking the glycine response is negligible or minor if any.
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FIGURE I. Effect of mthylxanthines on glycine-induced currents. (A). Caffeine depressed 0. 1 mM
glycine-induced Cl - current in a concentration-dependent manner Vt1 was - 64 mV. All recordings
were obtained from the same neuron. (B) Concentration-inhibition curves of caffeine (0). theophylline
(0), theobromine (,L), and pentoxiphylline ([). The concentration of applied glycine was 0 1 mM
Each point and vertical bar represent mean and ±S.E.M. from Y-8 experiments.

Based on the above observations, we could conclude that methylxanthines such
as caffeine might act as an inhibitor of glycine on the GlyR. Several compounds have
been known to be inhibitors of the central glycine response (for instance, strychnine,
avermectin Bla, and some derivatives of 4,5,6,7-tetrahydroisoxazolol.,4-clpyridin-3-
ol)."5 Methylxanthines might be a new member of glycine response inhibitors in the
cerebrum or at least in CAI pyramidal cells. The blockade of glycine response in
neurons may presumably result in an increase of the neuronal firing. The present
results may have relevance to the behavioral observations that methylxanthines act
as a kind of psychostimulant, although details are open for future study.
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FIGURE 2. Inhibitory effect of caffeine on 1(,,. (A) Concentration-response curve for I', in the
presence (0) or absence (0) of 1 mM caffeine. Neurons were voltage-clamped at -64 mV All
responses were normalized to the peak amplitude induced by 0. 1 mM glycine alone (symbol marked
with asterisk). Each point and vertical bar show mean and ±SE.M. from 6 experiments. (B) Effect
of Vii on the blocking action of caffeine. (a) Current traces at Vils of -64 and + 36 mV (b)
Current-voltage (I-V) relationships for la,. in the presence (0) or absence (0) of I mM caffeine All
responses were normalized to the peak amplitude induced by glycine at a Vt1 of - 64 mV (*). Each
point and vertical bar show mean and ± S.E.M. from 5-7 experiments. E,, CI- equilibrium potentihl
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Optical techniques using voltage-sensitive dyes have made it possible to monitor
electrophysiological events in living systems that are inaccessible to microelectrodes.
Furthermore, optical recording methods have been developed into a powerful tool for
recording electrical activity simultaneously from many sites in one living preparation
Applying these optical techniques, we have overcome traditional obstacles to functional
approaches to the study of embryonic heart and central nervous system during early
development. We report here some results obtained with optical techniques in the
early embryonic chick brain stem.

In slice preparations of the vagus/brain stem isolated from 4- to 9-day-old chick
embryos, the spatial pattern of neural responses to vagal stimulation and its development
were assessed by using multiple-site optical recording of electrical activity, with a
voltage-sensitive merocyanine-rhodanine dye (NK2 76 1) and a 12 x 12-element photo-
diode array. Voltage-related optical (absorbance) changes evoked by vagus nerve stimu-
lation with depolarizing (positive) square current pulses using a suction electrode were
recorded simultaneously from 127 contiguous loci in the preparation (FIG. 1).

The first neural responses, viz., fast optical signals related to the action potentials
were recorded in the 4-day-old embryonic brain stem preparations. The slow optical
signals were detected from 7-, 8- and 9-day-old embryonic brain stem preparations.
The size of the slow signal was decreased by continuous stimulation, reduced by low
external calcium ion concentrations, and eliminated in the presence of manganese or
cadmium ion. The slow signals were blocked by kynurenic acid. The later phase of

SAddress correspondence to Dr. K. Kamino, Department of Physiology. Tokyo Medical and
Dental University School of Medicine, 1-5-45 Yushima, Bunkyo-ku, Tokyo I 13, Japan.
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FIGURE I. Multiple-site optical recording of neural activity evoked by vagus stimulation in an
embryonic chick brain stem slice preparation The slice preparation %%'aS made by transveýrc sectioning
of an 8-day-old embryonic brain stem at the level of the vagus nerve (klft upper corner) positie ' quare
current pulses were applied to the right vagus nerve fibers by a suction electrode. 'hc evoked opticd
signals were detected by the 12 x 12-clement photodiode array positioned on the image ot the right
side area of the brain stem The relative position of the photodiode matrix array is illustrated on
the upper right corner of the optical recordini. The recording was made with a 4 2 pA/7 0 ise,
square current stimulus Wavelength 702 ± 13 nm Enlargements of the optical signads obtained
from three different positions (K-7. 11-10. and (- 11) arc shown in the bottom Ihe reciirdirip ss crc
made in i single sweep, at room temperature (26-28°C)
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A
Control Kynurenic acid (1.2 mM)
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Control CNQX (5 pM)

Control 2-APV (190 pM) + CNQX (5 pM)
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FIGURE 2. (A)The effects of kv'nurenic acid, 2-APV. and (CNQX on thi postsynaptit lIos ,igna,
in 8-day-old embryonic brain stem slices. In the top traces, kvnurcnic acid (1 2 naM) %%,L, applicd.
in the second, 2-APV (200 iaM) was applied, in the third. (NQ\ (1 0 pM%) was applied, and in
the last, 2-APV (190 -tM) and CNQX (5 0 igM) were applied together (B) [he ctfcct ot rcnmov,d
of Mglf from the bathing solution in an 8-day-old embryonic brain stem Nlicc the norml, Ringer',
solution contains 0. 5 mM MgCl?. Recordings shown in this figure w\erc obtained trom toi c diticrent
preparations.

the slow signal was reduced by 2-APV (mi.-2-amino-S--phosphonovalcric acid). and the
initial phase was reduced by CNQX (6-cyano-7-nitroquinoxaline-2. •-dione) (|lI(. 2 -A)
We conclude that the slow signals correspond to excitatory postsynaptic potcntihdis.
which are glUtamate-mediated.2
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There were diflerences in the regional distribution of the 2-APV and CNQX
sensitivities, supporting a different spatial distribution of NMDA- and non-NMDA-
receptors in the brain stem during early embryonic development. We have constructed
early developmental maps of the spatia' patterning of NMDA- and non-NMDA-
subtype postsynaptic responses.

In addition, the later phi-se of the slow signal was enhanced in a Mg> -free bathing
medium (FIG. 2,B), and the enhanced fraction was sensitive to 2-APV and insensitive
to CNQX. There were regional differences in the enhancement of the slow signals
in the Mgý+-free bathing medium.

In some preparations from 6-day-old embryonic brain stems, only action potential-
related fast optical signals were detected in the normal bathing solution. However,
in some loci of some preparations, postsynaptic potential-related slow signals preceded
by the faxt signal appeared in a Mg-'-free bathing medium. In other preparations from
6-day-old embryonic brain stems, very small slow signals were detected from a small
restricted area in the normal Ringer's solution, When Mge was removed from the
bathing solution, the slow signals were enhanced, and new small slow signals were
detected from some additional loci. Therefore, it is suggested that, at the 6-day-old
embryonic stage, the NMDA-subtype receptor-mediated postsynaptic function has
been generated potentially within the brain stem and, in the normal Ringer's soluti(.
it is mostly suppressed by external Mig- .
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Synaptic boutons are elementary functional units of neurotransmitter release in
the central nervous system.' Quanta] properties of individual synaptic boutons, how-
ever, have been difficult to assess directly, since axons usually make multiple synaptic
contact with postsynaptic neurons." It has been suggested that a single release site
could release only one vesicle at a time2 rather than that every synaptic vesicle has a
small probability for release in an independent manner.' The "one vesicle" hypothesis
is rather surprising, considering the fact that many synaptic vesicles are closely located
to the presynaptic plasma membrane at each release site.4 Experimental testing of the
one vesicle hypothesis has so far been achieved only in those synapses with multiple
release sites, in which true numbers of functional release site are not known. In order
to clearly prove this hypothesis, it is therefore desirable to use a synapse with only
one presynaptic bouton.

Excitatory synaptic inputs from the cortex to the medium spiny neuron in the
neostriatum may be suited for testing the one vesicle hypothesis. Because each cortical
afferent fiber takes a relatively straight course, scarcely arborizes,' and forms en passant
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synapse on a spine head of a dendrite of the neuron.' This anatomical feature makes
afferent fibers form very few synaptic contacts on the spiny neuron. We have therefore
performed quantal analysis of the excitatory synaptic currents (EPSCs) in the medium
spiny neurons using the whole-cell recording method. Fine glass pipettes were used
to stimulate only one synaptic fiber. We found that the distribution of the unitary
EPSCs displayed only one peak. When concentrations of extracellular Ca 2  were
reduced, the probability of release was reduced, keeping the peak of the amplitude
histogram constant. This indicates that the single peak represents the quantum and
confirms that only a single presynaptic fiber was stimulated. It also suggests that the
presynaptic fiber makes contact to the medium spiny neurons with one synaptic
bouton, consistent with the anatomical features of cortical afferents. Furthermore, it
suggests that only one vesicle was released from the single bouton. Thus, our result
might support the one vesicle hypothesis. Alternatively, the apparent single peak in
the amplitude histogram could be due to the relative scarcity in the postsynaptic
glutamate receptors in the central nervous system.7
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In order to produce large quantities of functional glutamate receptor channel sub-
units for structural and functional analyses, we' constructed recombinant baculoviruses
carrying the a I and a.2 subunits2 of the mouse AMPA (a-amino-3-hydroxy-5-methyl-
4-isoxazole propionate)-selective glutamate receptor channel. Insect cells infected with
these recombinant baculoviruses produced high levels of ['HJAMPA binding activities
on their cell surfaces.

METHODS

cDNAs encoding the a I and a2 subunits of the mouse glutamate receptor channel
were inserted into the baculovirus transfer vector pJVP 10Z, containing the 0-galactosidase
gene, to yield recombinant baculoviruses. ['HIAMPA binding activities on the cell
surface were determined as described previously.'
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RESULTS AND DISCUSSION

As shown in FIGURF 1, Sf21 insect cells infected with recombinant viruses carrYing
the al and ot2 subunits of the mouse glutamate receptor channel exhibited high levels
of ['HIAMPA binding activities on their cell surfaces (2 - 3 x 10' binding sites per
cell). This suggests that functional oil and at2 subunits capable for agonist binding
were successfully produced and inserted into the plasma membrane. The finding that
the a2 subunit is able to bind [HI-tAMPA is in accord with our previous results' that
the mutant a2 subunit, ct2-R586Q, forms highly active homomeric glutamate receptor
channels, although the wild-type a2 subunit alone shows little channel activity when
expressed in Xenopus oocytes. Effects of various agonists and antagonists on I'HIAMPA
binding of the a I subunit expressed in Sf21 cells are in good agreement with those
of the a I subunit expressed in Xenopus oocytes (Fic;. 2), Thus the baculovirus-insect cell

300

o 200
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100

Q6

0

Mock WT AR cX 1 (2

FIGURE I. Specific 14 IIAMPA binding activity of haculovirus-infected Sf21 cells St21 cells w%.ere
placed in 12-well dishes and infected with wild-type (WI), a I -adrenergic receptor recombinant (AR).
gutamate receptor a I subunit recombinant (a I), u2 subunit recombinant (a2) batculomiruses. or
with medium only (Mock) At 5 days post-infection, a I' IIAMPA binding assav Nsas performed
Data are presented ;Ls mean + SEM (n = 3)

________
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FIGURE 2. Effect of various compounds on ['HIAMPA binding activity of the recombinant gluta-
mate receptor a l subunit expressed in baculovirus-infected Sf21 cells. Sf2I cells were placed in 12-well
dishes and infected with a l subunit recombinant baculovirus. At 5 days post-infection, a [HtIJAMP.\
binding assay was performed in the presence of each compound (1 P.M). QA, quisqualate; L-Glu.
L-glutamate; KA, kainate; CNQX, 6-cyano-7-nitroquinoxaline-2, 3-dione; DNQX, 6,7-dinitroquin-
oxaline-2,3-dione; Kyn, kynurenate; NMDA, N-methyl-n-aspartate; D-Glu. n-glutamate. Data are
presented as mean + SEM (n = 3).

expression system affords the possibility of high-efficiency expression of the glutamate
receptor channel protein for biochemical, pharmacological, and electrophysiological
studies.
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The , and r subfamilies of the glutamate receptor channel subunit, designed as
the si, F,2, e3, F-4, and ýl subunits, constitute the N-methyl-D-aspartate (NMDA)
receptor channel in the mouse brain.' 4 Functional properties of the &/(, heteromeric
NMDA receptor channels are determined by the constituting & subunit species."
Furthermore, the four C subunit mRNAs exhibit distinct distributions in the developing
and mature brains.'- 5 Therefore, we suggest that the molecular diversity of the F

subunit family underlies the functional diversity of the NMDA receptor channel- In
this report, we have specified the spatio-temporal changes in combinatory expressions
of the NMDA receptor channel subunit mRNAs in several brain regions by in situ
hybridization histochemistry.

Sequences of the 45-mer oligonucleotide probes and procedures for in situ hybridiza-
tion were described previously.' Briefly, the probes radiolabeled by "S-dAIP were
hybridized to adjacent horizontal sections of the mouse brain at embryonic day I15
(El S) and postnatal days 1 (P1) and 21 (P2 1). After washing, sections were exposed
to X-ray film for 10 days.

FiGtuRE I shows drastic changes in distribution of respective NMDA receptor chan-
nel subunit mRNAs during brain development. In general, hybridizing signals for the
,I, ,2, and F4 subunit mRNAs appeared in the brain at fetal stages (FIG. 1.A-C,
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FIGURE I. Distributions of five NMDA receptor channel subunit mRNAs in brains at EL 5 (A.

D, G, J, M), PI (B, E, H, K, N), and P21 (C, F. 1, 1, 0) A-C, •I; D-F. c 1; G-1, E2;J-1 ,.

M-0, 04 subunit mRNA. 1, olfactory bulb; 2, cerebral cortex; 3, hippocampus; 4. caudatc-putamcn;

5, septum; 6, thalamus. 7. brainstem; 8, ccrcbcllum. Scale bars: I mm
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G-1, M-O). As the brain maturates, the signals for the F-2 subunit mRNA became
restricted to the forebrain, and the signal levels of the -4 subunit mRNA decreased
in the brain except for the olfactory glomerular layer. On the other hand, signals for
the F_1 and ,3 subunit mRNAs appeared in postnatal brains (FIG. 1,D-F, J-L). In the
olfactory bulb, signals for the ý1 and F2 subunit mRNAs were detected in the mitral
cell layer at El 5, and various combinatory expressions of the five subunit mRNAs
were notable in different layers of the olfactory bulb at P2 1. The cerebral cortex and
the caudate-putamen expressed the tI and E2 subunit mRNAs at El 5 and P1, and
the ,1, el, and s2 subunit mRNAs at P2 1. The hippocampal pyramidal cells expressed
the I, and F,2 subunit mRNAs at El5, and the •I, c1, and &2 subunit mRNAs at
P1 and P21. On the other hand, distinct signals for the (,1, FI, and -2 subunit mRNAs
appeared in the granule cells of the dentate gyrus at P21. In the septum, hybridizing
signals for the ý 1, c2, and 64 subunit mRNAs were detected at E 15 and P1, and
weak signals for the cI subunit mRNA also appeared at P21. The thalamic nuclei
expressed the ý1, F2, and F4 subunit mRNAs at El15 and P1, and various distribution
patterns of the five subunit mRNAs were observed in the thalamus at P2 1. The
brainstem showed hybridizing signals for the ý 1, e2, and c4 subunit mRNAs at E15
and P 1. Thereafter, weak signals for the I subunit mRNA appeared in the brainstem,
whereas those for the e2 subunit mRNA disappeared. The developmental changes

in combinatory expressions of the NMDA receptor channel subunit mRNAs are
summarized in TABLE I.

The present study has disclosed the region-specific and neuron type-specific changes
in expressions of the four e subunit mRNAs during brain development. In contrast,
the ý I subunit mRNA is present ubiquitously from fetal to adult stages. These findings
suggest that the distribution of the four & subunits are highly differential in the brain
in vivo both spatially and temporally, which would result in the functional heterogeneity
of the NMDA receptor channel at various brain regions and developmental stages.

TABLE 1. Summary of Developmental Changes in Combinatory Expressions

of the NMDA Receptor Channel Subunit mRNAs

Regions E15 P I P21

Olfactory bulb
Periglomerular cells - E. c2, c4 0 i, &I, c2. 03, E4
Mitral cells -, 0 ý1, &2 ,I. c I. c 2. r3
Granule cells (1, E2 ,1. 1, Ec2

Cerebral cortex ,1. c2 ,1, 62 1,1 FI, F.2
Caudate-putamen ,1, P.2 c1, c-2 1,I r., 2
Hippocampus (Pyramidal cells) ,1, c2 ý1. Ft. E2 l., il, 62
Dentate gyrus (Granule cells) - ý,1. ri. C2
Septum ,1, F2, F4 1, E2, E4 1, L1t.. 2, F4
Thalamus ý1, 0, r,4 C1, i2,c4 0 ,1 A. r,2. F3. 4
Brainstem ¢I, c2, 04 •1, c2, 04 ý1, 0. -4

-, not expressed.
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L-Glutamate (Glu) mediates a variety of ncuronal responses through activation of
its receptors, which are classified into several subtypes. In the vertebrate nervous
system, the Glu receptors (GluRs) are generally known to cause depolarizing responses
In the cerebellum, Glu is a candidate for the neurotransmitter at the two excitatory
inputs to Porkinje cells, the climbing and parallel fibers. Fast postsynaptic potentialsat both synapses are mediated most likely by non-NMDA subtypes of ionotropic

GluRs (iGluRs). Metabotropic GluRs (mGluRs) are also expressed in Purkinje cells.
and mGluR-mediated Ca2 release from intracellular stores in Purkinle cells has been
reported, although their physiological role 1- not clear. We found a novel type of Glu
response in Purkinje neurons of mouse cerebellar slices, namely glutamate-induced
hyperpolarization (GH).

We applied Glu or its analogues iontophoretically to Purkinje cell dendrites in
mouse cerebellar slices, and measured membrane potential through intracellular micro-
pipettes, or, in some cases, carried out whole-cell-clamp recording. GH was observed
in 30 out of 49 adult Purkinje cells (FIG. I,A). This response was not due to activation
of inhibitory interneurons, because application of tetrodotoxin (ZVX), bicuculline, or
strychnine did not abolish GH. In addition, GH persisted in a Ca:'-free or a low-Cl
solution, which rules out the involvement of gK(( or GABA., mechanisms. Selective

SAddress all correspondence to Takafumi Inoue, M I) , Ph 1) , )epartmcnt of Molkcular Neuro-
biology, The Institute of Medical Science, The University of Tokyo, 4-6-I Shirokaned.i, Minato-ku.
Tokyo 108, Japan
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a)ZofistN tor non-NMD.' type i(;luRs. -MP.\ and kainate. tailed to induce he\perpolar-
iiation (Fii~is. 1,13. and 2,B). and (.NQX, \% hich is a selectiveo and potent antaL'omtis
tor non-NMDA type i(;IuRs, did not afficct Gil (IFic 1,B) NMI)\ Also tdisd to
induce hx-perpolariiat ion Quisqualate (Quis,Fir,. 1.1B) and trans- I-amilno- I. c- .lopcil-
tanedicarboxylic acid (t.-CPD), which are potent and selecti% e agonists respe~ctis (lk
tor the mGluR, failed to induce GH~ i -2-aninio-4ý-phosphoniobutvriC aCkid u-AP4).
which Is known to cause hyperpolaritation in bipolar cells in the retina, was also,
inefffective Simultaneous recording of electrical activitY and intracellular Ca ,concert-
tration (I(:a" 1, showed that GU w.as not accomplished bv 1'a- 1, chianoes (I:1. 2)
Voltage clamp experiment., showed that GHi was due to reduction ofa .1onica)lv itiens
conductance with a reversal potential around 0 mV' (Fit.. I ýCI.

TNopossible mechanisms are suggestedi for CUA (1) changycs ]in the desensitl/ed
"steads state of i(;IuRs (DS) or (21anovel (ilu-mediated mechanismi Ifthe dose-r(*o-stIse
relationship of DS is becll-shaped' and background Glu concentration was mnaintainedI
l)iv leakage from an iontophoretic tip, which might drive (;lURs on Purkinlic ct:ll
denidrites into DS, a further Glu election from, the tip could result in redc~ition ')t

the inw.ard Cuirrentt through the i(;luRs, Howev-er, there are discrepancies betot cut
our results and the bell-shaped feature of [DS reported by Gcnifro\ et a! First. InI our
work, CNQX wvas not effective ag ainst GH. but they* reported that DNQX, GiLI
antagonist analogous toi CINQX, shifted the bell shape Second. thes "\ho\Nced that
Quis and AMPA also have a becll-sha,,ped dlose-response relationship in D)S. but \\ C
dlid niot observe hy-perpolari.'ation by those drugs. Thus. it is not de1ar wh lether .i shifr
in [)S !cevel could Iin fact uexplain Gli] [here is a candidate for a novel (lu-miediated
mechanism. In depolariing bipolar cells of the retina, dILI indu~ces, h.%perpolariat Ion
by closing a cGNIP-sensitive ion channel through (i-protein miediated cGMsP Ics ci
Control. It is reasonable to Imagine that a similar process, take, place In cerelieliar

FIG URE 1. (A) (AutI iiamate-Md nee~d depo lairiat'itn and hyperpoh ari/alt itn or a Pu rlin~t t-1 I) a
terelwIelar sIlC tiroii an adult mouse: ( dIL was ANpplied iontoiphiretiialls ( w~ n v ýii ninsc, foit ofl
bars unoler Hcta )a the rihoiiddle piininin 'it tht' mole'. ular las sLr 'Initi~dia lt-lsl'L 0(1

of tis e-l ii s dpoln'ati~n) i in SC 11c.a th t-si~t ( aiiapplisariijtt it etigdr'tpri'ai.ti

HA . 2) Fhe cnionranec potetli!a \N.as held 1(idoss - i 5r \ lon iitani ll pcrpo lair/in5  urrtntl
0 7i nAt iniectel ithroiugh tIli intrac~llUlar ree''rdinit i-eeirinii salin. konrainiioC I I \ a( I ii)an

biwcuullinetit 10 01I was supcrtuwdeio'stand,\ (B) Quis aind kainaie.1C dIi10i1111 tilt'e the I1ts 'epiri/iflle
elet( it t( lti (,liu 217 ),\ go tinsee) induced hvepiai'iin"ihilt (2iin 12o)) Vi s ttisestor 1,atnita
(20) it,\ 20) inse Inducjed dcjpo~lari/at inns (upper traees)I h-pt lari/ar ion induced 1)' (Qnis o r ki litte

wsreilutc eb v cttlsiant supertusion oit %4 sal t- si ntiatnnut! (NQX i(2 q1 fM. \01s1til ( Il %%I, si as un a It-d

(lo-wer traces) I rugs we(re- elcted wnt'nr ihoret ikeaIv thItroug 'itlsearatr liarrclso ''it hsanic thIt re-im'rt l~de
[tipettt- (C) Re. t-raJ l~ w r tal ott (11 * I ias rs ta-il to i c It os(Iis to, V i III Ii ili' -l %tnl~ d sIt' \'It1114o
clam p ret i riiing (J \-I , w )sndas ¶ isr ii saniUt aol en ruri-ittat ite',tai nw itli I rane JýTWId "1ert 1ii s i'1I

reversed at towisiti ntsntitrane powttstials (left)f I lits ltvnritiitt liar IMIrIiLai-s (lo1u applis.tIttnI (tirrentr
v'iltaige relatuionsiips of retitriinLt frtont twit et-Il (''ps-it istte tits- sri's-II Cell 111tdi'.areIi oý !the sir
trace. (.Il, S)) nA . I Vo inst-c-. tilled iriangit-. ainothetr 1'urkinis- t-Il, (Ili 7i0 iA it00 in,(-, I arv mitiositcd~
(ngbf) Intnotphotreii p~ipe~ties were plaxed Iii its- ittiisle putrititso ittilte miiiilsulirlivecrs. t.11111 ltt'lt-Ldll
clam p rectording% ws-re carried o ur at th oitsitiiata Both Hiltsdl sitc-r Iin tcsri-its-l1ar iso t ri t 2-sits -o Is)
motuse,. anti \&csro- rc-tirdesi Iii . sitlutittit siitrtiitiitg [Ii X i IPMli antd lui~uoutllutirt I Io f\IM
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FIGURE 2. GIt is not accomspanied by changes in (Ca"', Combined current-clamp a.1ni(Crotl()r-
ometric (fura-2) recording-; were carried out from Purkinje cells superfused with saline cfontaining

TIX (0 1ý PtM) and !,wa'.aJlinc (10 tLM) (A) When Glu-induced depolariuation (top trace). ICa '
transients were measured in the dendritic region close to the iontophoretic tip (I and 2) Onl( small
(3) or no (4) ICa"J, changes were detected in the dendrites distant from the tontophoretic tip (B)
Git was never accompanied by changes in 1Caý'•, AMPA wax applied trom another barrel of the•anc
multi-barrelled iontophoretic pipette, which caused depolarization (top trace), and C :a" t ransients ss ere
recorded at points close to the tip of the iontophoreric pipette (5, h. and 7) Arrow head. intracellular
recording electrode; double arrow heads, iontophoretic pipette I -8, locations where tluorescencc
was measured; vertical scale, 20 mV for electrical recording and 20"'i change for tura-2 ttuoreccncc
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Purkinje cells. Recently, several types of mGluRs have been identified, Some of these
could have a role in the production of GH.
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INTRODUCTION

The voltage-gated calcium channels (VGCCs) are a highly diverse group of ion
channels found in most cells. The VGCC present in skeletal muscle consists of five
subunits termed the al, a2, [3, ,, and 8.' The five subunits are encoded by four
genes as the a2 and 8 subunits and are derived from a common pro-protein by
post-translational cleavage. Alternative splicing of exons has been shown to occur in
a I, 3, and y subunits and recently an alternative splicing mechanism has been proposed
in the a2 gene.' We investigated the tissue expression profile of each of the main
proposed domains of the a2-8 gene using clones corresponding to the full length a2-8
gene from the mouse neuroblastoma x rat glioma line NG108-15.

A. S. Wierzbicki was supported by a Medical Research Council (UK) training fellowship
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Cross and Westminster Medical School. Chelsea & Westminster Itospital. 3 69 Fulham Road. I.ondon
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METHODS

Tissue samples of brain, lung, kidney, liver, skeletal, and cardiac muscle were
obtained from freshly killed mice. Total RNA was prepared from 0.5 g aliquots of
homogenized tissue by the method of Chomchynski and Sacchi.4 Twenty itg of total
RNA were separated by electrophoresis and blotted by the method of Fourney et al.
cDNA clones corresponding to the o.2-8 gene from the NG108-15 cell line were
isolated from specially primed cDNA libraries by hybridization screening ' initially
with a rabbit skeletal muscle a2-8 PCR product (bp 2532-3155).' The approximate
span of the five clones corresponding to the az2-8 gene are shown in FIGURE 1. The
northern blots were hybridized at 42'C in 6 x SSC, 0.5% sodium dodecyl sulfate.
10 x Denhardt's solution, 10% dextran sulfate, 50% formamide, 100 jig/ml of
sonicated boiled herring sperm DNA, and 106 cpm/ml of 12P-dCTP labeled probe.
The probes comprised the purified inserts from the cDNA clones. Blots were washed
at high stringency (0. 1 x SSC, 0. 1% sodium dodecyl sulfate at 50'C) and autoradio-
graphed for 5-7 days at - 70°C with intensifying screens.

NG4

H2 N

,2Nn

•> COON

""- COOH

1 •NG2.h41

FIGURE 1. A schematic model of the alpha-2 and delta propmtein inserted into the membrane
showing the segments covered by the five eDNA clones encoding the NG.108-1 5 a2-6 gene
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TABLE 1. The Results of Northern Blots of Mouse Tissues (Brain, Lung,
Kidney, Liver, Skeletal, and Cardiac Muscle) Hybridized with NG108-15
a2-5 XgtlO Library Clones Covering the Whole NG108-18 a2-6 Gene

Clone Region Covered Base Pairs Tissue (+)

NGI 8 2828-3303 brain, lung, skeltal muscle, liver
NG3 a2 intracellular 999-2768 brain
NG4 ct2 N terminal -6-1 364 brain, lung, skeletal muscle, liver, heart. kidney

RESULTS

The three clones NG1.242, NG3, and NG4 were used to probe northern blots
as Ng2.h41 and HG5 overlapped portions of Ng1.242, which spans almost all of the
8 peptide portion of the gene. The results of screening with the probes are shown
in TABLE 1. The NG108-15 at2-8 gene is transcribed as a 8.5 kb mRNA (data not
shown) and hybridizing homologous bands of similar size were only found in mouse
tissues. Hybridization of the 8 probe NG1.242 was faint in comparison with the two
a2 domain clones (NG3 and NG4).

DISCUSSION

Calcium channel diversity is generated by alternative splicing and separate genes
in the case of the at subunit and alternative splicing have been identified in the 0
and y genes.' A number of differing size mRNAs have been described for the at2-&8
but evidence for tissue variation has been limited. The a2-8 genes identified to date
seem to be highly homologous over the whole protein and show little variation.-
Two putatively alternatively spliced variants of the rat spinal cord a2 gene have been
described differing in a deletion of 19 amino acids at positions 507-526" and with
a seven amino acid insertion at lysine6O29 or threonine617' within the main intracellular
domain.' This study confirmed previous experiments in which the NGI108-15 a2-8
gene had been shown to be present in the ancestral mouse neuroblastoma line NI 8TG2.
It suggests that variation in the intracellular domain of the 22-S gene occurs in specific
tissues and the presence of a brain-specific portion of the gene.

CONCLUSION

The a2-8 gene may show similar mechanisms for generating diversity to those
seen in other subunits comprising the voltage-gated calcium channel.
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Substance P (SP) is a member of the tachykinin family and is widely distributed
in the central and peripheral nervous systems. Recent immunohistochemical studies
suggest the presence of SP in the guinea pig cochlea.' However, little is known about
the physiological function of SP in the cochlea. In other preparations SP modulates
K%, Ca'*, Cl-, and non-selective cation channels.2` There are several lines of evidence
that SP regulates ionic channels via G-protein in either cytoplasmically dependent or
independent pathways.' 6 The aim of the present study is to elucidate the cellular
mechanism of the SP-induced response in the outer hair cells (OHCs) of guinea pig
cochlea using the patch clamp technique in both the conventional whole-cell and the
perforated-patch configurations.

OHCs were dissociated from the organ of Corti of the guinea pig cochlea and drugs
were applied using the "Y-tube" method, as previously described.7 Under current-clamp
condition, SP generated hyperpolarization in OHCs at a resting potential of -61
mV using the perforated-patch configuration. At a holding potential (Vii) of - 60
mV, SP elicited outward currents in a dose-dependent manner. The average amplitude
of 3 x I0-'M SP-induced currents (Iss) was 60 + 22 pA (mean + S.D., n = 37).
The half-maximum concentration was 14 jiM and the Hill coefficient was 2.5. 100
4iM neurokinin A induced small currents in two out of eight cells. Neurokinin B did
not induce any detectable currents in concentrations up to 100 jiM in four cells tested.
The reversal potential of Isp (Esp) obtained by a ramp command potential in the
conventional whole-cell configuration was -4.1 ± 0.6 mV (mean ± S.E.M.; n =
5). When approximately half of the intracellular CI- was replaced with equimolar
gluconate-, there was little effect on the Esp. The Esp was shifted negatively by about
12 mV when two-thirds of the extracellular Na' was substituted with Tris* (FIG. I).

' Address all correspondence to: N. Akaike, Ph.D., Department of Neurophysiology, Tohoku
University School of Medicine, Sendai 980, Japan.
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VH = -60mV

A GDP OS 200 pM

SP 7 min 10 min

10-4 P 1 100 pA

10S

B PTX 1 pg/ ml

3 min 6 min

ACh
10-4 M

4 min 22 min

SP --

104Mweo~ 100 pA

10S

FIGURE 2. Effects of GDPO3S and pertussis toxin (PTX) on Isi. (A) 4P was recorded using the
conventional whole-cell mode with patch-pipettes containing 200 itM GDP(OS at a V11 of -60 mV.
Isp diminished at 10 min. Horizontal solid bars indicate the application period of SP. (B) Isp was
recorded using the conventional whole-cell mode with patch-pipette containing I jig/ml PTX at a
Vi, of -60 mV. The Isp remained relatively constant, whereas the ACh-induced outward current
diminished within 6 min. Horizontal open and solid bars indicate the application period of ACh
and SP, respectively. SP was applied every three minutes. Each dashed line indicates the zero current
level.
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these results suggest that SP decreases a non-selective cation conductance. In further
studies, we, therefore, examined the ionic permeability of the Isp for several monovalent
cations. In this experiment, 150 mM external Na' was replaced with 50 mM Cs"
or Li* and 100 mM Tris'. Neither external Li' nor Cs' produced a significant shift
in the Esp compared with the one obtained using 50 mM external Na'. To investigate
Ca"' permeability, 50 mM NaCl in the external solution was replaced with 25 mM
CaCI2. External Ca 2 ' produced a significant positive shift in the Esp with the average
of 8.8 + 1.7 mV (n = 3). Based on the Esps obtained with extracellular ion replacement,
the relative ion permeability of the channel modulated by SP was in the order of:
Ca" > Li' Cs' * Na' > Tris'.

We next investigated the cellular mechanism of the SP-induced current. In OHCs
dialyzed with 200 jtM GDPIOS through the patch pipette at a Vil of -60 mV, the
lp diminished at approximately 10 min. When OHCs were dialyzed with I gIg/ml
pertussis toxin (PTX) tlcough the patch pipette, the [Sp remained for over 20 min
whereas the ACh-induced current, which is mediated via a PTX-sensitive G-protein,"

completely diminished within 10 min (FIG. 2). These results suggest that the SP response
is mediated by a PTX-insensitive G-protein. Isp was little affected when OHCs were
loaded with 10 mM BAPTA in the patch-pipette, suggesting that intracellular calcium
is not involved in generation of the SP-induced response. Staurosporine up to 10-
M did not affect the Isp, suggesting that protein kinase C and protein kinase A is not
involved in the SP response.

The results suggest that SP decreases a non-selective cation conductance in the
OHCs of guinea pig cochlea and that this occurs via a PTX-insensitive G-protein in
cytoplasmically independent pathways.
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Lipid mediators constitute a distinct class of bioactive molecules that display a
variety of biological activities in various organs.' In order to elucidate the physiologica]
function of lipid mediators such as prostagiandins, leukotrienes, or platelet-activating
factor (PAF) in the central nervous system (CNS), we investigated two candidate
receptor pathways that functionally activate or are activated by these lipid mediators:
somatostatin receptor (SSTR)-' and platelet-activating factor (PAF) receptor.'

Based upon published nucleotide sequences for SSTRI and SSTR2,4 we isolated
a new subtype of somatostatin receptor from a rat hippocampal eDNA library using
PCR and cross-hybridization strategy (Bito et al., unpublished data). The cloned cDNA
(SS-H 3) was stably expressed in Chinese Hamster Ovary (CHO) cells and the pharmaco-
logical character of the cloned receptor was examined. Both somatostatin- 14 (SS 14)
and somatostatin-28 (SS28) displaced the binding of iodinated SS-14 at an IC,, of
nM order, with a higher specificity for SS14. Both SS14 and SS28 strongly inhibited
the cAMP accumulation activated by forskolin. Functional coupling of somatostatin
receptor to arachidonic acid release through Gi protein was also shown. These data
suggest a possible involvement of arachidonic acid and/or its metabolites as functional
messenger(s) downstream of somatostatin receptor-mediated signal transduction in
the CNS, especially in the hippocampus where the cloned receptor is highly expressed
(TABLE I).

Taking advantage of the cloning of PAF receptor as the first successful example
of lipid autocoid receptor cloning,6 we isolated the rat PAF receptor cDNA, determined
its distribution in the rat CNS, and examined the PAF function in cultured rat hippo-
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TABLE 1. Functional Coupling of the Cloned Hippocampal Somatostrati
Receptor (SS-H-3) to Various Effector Systems through G Protein

Receptor Coupled G Protein Coupled FfeCtor Systemn Retcrencc

SSTR I Unknown Unknown 8
SSTR2 Unknown Unknown 8
Clone SS-H 3 [AP-sensitive Inhibition of cAIMP s "nrthesis (unpublished data)

arachidonate release

camp-al neurons. (Bito et aL, unpublished data). Brain PAF receptor, which was sug-
gested to be identical to peripheral PAF receptor, was quite ubiquitously distributed
in the CNS. Moreover, we discovered that PAF mobilizes Ca' mobilization in rat
hippocampal neurons and obser-ved that some PAF receptors colocalized on the same
cells as NMDA receptors. PAF-mediated Ca' signaling may thus play a modulatory
role in the neuronal signal transdluction in the hippocampus.

From our study, we propose that different lipid mediators can be synthesized upon
physiological stimuli including neurotransmitter/neuropeptide receptor activation and
m ay act either as a second messenger within the cell or as a first messenger after release
outside of the cells.
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A potent mammalian vasoconstrictivc peptide, endothelin- I (E IF- )D has a neuronal

function as well as vasoconstrictive action. El- I causes the receptor-mediated activation

of phosphoinositide-specific phospholipase C (PLC) to produce two second messengers.

diacylglycerol (DAG) and inositol- 1,4,5-trisphosphate (IP,). DAG serves as an endoge-

nous activator of protein kina-se C (PKC). and IPt induces Ca" mobilization trom

intracellular stores. Also, influx of cxtracellular Ca" through a plasma membrane

channel may contribute to an increase in intracellular Ca"" concentration (ICa: 1,)

On the other hand, a vasoactive intestinal contractor (VIC), which difl'rs from ET-2

in one amino acid residue and is expressed in intestinal cells, but not in endothelial

cells, has differential contractile activities on mouse ileum and pig coronary artery,:

and much less information is available about its signal pathway. In order to gain insight

into the signaling mechanism of ET-I and VIC. we have examined phosphoinositide

turnover by measuring the mass contents of RP and DAG, and also measured the

lCa"], level in NGI08-15 neuroblastoma x glioma hybrid cellsý Furthermore, wve

observed the effects of ET-I on membrane currents in whole-cell patch-clamped

NGI08-15 cell to compare with thosc evoked by bradkiai,,. which is known to

activate two putative second messengers of phosphoinositide metabolites.

ET- I and VIC caused the receptor-mediated activation of phosphoinositide-specific

phospholipase C in NGIO8-15 cells. IP, was generated in response to 10 n,\ ET-I

or VIC: the mean peak value increased to 24 or 74 from 8 pmol/ 10' cells, respectively.ý

Pretreatment with pertussis toxin (PT) suppressed VIC-mediated generation of IP:,
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FIGURE I. Effects of VIC and ET-I on (Ca:' , level in NGIO8-1 ceils VIC (10 nNI; of ET-I
(00 nM) was added to fura 2-loaded NG108-15 cells in the presence of 1 8 mM Ca' (A, B) or I
mM EGTA (C, D). The rise in [Ca "], induced by either ET- I or VIC was suppressed in the presence
of EGTA. suggesting that there were two pathways to produce the JCa"2 

j rise. influx from outside
the cell and intracellular mobdization by IP,

but not IP production induced by ET-1, indicating the selective effect of PT on VIC
response. DAG was also generated.' Upon stimulation with 10 nM VIC, NGI08-15
cells showed the biphasic accumulation of DAG; first a transient phase and then a
sustained phase. The time course of the first peaks of DAG production was consistent
with those of 1P; formation, indicating that the second sustained phase of agonist-
induced DAG accumulation originates from phospholipid(s) other than phosphoinosi-
tide. The initial transient of DAG accumulation in 40 PM Quin 2/AM-preincubated
cells to chelate intracellular Ca2" was partially decreased, whereas the second phase
of DAG production was completely abolished, indicating the Ca2" dependency of
the second DAG accumulation. [Ca 2 1, assay in a single cell using fura-2 revealed that
both peptides increased [Ca" ], transiently (FIG. IA and B).Y The rise in [Ca: ], induced
by either 10 nM ET-I or 10 nM VIC was suppressed in the presence of 1 mM EGTA
(FIG. I,C and D).' This suggests that there were two pathways considered to produce
the increased [Ca 2*], level; influx from outside tihe ccll and mobilization from intracellu-
lar stores by IP,. External application of ET-I or VIC initially elicited the outward
current associated with increased conductance and subsequently the inward current
associated with decreased conductance in whole-cell voltage-clamped NG108-1 5 cells
(FIG. 2,A). Inhibition of the voltage-dependent-M potassium current was apparently
observed during the inward current induced by ET-I (FIG. 2, Ac). In steady-state
current-voltage relationships, the outward rectification associated with M current dcvel-
opment above -60 mV before application of ET- I became moderate during the
ET- I -induced inward current (FIG. 2,B). The ET- I or VIC-induced current was compa-



484 ANNALS NEW YORK ACADEMY OF SCIENCES

A ET-1 b

1 J0 5 nA

j illl l

a b c

o.5 nA

200 msec

nA 0

0 Control
S ET-i1

0 2
c/S

-60 -40 -10 nV

-4.

-6

FIGURE 2. Effect of ET-I on membrane currents in two NG108-1 T cells. (A) An ET-I-induccd
current in a whole-cell voltage-clamped NG108-15 cell. The membrane potential was stepped from
the holding potential of - 30 mV to - 50 mV for 500 msec at 3-sec intervals to measure input
conductance. Upper trace is the current change induced by focal application of ET-1 (3 nl, 100 nM)
on the cell at the time indicated by the arrow. The initial outward current is associated with an
increase in conductance and the subsequent inward current is associated with decreased conductance
The lower traces (a-c) show expanded current records at the time indicated in upper trace Notice
the difference of holding current level in a-c. The extracellular solution was Dulbecco's modified
Eagle's medium (DMEM) and the pipette solution contained 90 mM K-acetate, 20 mM KCI, 40
mM ItEPES. 3 mM MgCI2 , and 3 mM EGTA, pH 7 4 with KOH.
(8) Current-voltage relatiorships obtained in another cell before adding ET-i (0) and during th"
inward current induced by ET-I (0). The current was measured as the displacement from the original
holding current at the end of a series of incremental 500 msec voltage steps frcm a holding potential
of - 30 mV
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rable to that evoked by bradykinin, which is known to activate the Ca" -dependent
potassium and cationic currents and inhibit voltage-dependent-M potassium current
induced by IP3 and DAG, the two putative second messengers of phosphoinositide
metabolites in NGI08-15 cells.5 However, the frequency encountered in the ET-I
or VIC responses was not as much as that of the bradykinin responses in NG 108-15
cells.
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Adenosine 3',P'-cyclic monophosphate (cAMP) has been shown to be an intracellu-
lar messenger mediating or modulating the transmitter-induced responses of various
cells in different animals. Kehoe' has reported that intracellularly inh-cted cAMP blocks
the K -dependent response of the Aplysia neuron to arecoline, a muscarinic agonist. We

cAMP injection

100 RM Dopamine 11 nA

30 s

FIGURE 1. Blocking effect of an intracellular injection of cAMP on dopamine (DA)-induced K'
current. All records were obtained from the same cell under voltage-clamp at - 60 mV. Upward is
outward. DA (100 4M) was applied to the cell by perfusion. Intracellular application of cAMP was
made 30 sec prior to the test trace in the middle. The injection was made by pressure pulses of 0.2-
3.0 kg/cm2 with a duration of 100- 300 msec. The downward rectangular pulses appearing periodically
from the baseline indicate the change in membrane conductance during the response.
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are interested in testing whether the blocking effect of cAMP is specific to K -dependent
response of the muscarinic receptor or common to all K-dependent responses.

Application of DA also induces a slow hyperpolarizing response associated with
an increase in K' permeability in the identified neurons of Aplysia. We have proven
previously that this response is mediated by activation of a GTP-binding protein
(G-protein) that is sensitive to pertussis toxin.2 Intracellularly injected cAMP depressed
this DA-induced K'-current response (FIG. I). The cAMP-induced depression was
augmented in the presence of either IBMX, a phosphodiesterase inhibitor, or okadaic
acid, a phosphatase inhibitor. The DA-induced response was also depressed by intracel-
lularly injected catalytic subunit of cAMP-dependent kinase, suggesting that the protein
kinase A is involved in the depressing effect of cAMP.

Previously, we reported that the K* channels regulated by DA in these cells could
be activated simply by raising temperature from 22 to 32'C, without stimulating the
DA receptor.) 4 Intracellular application of GTPyS produces an opening of this K"
channel by activating the G-protein irreversibly. Neither warm-induced nor GTPyS-

Control

cAMP injection 1 nA
30 s

Recovery

100 g.M DA

FIGURE 2. Effects of intracellularly injected cAMP on the K'-dependent responses to [)A and
raising temperature from 23 to 31 OC. The change in temperature was monitored Ls shown ill the
bottom right. All recordings were obtained from the same cell voltage-clamped at - 70 il\'. The
effect was examined 30 sec prior to each test with 100o aM dopamine or raising temperature Ls
shown in the middle row. The recovery was observed 2 roin later and shown at the bottom
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induced K' response was depressed by injected cAMP (FIG. 2) or the catalytic subunit
of protein kinase A.

We concluded from these results that (1) the blocking effect of cAMP might be
due to activation of protein kinase A and (2) the acting site of protein kinase A could
be somewhere between the receptor and GTP-binding protein, but not the K' channels
themselves.
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INTRODUCTION

13-Adrenergic receptors are present in lymphocytes' and the agents but not
03-adrenergic agonist, which raise cyclic AMP, modulate Ca" flux stimulated by conca-
navalin A, and alone mobilize Ca2 in T-cells;2 however, the role of P3-adrenergic
receptors in signal transduction in T-ceils, which contribute to the immune system,
is less known. We have examined the signal transduction system, including G protein
and cytosolic Ca2" ([Ca2 *]),, by 13-adrenergic receptor in human T-cell line Jurkat.

METHODS

Jurkat human leukemia T-cells were maintained under 5% CO,-95% 0 in RPM1
1640 medium supplemented with 10% fetal bovine serum, penicillin (50 U/ml),
streptomycin (50 pig/ml), and L-glutamine (300 gg/ml). Membranes of Jurkat cells
were subjected to SDS/PAGE and immunologically stained with the antibodies,
RM/1, AS/7, QL, and GC/2, for a subunits of G proteins, Gs, Gi, Gq, and Go.
respectively. Furthermore, enhanced chemiluminescence method was used as a de-
tecting system. [Ca*], was estimated from the fluorescence of fura-2-loaded Jurkat
cells as described before.4

RESULTS AND DISCUSSION

As shown in FIGURE 1, a subunits of G proteins were detected in Jurkat cells.
The antiserum with specificity for Gsa reacted with two polypeptides with apparent
molecular weights of 42 and 52 kD, though their role in signal transduction in Jurkat
cells is as yet unknown. The antiserum with specificity for Gia weakly reacted with
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FIGURE 2. Effects of isoproterenol (ISP), prostaglandin E, (PGE,), and 844-chlorophenylthio)-cyclic
AMP (CPT-cAMP) (kfi), which increase cyclic AMP accumulation, and anti-CD3 antibody OKT3
(rigbt), which causes inositol phosphate production, on [Ca"', :I jurkat Les. [Ca?"], was measured
in fura-2--loaded cells as described under METHODS.

a polypeptide. Furthermore, Gqa was recognized by an antiserum with specificity
for Gqat. However, no Goa was detected. FIGURE 2 shows that 10 iM of isoproterenol
(ISP) caused an increase in [Ca 2*1,, after which it declined to a sustained, elevated
level. A rise in [Ca 2J induced by ISP was mimicked by 10 4M prostaglandin E,
which increases cyclic AMP accumulation in Jurkat cells, as well as by 1 mM 8-(4-
chlorophenylthio)-cycic AMP (CPT-cyclic AMP), which is membrane-permeable cy-
clic AMP. On the other hand, CD3 monoclonal antibody OKT3, which increases
inositol trisphosphates, caused a larger increase in [Ca 2'*, than that induced by ISP,
PGEI, or CPT-cyclic AMP.

These data suggest that the 0-adrenergic receptor may couple to G protein and
that cyclic AMP accumulated through the activation of G protein may regulate the
immune system via Ca2 in Jurkat cells.
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Potassium channels in the type B photoreceptor of Hermissenda are persistently
inactivated after the acquisition of associative learning and memory. A number of
recent studies suggested that the monosynaptic release of GABA from pre-synaptic
hair cell terminals onto a postsynaptic B cell has been considered to be the loci of
the K' channels modifications. 2 Further, a classical inhibitory GABA-ergic synaptic
response in the B cell is transformed into an excitatory response following the paired
stimulus of conditioning.' Neither the conventional microelectrode-voltage-clamp nor
the patch-clamp measurement with an axotomized type B cell is adequate to characterize
the mechanism of GABA-induced K* channel modulation. We applied the slice-patch
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GABA(10pM)

400pA

1Os

GABA(10pM) + BIC(1001pM)

H.P.= -60mV
FIGURE I. GABA induced currents at the type B photoreceptor (GABA (10 4.M) induced the
inward current, which blocked by 100 piM bicuculline, followed by the outward current lhc rcvcrdal
potentials of the inward and the outward currents were - 40 to - 60 rnV and - 90 mV, respectively
The membrane was clamped at -60 mV (absolute)

technique to the intact soma membrane of an axon bearing the type B photoreceptor
to elucidate the mechanism of the postsynaptic event by the activation of GABAK
receptor. Type B cell was whole-cell clamped in Na-free ASW replaced by choline-
chloride. Application of 10 gM GABA initially induced the inward current followed
by the longlasting outward current at the membrane potential of - 60 mV and the
initial inward current had a reversal potential of -40 to - 60 mV, which was the
intermediate equilibrium potential of Gl- and K*. On the other hand, the cell pre-
treated with GABAA antagonist, 100 JIM bicuculline, application of GABA Induced
solely the outward current, which reversed at the membrane potential of - 90( mV\
coincident with the potassium equilibrium potential. Progressive enhancement of volt-
age- and calcium-dependent current 1ci, Kwas observed in the bicuculline-containing
GABA solution being untouched IA. This enhancement was even unaffected by low-
ering the external calcium from 10 to I mM. Since GABA did not modulate the
voltage-dependent calcium current across the type B soma membrane, this enhancement
was thought to be due to the elevation of cytosolic calcium propagated along the
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axon from the terminal branch via GABAB receptor activation by exogenous GABA
application. This calcium propagation was revealed by the Ftra-2 [Ca 2"], imaging.
These experiments suggest that intracellular calcium elevation in the synaptic terminals
affects regulation of ionic currents across the cell soma membrane 60-80 gim away.
The present findings together with the calcium propagation confirm that the pairing
of specific changes of the soma K' current is mediated by GABA-induced Ca'" rise.
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INTRODUCTION

Since the y-aminobutvric acid-B (GABAH) receptor-mediated inhibition of nor-
adrenaline (NA) release from the atrium was first noted in a study by Bowerv et al.,
there has been much documentation on the GABAR receptor-mediated response in
the central and peripheral nervous systems.2 Stimulation of GABA, receptor ha.s
been shown to close the Ca"' channels and to open the K' channels. Such GABA,
receptor-mediated modulation of ion channels may correspond to the inhibition of
neurotransmitter release from the nerve terminals It ik prop,•sed that the neurotransmit-
ters are releasel in the exocytotic-vesicular and non-vesicular manners: NA is released
from adrenergi: nerve terminals mainly in a vesicular manner, and acetylcholine (ACh)
is released from cholinergic nerve terminals in vesicular and non-vesicular manners,
Thus, this paper was focused on the GABAB receptor-mediated modulation of the
vesicular release of NA and ACh.

IDENTIFICATION OF VESICULAR AND NON-VESICULAR
RELEASES OF NA AND ACH

Application of either high K' or ouabain to the medium evoked the release of
NA from the slices of cerebellar cortex and ileal strips and the release of ACh from the
ileal strips. " High K' -evoked release was external Ca2" dependent, but ouabain-evoked
release was Ca 2` independent. There is accumulating evidence that protein kinase C
(PKC) is involved in the exocytotic-vesicular release of neurotransmitters. '' The
phosphorylation of vesicle-associated protein by PKC as well as Ca2 -/calmodulin-

dependent protein kinase and cyclic AMP-dependent protein kinase no doubt contrib-
utes to the exocytotic-vesicular release of neurotransmitters.' "' An activator of PKC.,
12-O-tetradecanoyl-phorbol-I 3-acetate (TPA) potentiated the Ca2'-dependent high
K*'-evoked release of NA and ACh from the slices of guinea pig cerebellar cortex and
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deal strips, respectively (FIG. 1).' T[he potentiating effect of' TPA was not mimicked
by 4a-phorbol- 12.1 3-didecanoate. the inert derivative of phorbol ester, and was antago-
nized by sphingosine, a compound that inhibits the activity of PKC. On the other hand,
the Ca' - -independent ouabain-evoked release of NA and ACh was not potentiated by
activation of PKC (FIG. I). Thus, the depolarization of nerve terminals with high
K- evokes the vesicular release of neurotransmitters, however ouabain evokes the
non-vesicular release. Although the mechanism of ouabain action in neurotransmitter
release remains unknown, ouabain is assumed to induce a non-vesicular release of

High K+-evoked release

NA ACh

150-

5)0%

> 5
0

2 6 4: o
0

Quabain- eoked release Ah

FIGURE 1. R~tcntiation by protein kinas-(; aciato of the high K* c oked relcasc of N., and

A( h from gutinea pig cereliellar si c('% and (lcal strip%, respectiv *d y, buti noit oii i hc oii lAmin -cS(ked
release TA(0'M) or 4-u -PD)1 (10 M) was addc-d to the mcdiii 15 m in n lo 'c and du ring
ap)plicatioin oit KO (40) mM) or OLIualii (01 I NAM
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neurotransmitters.' Oiuabain depolarizes the plasma membrane of nerve terminals due

to inhibition of Na', K~-ATPase, and this seems to be the primary step. There is

the concept that intraceflular Na*, increased by inhibition of NaK-X-ATPase with

ouabain, leads to the release of Ca" from intracellular Ca' storage sites, and this

may result in a release of neurotransmitter.' However, free intracellular Ca' concentra-

tions do not seem to increase in the presence of ouabain.

GABAa RECEPTOR-MEDIATED INHIBITION OF VESICULAR.
BUT NOT NON-VESICULAR RELEASE

Stimulation of GABAjj receptor inhibited the high K--evoked release of NA and ACh.

but not the ouabain-evoked release. GABA inhibited the high K-evoked release ot

High K4--evoked release

NA A~h

50

0

S Ouabain-evoked release

5 -NA ACh

.U 
U

U

FIGURE 2. Inhibition by c;ABAH receptor stimulation of the high K -evoked release of NA and

A(:h from guiinea pig cerebellar slices and ilea] strips. respectively. but not of the oualiain-evoked

release~ GABA (1 0 'M) or b~aclofen (BAC, 1 0 'M) xx% added to the miedium 2 min before and

(luring application of K( : (40 mM) or ouabain (0 1 mM)~
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NA from the cerebellar slices and ACh from the deal strips (FiG. 2). The inhibitory
effect of GABA w,.as mimicked by baclofen, a GABAR agonist, but not by muscimol,
a GABAA agonist, and antagonized by phaclofen, a GABAB antagonist. On the other
hand, neither GABA nor baclofen inhibited the ouabain-evoked release of NA and
ACh. Thus, the GABAB receptor appears to participate in inhibiting the vesicular but
not the non-vesicular release of neurotransmitters. Stimulation of the GABAB receptor
has been shown to decrease the Ca* current in dorsal root ganglion cells and to
induce a hyperpolarizat ion of hippocampal pyramidal cell membranes due to an increase
in K- conductance.'' The GABAB, receptor expressed in olocytes by injection with
mRNA from the rat cerebellum appears to be coupled to K' channels,'" therefore
an increase in K' conductance may contribute to the GABARj receptor-mediated
inhibition of neurotransmitter release, especially NA from the cerebellar cortex.
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Previous studies'" of molluscan and mammalian neural networks have implicated
a sequence of changes in associative memory storage: (1) elevation of [Caj'l, and
DAG (diacylglycerol); (2) activation of Ca2 -calmodulin-dependent-type 11 kinase and
activation of PKC (protein kinase C); (3) phosphorylation of a low molecular weight
G-protein called cp20; (4) persistent reduction of postsynaptic voltage-dependent K.

FIGURE 1. (A)Typical HPI.C tracings of proteins from eye of a Hermissenda subjectcd to random
light and rotation (Random). a naive animal (Naive), or an animal subjected to light-rotation pairing
(Paired). prepared as in Table I' and chromatographed on an ion-exchange (AX-300) column (0 to
0.6 M sodium acetate, pli 7.4). Each chromatogram represents proteins from a single Hernmssenda
eye. A baseline (derived from a chromatogram with no injection) has been subtracted from each
digitized chromatogram. Zero is set at 0,35 for the random tracing. 0.15 tor naive, and 0.0 tor
paired. Peaks with ti <27 min were not analyzed. The peak with a tR of 33,0 min was analyzed
as the sum of two peaks. The peak at tR 58.0 was variable among animals. About 80 to 95'i of
injected proteins eluted in the nonretained fraction between 0 and 10 min and betwecen 2 ý and 2 9
min. (B) Identification of cp27 and cp2o as phosphoproteins. Seventeen naive Hermnissenda eves sserc
incubated at 15°C for 6 h with I I g0 of carrier-free "PI Pi. then homogenited. centrifuged ( 10,00 g.
7 sec), and chromatographed by AX-300 ion-exchange FIPI.C Fractions (0 2 mini) werc collected
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and the radioactivity determined. Distinct peaks of "P incorporation, coinciding with the absorbance
peaks, were visible for cp2 7 and cp20 in all chromatograms (n = 5). Fractions 137 and 146 correspond
to peaks with retention times of 38.2 to 38.4 and 40.0 to 40.2 min. respectivelv. This experiment
was done with a different AX-300 column than the other experiments in this paper A blank of 35 dpm
was subtracted from each data point. (C-E) SDS polyacrylamide gel profiles of conditioning-associated
proteins (C) cp 2 7 , (D) cp2 0, and (E) cpl8 from Hermissenda eyes were combined, homogenized.
and chromatographed as in (A). Fractions corresponding to each peak of interest were combined,
desalted, lyophilized, dissolved in 2 Vd of water, and incubated with 0.25 mCiof I'|ltaceticanhydride
in 2 gi± for I h at 25°C (C and E) or 1.25 2 mCi in 1O pl of dimethyl sulfoxide (1)MSO) for 18 h
(D). Excess acetic anhydride was removed by lyophilization and samples were subjected to SDS-PAGE
(10% acrylamide). Gel slices 12 mm for (C) and (E). 2 7 mm for (D)l were solubilized and the
radioactivity determined. About I x IO "' g of protein are present in (D) and (E). and 5 x 10 ' g
in (C). Blanks of 40 to 50 dpm have been subtracted from (C) and (E) and I,000( dpm from (D)
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currents (IA and cI); (5) alteration of intraaxonal particle transport; and (6) changes
in distribution of postsynaptic terminal branches. Many related studies from our labora-
tory indicate that the G-protein, cp20, is a critical transforming molecule during
learning and memory. Cp20, for example, directly regulates voltage-dependent K"
channels,' retrograde transport of intraaxonal particles, turnover of mRNA, and neu-
ronal branching architecture. Thus, all of the profound neuronal transformations
produced by learning are reproduced by cp20 elevation within neuronal targets. This
transformational role of cp20 during memory storage may share common features
with the transformational role of v-ras during oncogenesis. These parallel roles are
suggested by the striking functional homology in the regulation of both K- and Cal -
channels demonstrated by cp2o and v-ras protein.4 In search of neurotransmitter
pathways that lead to activation of PKC, calcium/calmodulin type II kinase, and then
cp20, in both invertebrate and vertebrate networks, we have now identified GABA
as an important neurotransmitter between neuronal pathways reponding to temporally
associated sensory stimuli. Recent evidence, for example, indicates that in the visual-
vestibular network of Hermissenda, statocyst hair cells release GABA onto type B
visual cell terminal branches. At this synapse we found that a classical inhibitory
GABAergic synaptic response is transformed into an excitatory response following
pairing of statocyst-stimulated release of GABA and light-induced depolarization of
the type B cell. The stimulus pairing that caused this synaptic transformation closely
followed stimulus conditions used to train the intact animals. Current- and voltage-
clamp experiments suggest that this synaptic transformation is due to a shift from a
GABAA.- and GABAB-mediated increase of C1 and K- conductance to a GABA-
mediated decrease of conductance. Fura-2 imaging of [Cal' -, suggests that pairing-
specific prolongation of [Ca2"], elevation contributes to this synaptic transformation
as well as previously reported reduction of K- channels at spatially separate membrane
loci on the type B cell. Furthermore, associative learning-specific changes of these
[Cal * 1, signals remain for many days in the memory storage period. Still other evidence

FIGURE 2. Type B responses to GABA and hair cell impulses are transformed from inhibitory
to excitatory after light-GABA pairings. (A) Diagram of the experimental preparation. (B) Under
current-clamp conditions, after 10 min of dark adaptation, the Type B photoreceptor responds to
a flash of light with a depolarizing generator potential accompanied by enhanced impulse actisity
One sec after the 4-sec light onset, a 3-sec puff of GABA, indicated by horizontal bar, was delivered
at the terminal branches. (C) After three light-GABA applications at 90 sec intervals, the initial
hyperpolarizing response to GABA (upper trace) was transformed into an excitatory response (lower
trace). Dashed line indicates level (-60 mV) of resting membrane potential. (D) Following three
light-GABA pairs, the B cell's endogenous hyperpolarizing response (left) to HC stimulation with
I sec. I nA current pulses (bottom traces) was transformed into depolarization (right traces). Both
hyperpolarizing and depolarizing responses became negligible at about - 80 mV. The traces here are
typical examples of 12 independent replications in 12 independent animals. Dashed lines indicate resting
level of membrane potential. Some impulse peaks were filtered from the records. (E) Current-clamp
recordings of the postsynaptic response to GABA in 0 Na' ASW The early hyperpolarizaton had
a reversal potential of about - 80 mV, and the later depolarizing phase was minimal at potentials
more negative than - 60 mV. (F) Hyperpolarizing responses (before pairing) evoked by GABA puffs
are accompanied by a decrease of input resistance of the B cell, while depolarizing responses (after
pairing) are accompanied by an increase of input resistance measured by 200 resec, hyperpolar/izng

I nA) pulses.'
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suggests that a similar transformation of GABAermic synaptic transmission occurs in
mammalian brain. Since such GABA-synapse transformations appear to involve PKC
pathways, the molecular steps implicated in a variety of earlier studies (see above)
could occur within GABAergic synaptic pathways. These and other observations of
biological memory networks have been used to design artificial computer-based net-
works with unusual capacity for storing correlated and anticorrelated events in spatial
and/or temporal matrices.
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Metabotropic glutamate receptor (mGluR) is highly expressed in cerebellar Purkinje
cells. Several lines of evidence suggest that mGluRs play an important role in synaptic
plasticity, as in long-term depression in the cerebellum. Little is known, however,
about the functions and pharmacology of mGluRs in single neurons. We used Ca'-
imaging with fura-2 in cultured Purkinje cells, identified immunocytochemically, to
record the direct effect of drugs in stable conditions. This preparation also permitted
the investigation of change of functional mGluR during maturation.

Purkinje cells, cultured in serum-free medium for up to 5-6 weeks, followed a
developmental pattern similar to that in vivo to a considerable degree: they showed
spontaneous synaptic activity,' expressed mGluR and inositol trisphosphate receptor
(IP3R) in the same way, and developed rich dendritic arborization. In Ca"'-free me-
dium, quisqualate increased intracellular Ca2 concentration, but AMPA, kainate, and
NMDA did not (FIG. I,A). This response was thus considered as quisqualate-induced
mGluR activation causing Ca2 mobilization. The mGluR responses in Purkinle cells
were insensitive to CNQX (FIG. IB), D,L.-2-amino-3-phosphonopropionic acid (AP3)
(FIG. I,C), and pertussis toxin (lAP) (FIG. I,D). These results were quite different
from earlier studies measuring phosphoinositide turnover in brain slices and those
measuring Ca 2'-activated Cl- current in Xenopus oocytes injected with mGluR
mRNA,2 but in good agreement with a recent study with CHO cells transfected with
mGluR eDNA.' The mGluR agonists showed the rank order of potency: quisqualate
> glutamate > ibotenate = trans-ACPD (FIG. I,G). Asparate, one of the candidates
for a neurotransmitter between climbing fiber and Purkinje cells, caused no mGluR
responses. The dose-response relationship showed an all-or-none tendency (FIG IF).
This may be explained by Ca 2 -sensitization of IP,R) The mGluR responses changed
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rrd)di'ring development. The ipercentag~e of cells showing rnGluR response dc-
creased after Day 4 of culture in Purkinje cells, but not in non-Purkinle cells (FtG..
2,A). The amplitude of mGluR response in responding Purkinje cells decreased during
development in culture, hut that of ionotropic response (iGluR) did not (FiG. 2,B).
The change was thus specific to mGluR in Purkinje cells. This apparent desensitization
of mGluR was not blocked by Inhibition of protein kinase C (PKC) or ADP-ribosyl-
transferase.' The mGluR responses were main~!v localized to the center of the somata
of Purkinj*e cells (FiG;. 2,C), whereas both receptor prutcins were expressed immunocy-
tochemnically throughout the cell. These results suggest that the: function of mGluR
is spatially and developmentally controlled by a postrranslational mechanisn-. ir'volvP' g
a mechanism other than phosphorylation by PKC or ADP-ribosylation.
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FIGURE 1. Pharmacology of mGluR response in single Purkinje cells. Tensporal changes in the
fluorescence image from fura-2 loaded cerebellar neurons were recorded on video tape. After immnuno-
cytochemical identification of Purkinje cells, ICa2' , at the soma of each cell was calculated from
video tapes with a computer. (A) Quisqualare (I 4aM), but not AIMPA (100 laM). kainate (20 p.\X)
or NMDA (100 iaM), induced increase in lCal, in Ca -free solution. The insensitivitY to high
K* (50 mM)-induced depolarization confirmed that the Ca" concentratiomn in the solution was low%
after washing the cells with Ca: '-free medium for 90 sec. (B) A combination of1 CNQX (50 4M)l
and APV (200 4aM) did not block quisqualate 0 laM)-induccd Ca" nmobiliz~ation. (C) n.i-API
0I mM) was ineffective in blocking Ca" moltilization by quisqualacel (11aM). The trace is representativec
for 74 of g0 cells tested on different culture days. Six cells showed partial Irreversible blockasic 1)
2 mM I.-AP3. (D) Pre-treatment of Purkinie cells with to ag/nil lAP for 20-22 Is did not affect
the sensitivity of the mGluR responses. The trace is a response to I jaM quisqualate and is rep~resentaitis
of the responses to various doses of other mGluR agonists including trans-ACPD, ibotenate. glIutamate
(E) After the cell became refractory to 100 jaLM quisqualate liy repeated application of I jaMk quisqua-
late, caffeine (CO (10 mM) induced Ca" mobilization. (F) lypical all-or-none responses to increasing
doses of quisqualate of 12.5, 2 5, 50, 100, 200 nM, and 1.ý6 jaM. (G) Sumnmar 'y of asveragcd dose-
response relationship. Neurons were exposed to increasing concentrations of the indicated agosnists
in Ca' '-free medium. The average amplitudes of Ca" mobilization are plotted against the log concen-
trations of the agonists. Values for quisqualate. glutamate, trans-ACPD, andi iliotenate arc means +
SEM for 10, 14, 5. 6 Purkinje cells, respectively.



508 ANNALS NEW YORK ACADEMY OF SCIENCES

A m100k.oo-=sA 8Purkinle cells

Non-Purklnle cellsC 600
C.W 40

20

0
0 10 20 30 40

Days In vitro
n i -•- 0luR response300 mGluR resoe

+ 200 j

CT

0 10 20 30 40
Days In vitro

C
400

;:Z30 Soma N .

--- VDC
= - - - .... -o-- mGluR 0

100 N
SS'o• o -o o Neurile /N

-0- VDC
o0oo5 io 5 20o •-o- -0- mGluR 20

Time (sac)

FIGURE 2. Developmental and spatial pattern of expression of the functional mGluR. (A) Percent-
ages of Purkinje (dotted line) and non-Purkinje (solid line) cells exhibiting Ca"' mobilization in response
to 5 uaM quisqualate in Ca2"-free medium are plotted against the dysx in culture. (B) Amplitudes
of Ca" mobilization induced by 5 taM quisqualate (mGluR response) in responding Purkinje cells
The amplitudes of [Ca'*], increases in response to 20 isM kainate in medium containing Ca"' (iGluR
response) in these cells are also shown for comparison. Data in A and B are means ± SEM from
at least 3 independent cultures except for those on Days 16 and 37, which are for single cultures
Number of cells tested at each day ranges from 17 to 84 for Purkinje cells and from 44 to 237 tor
non-Purkinje cells. (C) Spatial change in [Ca•'l after exposure to I ý.M quisqualate in Ca:'-free
medium (mGluR response) (0, 11) and to KCI (50 mM) in Ca2' -containing medium (Voltage Depen-
dent Channel-VDC response) (0, 0). The outlines of the cells were traced after immunological
staining. Circles (0, 0) are from the proximal dendrite and squares (D. U) from the center of the
soma. This cell was examined on Day 4 of culture, and are representative of five Purkinje cells
examined. We did not analyze the response in neurites from more developed Purkinje cells at later
days in culture because of technical limitations with our method.
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Since the discovery of Ca' permeability through N-methyl-D-aspartate-activated
glutamate receptor (NMDA receptor), a scenario giving a principal role in the syn-
aptic plasticity including long-term potentiation (LTP) to the NMDA receptor
has gained popularity.' But recent reports including ours have shown that some of
non-NMDA subtypes of ionotropic glutamate receptors have considerably high Ca2 '-
permeability.-

Metabotropic glutamate receptors are also capable of increasing JCa2 J,." Moreover.
recent molecular biological studies have revealed the polymorphism of both ionotropic
and metabotropic glutamate receptors.-"' Basic information is, therefee, required
about the topographical patterns of Ca"'-mobilizable receptors distribution in the
hippocampus.

We applied Ca2
- imaging techniques established by us to various preparations of

hippocampal cells. Those include dissociated cells, fresh and organotypic cultured
hippocampal slices. The microscopic fluorescence images of those fura-2-loaded prepa-
rations were detected and analyzed by a highly sensitive video camera and an image
processor.

We found that approximately one third of the examined cells responded to both
NMDA and non-NMDA receptor agonists with an increase in [Ca2 1,. trans-ACPD,
a metabotropic receptor agonist induced two types of (Ca2" 1, elevation, a fast transient
and a slow, longlasting one; the former was found in neurons while the latter was
seen predominantly in astrocytes. We found peculiar patterns of distribution in those
receptor subtypes in the fresh and organotypically cultured hippocampal slices. The
NMDA- and AMPA-responsive neurons were mainly distributed in CA I region. while
the kainate-responsive neurons were found in the CA 3 region. Kainate evoked the
[Ca"], increase in CA3 glial cells as well. trans-ACPD caused an increase in jCa"j,
in the glial cells, which migrated out of the organotypic culture.

Thus, not only NMDA receptors but also non-NMDA receptors should be taken
into account for the increase in fCa2 " 1, during the tetanic stimulation leading to FIRT
Contrihution of glial receptors should not be overlooked either.
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Glutamate and its analogues are the predominant excitatory neurotransmitters in
the central nervous system (CNS). Metabotropic glutamate receptors (mGluR) are
one category of the glutamate receptors, insensitive to ionotropic glutamate receptor
antagonists, such as 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and o-2-amino-5-
phosphonovaleric acid (D-AP5). They have been shown to be critically involved in
various functions of the CNS, including postsynaptic excitation'2 and presynaptic
inhibition.' In addition, induction of long-term potentiation (LTP) in the hippocampus
and induction of long-term depression (ITD) in the cerebellum are also attributed to
mGluR.' In order to understand these multifaceted actions of mGluR, clarification
of cellular responses to direct mGluR stimulation is inevitable.

Recently developed "perforated" patch-clamp 4 maintains the intracellular environ-
ment intact during elect rophysiological recording and thus greatly facilitates the analysis
of receptor-mediated responses with a patch-clamp technique. The aim of the present
paper is to characterize mGluR in acutely dissociated CA3 hippocampal pyramidal
neurons of the rat with the use of perforated patch-clamp technique

Neurons were obtained from 7- to 10-day-old Wistar rats by mechanical and
enzymatic dissociation. The composition of the external solution was (in rmM): NaCl
150, KCI 5, CaCl, 2, MgCI2 I, glucose 10, and N-2-hydroxvethylpiperazine-N'-2-
ethanesulfonic acid (HEPES) 10. The composition of the internal solution was (in
mM): KCI 150 and HEPES 10. The pH of the external and internal solutions were
adjusted to 7.4 and 7.2, respectively, with trislhydroxymethyljaminomethane (Iris-
base). For perforated patch-clamp recording, nystatin was added to the internal solution
at 150 ig/ml The drugs were applied by a rapid application system, termed the

SPleasc address all correspondence to: Norio Akaike, Ph I) Prfessorand (hairman. 1)cjartnn
of Ncurophysiology, 'lohoku University School of Medicine, I- I Seirvo-cho1 ,.\tb-ku. Senda,. 980.
Japan
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"Y-tube" method. The exchange of external solution surrounding a neuron can be
completed within 10 to 20 msec.

Application of glutamate (Glu) concentration-dependently induced a rapid inward
current with increased membrane conductance, and a slow inward current with de-
creased conductance under a voltage-clamp at a holding potential of -44 mV (FIG.
1,A). The rapid inward current was observed at a concentration higher than 10 ' M
and was blocked in the presence of 10-4 M CNQX and 10 _ M D-APS, compatible
with ionotropic Glu response. In contrast, the slow inward current was insensitive
to CNQX and D-AP5, indicating the metabotropic glutamate (mGlu) response. This
type of mGlu response was observed in more than 50% of the neurons tested. Interest-
ingly, the threshold of slow inward mGlu response was lower than that of ionotropiC
Glu response. In other neurons, Glu induced another type of mGlu response, consisting
of an outward current followed by a slow inward current (FIG. 1,B). The threshold
of the outward mGlu response was higher than that of the slow inward mGlu response.
Both the outward and inward mGlu responses were mimicked by quisqualic acid (QA)
and (±)- I -aminocyclopentane-trans- 1, 3-dicarboxylic acid (tACPD) (data not shown).

In order to characterize these mGlu responses, a receptor antagonist study was
performed. The mGlu response induced by 10-- M QA was not affected in the
presence of 10-4 M DL-2-amino-4-phosphonobutyric acid (DL-AP4) (FIG. 2,A). The
inward current elicited by 3 x 10 - M tACPD was also insensitive to DL-AP4 but the
outward current was markedly suppressed by DL-AP4 (FIG. 2,B).

These results show that there are two types of mGlu responses in hippocampal
CA3 pyramidal neurons: slow inward current and outward current. Moreover, the
outward currents induced by QA and tACPD seem to be mediated by distinct receptors.
The difference in thresholds of the currents, and differential sensitivity to antagonists
add heterogeneity to the features of mGlu responses and would aid in further clarifying
the properties of mGluR in the mammalian CNS.
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Metabotropic glutamate receptor-I (mGluR 1), when expressed in Xenopus oocvtes,
activates phospholipase C (PLC) through endogenous G proteins and causes chloride
current responses that are mediated by inositol phospholipid metabolism and intracellu-
lar calcium mobilization.' 2 In this study, we implanted various G protein subunits
into Xenopus oocyte together with mGluR1, by injecting mRNAs obtained by in vitro
transcription from respective cDNAs. We examined the effects of G protein subunits
on the mGluRl-evoked chloride current responses. Four types of bovine G protein
a subunits (Gsa, Go I a, Gil a, and GL2a), and G3 I and Gy2 subunits were examined
(abbreviated as as, atol, all, CtL2, [31, and y2, respectively).

Expression of aL2,' which is isolated from a bovine liver cDNA library and is
highly homologous to the mouse G14 a subunit,4 potentiated the responses signia-
cantly, whereas as and aol suppressed them. Expression of ail did have a significant
effect (FIGS. I and 2).

Effects of 031 and Y2 subunits were then examined. Expression of P3ly2 subunits
enhanced the potentiation effects of aL2, whereas the suppression by as was completely
reversed by P31y2 subunits (FIG. 2). In the case of ao 1, however, expression of D31/y2
not only reversed the suppression but also caused even the potentiation (FiG. 2).

These results were readily explained by the following model: a subunits, either
endogenous or exogenous, compete with each other for [3y subunits, either exogenous
or endogenous, to form functional heterotrimers. In the absence of exogenous [3 1y2,
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FIGURE 1. The mGluRI -evoked current responses of Xenopus oocytes expressing bovine G protein
ai subunits. The control means the oocytes injected with mGluRl transcript alone (50 pg/oocyte)
The others are the oocytes injected with transcripts of mGluRl and bovine a subunits indicated
(mGluR1 50 pg, a subunit 5 ng/oocyte). The current responses to glutamate (Glu, 100 pM) were
measured 3-4 days after the injection under voltage-clamp (-60 mV) conditions.
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FIGURE 2. The effects of bovine G protein subunits on the mGluR I-evoked current responses of
the oocytes. The peak amplitudes of the current responses, as exemplified in FVi 1, were expressed
relative to the control as mean ± SEM (n). The control (solid column) means the oocytes where only
mGluRl was implanted. In the experimental oocvtes, the ca subunits of the indicated G proteins
were implanted without (open columns) or with (sbaded columns) 0 I y2 subunits, together with m;luR I
• < 0.01 by r-test.
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exogenous a can potentiate (or suppress) mGluRl responses if it can activate PLC
more (or less) efficiently than a subunits of endogenous PLC-coupled G proteins,
whereas in the presence of supplemented P3y subunits, exogenous a subunits can
potentiate them if it can activate PLC, irrespective of its relative efficiency compared
to endogenous PLC-coupled G proteins.

REFERENCES

1. SUGIYAMA, H., 1. 11o & C. HIRoNO. 1987. Nature 325: 531-533.
2. MASL', M.. Y. TANABE, K. TSUCHIDA, R. SIIGEMO1o & S. NAKANISHt. 1991. Nature 349: 760-

765.
3. NAKAMU'RA, F., K. OGATA. K. SHIOZAKI, K. KAMENAMA, K. OItARA, 'I IiAGA & T1. NLKAD&

1991. J. Biol. Chem. 266: 12676-12681.
4. STR-ArHMANN, M., T. Al. \U.KlE & M. 1. Si.NioN. 1989. Proc. Nat]. Acad Soi. USA 86: 7407-

74o9.

IL



The t-ACPD-Induced Current
Response in Rat Cerebellum

HIROSHI TAKAGI, JEAN DE BARRY,'
YOSHIHISA KUDO,b AND TOHRU YOSHIOKA

Department of Molecular Neurobiology
Scbool of Human Sciences

Waseda University
Tokorozawa 359, Japan

'Centre de Neurocbemie du CNRS
5 rue B. Pascal

F67084 Strasbourg, Cedex, France

bMitsubisbi Kasei Institute of Life Sciences
Macbida 194, Japan

G protein coupled metabotropic glutamate receptor (mGluR) is thought to play
an important role in long-term depression (LTD) in cerebellum," 2 because LTD was
demonstrated when the desensitization of the AMPA receptor is induced by co-
activation of metabotropic receptors and non-NMDA receptors.) 4 It was well known
that quisqualate (QA) and t-ACPD were the agonists of mGluR. Recently Aramori
and Nakanishi' have cloned a mGluR sensitive to QA but very weakly sensitive to
t-ACPD in CHO cells, when RNA was transfected with cDNA isolated from rat
cerebellum. Furthermore, recent studies have suggested that t-ACPD receptor is local-
ized presynaptically in hippocampal CA I neurons.'

In this report, we examined the postsynaptic and presynaptic distribution of mGluR
in cerebellum at different developmental stages by patch-clamp recording and by [Ca'
imaging, using t-ACPD and QA as agonists.

When QA was applied to cerebellar slice of postnatal day (PND) 2 1, the current
response was found in Purkinje cell. In the presence of 100 !iM CNQX, response
continued. This response was not eliminated by removal of external Ca". When
L-AP3 was applied extracellularly, however, the QA-induced response was greatly
reduced.

The response of the same cells to t-ACPD (up to I mM) was observed. But it was
not affected by CNQX. This t-ACPD induced current almost disappeared, when
external Ca` was removed. This is surprising since one would expect that responses
to both QA and t-ACPD in the presence of CNQX are due to the activation of the
same mGluR. However, QA- and t-ACPD-induced responses were both sensitive to
200 gM L-AP3. These results suggest that QA and t-ACPD may stimulate different
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subtypes of the receptor, though both sites are L-AP3 sensitive, and that the mGluR
in Purkinje cells is far less sensitive to t-ACPD than to QA.

In order to verify the presence of a QA-activated metabotropic receptor in Purkinje

cells by observing agonist-induced increases in [Ca 2 *],, we injected 200 j1M rhod-2
triammonium salt, which has a lower affinity than fura-2 with Ca'- (K,,-= I PM),
into the Purkinje cell soma. We measured the effect of QA and t-ACPD on the [Ca 2

- 1,

of dye-injected cells in slices isolated from PND 14 rat. QA (10 juM) application in
nominally Ca' + free conditions resulted in an obvious [Ca 2 j *, elevation at the dendrite
region. On the other hand, t-ACPD (up to I mM) showed little effect in the same
region. These results appear to agree with the electrophysiological results.

When t-ACPD was applied to a slice isolated from a PND 7 animal, at a stage
when synaptic input to Purkinje cells is poorly developed, QA induced a single phase

of largc inward current associated with a slight increase in spontaneous miniature

currents (FIG. IA). On the other hand, t-ACPD showed no significant effect on the
same preparation (FIG. 1,B). In slices obtained from PND 9 rat, QA induced current
responses showed three phases (FIG. 1,C), although the amplitude of the outward
current Aill small. At this stage, QA resulted in an increase in frequency as well

as in the amplitude of spontaneous miniature current. On PND 9 and later, t-ACPD
strongly enhanced the frequency and amplitude of miniature currents (FIG. 1 ,D). These

developmental changes in the effects of t-ACPD on the amplitude and frequency of
spontaneous miniature current were observed with a holding potential of - 90 min.

PM 7 PND9
A C

400pA 400pA

Slmin. Imln.

S D

.rlnI 200pA

FIGURE i. Effect of QA and t-ACPD on Purkinje cells at PND 7 and PND 9 In young animals
QA induced a large and slowly activating current in Purkinje cells, but caused neither fast inactivating
inward current nor outward current (A and C) On the other hand, t-ACPD had no effect on PN)
7 cells (B) but produced small bursting inward currents at PND 9 (D).
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TABLE 1. Effect of t-ACPD on mEPSCs and mlPSCs

mEPSCs mlPSCs

Amplitude Frequency Amplitude Frequency
(pA) (Hz) (pA) (jtz) n

Control 26.7 ± 4.8 0.54 + 0.26 34.7 + 5.3 0.53 ± 0.25 5

t-ACPD 21.2 3.6 0.75 + 0 18*** 12.6 + 2.9*** 0.20 + 0.06*** 5

Data are expressed as mean value ± standard deviation. Numbers of experiment are 5 (n : .5)

Difference between control and t-ACPD was tested with the paired t-test (***p<o 001),

To examine the presynaptic action of t-ACPD in more detail, we separated mEPSCs
(detected as inward current) and mIPSCs (detected as outward current) in PND 14
preparations. As shown in TABLE 1, after administration of t-ACPD, the frequencies
of mEPSCs and mIPSCs were significantly augmented and diminished, respectively
(paired t-test, p < 0.001, n = 5). This suggests that t-ACPD acts differently on the
presynaptic regions of excitatory and inhibitory synapses. Furthermore, the mean
value of the mEPSCs amplitude was not affected by the application of t-ACPD, while
that of the mIPSCs was significantly reduced, suggesting that t-ACPD also affects the
postsynaptic inhibitory synaptic site. The detailed mechanisms of the separate effects
of t-ACPD on the inhibitory and excitatory synapses will appear elsewhere soon.

REFERENCES

1. Fro, M. & L. KARACHOT. 1990. Neuro Rep. 1: 129-132.
2. MARR, D. 1969.J. Physiol. 202: 437-470.

3. KANO, M. & M KAro. 1987. Nature 325: 276-279
4. LINDEN, D. J., M. H. DICKINSON, M. SMEYNt &J. A. CONNOR. 1991. Neuron 7: 81-89
5. ARAMoRi, I. & S. NAKANIS[HI. 1992. Neuron 8: 757-765.
6. BASKYS, A. & R. C. MALENKA. 1991. Eur. J. Pharmacol. 193: 131-132



Cerebellar Long-Term Depression
Enabled By Nitric Oxide, A

Diffusible Intercellular Messenger

KATSUEI SHIBUKIa
Laboratory for Neural Networks

RIKEN
Wako, Saitama 351-01, Japan

Purkinje cells, the output neurons from the cerebellar cortex, receive parallel and
climbing fiber inputs (FIG. 1). Coactivation of these two evokes long-term depression
(LTD) in the parallel fiber/Purkinje cell synapses.' This LTD is the possible cellular
mechanism for cerebellar motor learning.' Since the two inputs terminate at different
loci on Purkinje cell dendrites, heterosynaptic interaction connecting between synapses
is required for inducing ILTD (FIG. 1,A).

One possibility is that climbing fiber input evokes marked depolarization in Purkinje
cell dendrites (FIG. 1,C), which induces Ca2l spikes at the postsynaptic sites of the
parallel fiber synapses to evoke LTD,2 Another possibility is the diffusible intercellular
messenger, nitric oxide (NO) is produced by climbing fiber input so that the climbing
fiber information is conveyed to the parallel fiber synapses by diffusion of NO.

In fact, NO release is observed following climbing fiber input,' suppression of NO
signaling blocks LTD,' and exogenous NO/cGMP can replace climbing fiber input
in inducing LTD." However, NO is not required for LTD in cultured Purkinje cells'
or in slices treated with fluorocitrate, a gliotoxic metabolic inhibitor (unpublished
data). In Purkinje cells injected with Ca2l chelators, parallel fiber stimulation plus
cGMP application, which normally evokes LTD, induces long-term potentiation
(LTP).' Therefore NO/cGMP signaling cannot replace Ca2" signaling. These results
can be explained by assuming two important messengers in LTD: NO enables both
of LTD and LTP by acting on Bergmann glia cells, which respond to NO with a
marked cGMP increase,' while Ca" signaling in Purkinje cell dendrites determines
the direction of plastic changes (FIG. 2).

' Present address: Department of Neurophysiology, Brain Research Institute, Niigata University.,
Asahi-machi, Niigata-shi 951, Japan.
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Molecular Evolution of Ion
Channels in Central Nervous

System: Possible Primitive mRNA
Segments Conserved in Glutamate

and Acetylcholine Receptor
Channel Genes

KOJI OHNISHI
Department of Biology

Faculty of Science

Ikarasbi-2
Niigata 950-21. Japan

The poly-tRNA hypothesis' has recently proposed that Bacillus subtilis (BSUJ trrnD
operon is a relic of an early' protein-synthesizing RNA molecule (trrnD trRNA) con-
sisting of three rRNAs and a tRNA cluster (including 16 tRNAs). A primitive mRNA
(tr-nD mRNA) was hypothesized to he complementary to a 48-base RNA consisting
of 16 triplet anticodons in the order of the tRNA anti-codons in trnnD operon. The
poly-tRNA structure and rRNAs in trrnD trRNA would have functioned in making
a 16-amino acid peptide (tnrnD peptide) in association with tnrnD mRNA.

Amino acid and base sequence segments potentially homologous to the tnrnD
peptidle and tnrnD mRNA were searched for in PIR and GCn--Bank databases, using
FORTRAN programs that output n amino acid (base)-segments sharing m or more
amino acids (bases) with an inputted sequence. Similarity levels were evaluated bY

coptn1~~m~)= j!i i)11(1I/4)'(3/4)" ', which gives probability by

FIGURE 1. Alignment of trmiD mRNA with tRNAs. 5S rRNAs. and U I snRNA. and wýith gene
segments encoding glycyl- and giutaminvl-tRNA synthetases (GlyRS, GdnRS), E. colb ribonuclease P
protein (rnpA), ion-receptor channel proteins, and album in /a-feto protein Base comiplenientaries
between triplet anticodons in trrnD opcron transcript and the hy'pothetical trrnD rnRNA are indicated
0) ~Olons(:). Bases in spacer regions (of mnnD) and in intron ("-'side of eson I in albiumin geciic
are given in lowercase letters. Di- and longer oligo-nucleotides and deduced amino acids shared bsN
GlyRS and one or more of other sequences are boxed. Other amino acid matches are italicized
Sequence data are obtained from GenBank Database. Alignment is yet tentative in tRNAs (bases
36-51) and corresponding region of 5S rRNAs (3 -term) Abbreviations [CI. E cob, BSL , Bacillus
subtilis; BS r, B. stearotberinopbilua. RNase P. ribonuclease P, NMI)A RI rat N.\I)A receptiir I
GluR, glutamnate receptor; AchR acetylcholine receptiir
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chance for the occurrence of m or more base-matches in n-base alignment. The
E. coti (EC) glycyl-tRNA synthetase (GIyRS) a subunit (amino acids 141-154) was
found to be highly homologous to trrnD peptide.' This and other segments (proteins,
genes, and RNAs) thus found were aligned with each other. Extensive visual compari-
sons were also made in refining alignments.

In the resulting alignment (FIG. 1), the trrnD mRNA gives base-match levels land
P_] of 63% [Pn,,(46,29) = .56 x 10`1 to GlyRs t, 60% [.52 x 10-'] to
B. stearotbernopbilus(BST) 5S rRNA (bases 37-), 59 and 48% [.50 x 10', .92 x
10-1 to H-ATPase a subunit and glutamate receptor (GIuR) y 2 subunit, 48% to
EC ribonuclease P protein (rnpa), and 48% 1.86 x 10 1 to albumine exon 8, but

shows lower base-match levels, 41 % [.020] and 361%, to the 3' halves of EC tRNA'T
and BSU tRNAPh'. On the other hand, the BST 5S rRNA (bases 37-117) shares 55,
60, 42, and 41% bases 1.13 x 10 7, .31 x 10-7, .0026. .00251 with GlyRs a, rnpa,
NMDARI channel receptor, and albumin, respectively. GlyRs a shares 49% bases
[.00121 with tRNAIrp, 53% [Po(52,99) = .42 x 10`MI with UI snRNA, 65%

[P_=(43,66) = .73 x 10"1 with rnpA, 44, 44 and 39% with (Na', K-)-ATPase
a, NMDRI, and GluRy, and 47% [.52 x 10`1 with acetvlcholine receptor (AchR)
a, 58% 1.91 x 10-4J with 3'-terminal region (99-131) of 5S rRNA in EC rrnD.
(Na*,K*)-ATPase shows 45 and 55% matches 1.25 x 10 ', .42 x 10 '1 with GluR

y 2 and AchR a.
These results strongly suggest that the peptide-encoding gene segments (and there-

from transcribed mRNA segments) corresponding to the region A in FiGuKuE I are

true homologues not only of trrnD MRNA but also of the segments from 5S rRNAs,
UI snRNA, and tRNAs. The trrnD-like mRNA segments must have more likelh
derived from direct homologue of primitive 5S rRNA, than from primitive (or ancestral)
tRNA. U I snRNA is a close homologue of these mRNA regions and 5S rRNA, and
therefore seems to have emerged after the origin of 5S rRNA. Since 5S rRNA seems
to have emerged by duplication of ancestral tRNA "and ancestral tRNA (proto-tRNA)
having (5') "CCA" (3') in anticodon region must have emerged by duplication of

semi-tRNA,-' first mRNA would have derived from an ancestral 5S rRNA, or from
an RNA closely related to 5S rRNA.

Early proteins would have been made by cooperative interaction of ancestral 5S
rRNA-like RNA (ancestral trrnD mRNA) with a trrnD-like poly-tRNA structure in

trrnD trRNA. The interaction occurred in a way more or less like that shown in
FIGURtE 2, where the triplet anticodon region (probably "CCA" in the beginning in
the kth tRNA (k = 1,2,. 16) consistently interacted with the kth triplet region

FIGURE 2. Poly-tRNA model of early protein synthesis by interaction of the tRNA cluster of
trrnD-trRNA and a 5S rRNA-like RNA Bases and amino acids identical to those in trnnD-mRNA adnd
trnnD-peptidc are boxed Asterisks() indicate Watson-Crick type base-pairings between anticodons on
tRNAs and triplet codons on trrnD-mRNA Base matches between 5S rRNA and glycyl-iRN.\
synthetase (GIyRS) a gene are indicated by + -. This alignment of trrnD niRNA, tS rRN\, and
two protein gene segments is exactly the same as that shown in Fic, I G(luR. glutamate receptor.
BS'1, B stearotbermopbmlus
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of ancestral 5S rRNA-like (trrnD mRNA-like) RNA, towards generating more base-
pairing between the former triplet and the latter triplet (for every k) by natural selection-

Accordingly, trrnD mRNA-like segments in ion channel receptor genes including
not only AchR and GluR genes but also H- and (Na-,K')-ATPase subunit genes
are relics of ancient proteins before the establishment of triplet anticodons, when
trrnD peptide-like peptide was made by interaction of poly-tRNA structure in trrnD-
trRNA and primitive 5S rRNA-like RNA via ancestral anticodons and codons. Ohno's
"18-base primordial building-block" found in a-fetoprotein/albumin genes' is now
demonstrated to be a short region within this trrnD-like most ancient gene, as shown
in FIGURE 1 Codon table must have been so made that trrnD-mRNA could code for
trrnD-peptide.
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Induction of TRE and CRE
Binding Activities in Cultured
Granule Cells Stimulated via

Glutamate Receptors

MASAAKI TSUDA
Department of Microbiology

Facultv of Pbarmaceutical Sciences
Tsusbima-naka

Okayama 700, Japan

In order to understand the genetic responses of neuronal cells to synaptic activation,
it is important to know the relationship betweeen synaptic transmission and gene
expression in neuronal cells. In concert with several types of seizures or electrical
stimulation of neuronal path fibers in brain, immediate early genes (lEGs), which
encode transcriptional factors, are rapidly induced in brain neuronal cells. We are
thus now focusing on the c-fos induction, which can be evoked via stimulation of
cultured mouse cerebellar granule cells with glutamate receptor agonists.

We prepared primary cultures of cerebellar granule cells from I-week-old mouse,
when cerebellar granule cells receive glutamatergic inputs from mossy fibers during
postnatal development of mouse cerebellum. Using nuclear mini-extracts prepared
from cultured cerebellar granule cells, we carried out a gel-shift assay to examine the
changes in DNA-binding activities of transcriptional factors and found that exogenous
NMDA (N-methyl-o-aspartate) or kainate (100 ,aM) increased both TRE (IPA-
responsive element)- and CRE (cyclic-AMP-responsive element)-binding activity spe-

cifically though NMDA or non-NMDA receptors.' The increase of TRE-binding
activities appeared to be caused by the c-fos induction followed by de novo synthesis
of c-Fos proteins. Dose dependencies of the increase in TRE-binding activity and the
Ca2" uptake into the cells showed a good coincidence when the cells were stimulated
with NMDA or kainate, indicating that influxes of cxtracellular Ca" into the cells
could trigger the induction of'"lRE-binding activities. Since treatment of the cells with
calphostin C, an inhibitor for protein kinase C (PKC), inhibited the increases of
TRE-binding activities induced by NMDA or kainate, an activation of PKC could
be involved in the c-Jbs induction evoked via glutamate receptors.

Competition and proteolytic bandshift experiments revealed that the increases i[
TRE- and CRE-binding activities were both mediated by the same DNA-binding
complexes whose binding affinity was higher to CRE than to TRE The super-gel
shift assay including anti-c-Fos antiserum revealed that the I)NA-binding complexes
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formed not only on TRE but also on CRE inolved c-Fos or Fos-related proteins. In
addition, the proteins that can form heterodimers with c-Fos appeared to be different
between cerebellar granule cells and hippocampal neuronal cells.

We have developed a method for preparing the nuclear mini-extracts from small
punches of 1-2 mm-thick brain slices (approximately 1-3 mg wet weight), which
were taken by a microcapillary (1 mm diameter). Using this method, we found that
intraperitoneal administration of NMDA or kainate caused the increases in CRE-
binding activities as well as TRE-binding activities in the CA I, CA3, and dentate
gyrus of hippocampus. The increase of TRE-binding activities induced by NMDA
was inhibited by the intraperitoneal administration of NMDA-receptor antagonist
MK801. This TRE-binding activity showed a strong binding to the TRE of nerve
growth factor (NGF) gene but only a weak binding to the TRE of proenkephalin
gene. We are now characterizing these kinds of DNA-binding activities expressed in
mouse brain and investigating the relationship with the expression of NGF gene or
other genes whose expression could be affected by an activation of glutamate receptors.
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GTP-Binding Proteins in Rat
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A family of small GTP-binding proteins with molecular weight 20-30 kD has been
identified, and it is revealed that their biological functions are coupling to vesicular
transport, superoxide production, formation of cellular matrix, and transformation.
The purpose of our study is to identify how many small G proteins are expressed in
the liver tissue and what role these proteins play in liver regeneration, hepatocyte
growth, and hepatocarcinogenesis.

MATERIALS AND METHODS

A cDNA library was constructed from rat liver poly(A) RNA by random primer
annealing and reverse transcription and used as a template for polvmerase chain re-
action (PCR). PCR primers were synthesized corresponding to GVGKSCLL and
DTAGQEE, which amino acid residue were conserved in small G proteins (ras and
rab family). After 35 cycle PCR, DNA products were purified, ligated to plasmid
vectors, and cloned. Sequencing of cloned DNA by dideoxy chain termination reaction
confirmed that its DNA belongs to a small G protein family. Cloned DNA fragments
were used as probes for screening of cDNA library to obtain full length cDNA clone.

RESULTS AND DISCUSSION

Amplified I 50-bp fragments were cloned using pTZI 9R vector. By the sequencing
analysis of 48 clones, it was revealed that 13 clones had I 50-bp length DNA fragments
and contained both GVGKSCLL and DTAGQEE amino acid sequence. Comparing
these 50 amino acid sequences to those of previously reported small G proteins, it
was suggested that three clones were identical to rab2, two were homologous to
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human G25K, one was homologous to rab 11, one was homologous to racI or 2,
one was homologous to rhoA, and the remaining five clones were a novel rab family.
From these results, it was shown that this cloning strategy may be useful for identifying
novel small G proteins.

Using the clones homologous to human G25K, rat liver eDNA library were
screened, and four cDNA clones were obtained. The nucleotide sequences of one
cDNA clone revealed that it was encoding 191 amino acids and identical to the human
G2 5K, which have been identified yeast cell cycle gene CDC42. These results suggest
that G25K protein is expressed in rat liver tissue and involved in hepatocyte regenera-
tion.

We reported here a set of small G proteins other than G25K also expressed in
rat liver tissue, and within a few years it will be revealed how these small G proteins
play a role in signal transduction, intracellular vesicular transport, hepatocvte growth,
and carcinogenesis.
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In order to know the localization and interaction between molecules involved in
signal transduction in neurons, we studied cellular distribution of phosphoinositide
(PD turnover-related molecules, such as phosphatidylinositol 4,5-bisphosphate (PIP,),
inositol- 1,4,5-trisphosphate receptor (UP,R), phosphatidyl serinc (PS), and y-tvpe pro-
tein kinase C (yPKC) in developing rat cerebellum by immunohistochemical method.
In the Purkinje cell, PIP2 immunostaining was strong around postnatal day (PND) 7
then weakened until around PND 15.' The change in the reduction of PIP, was
confirmed by "P-labeling experiment. The content of PIP,, phosphatidylinositol 4-
monophosphate (PIP), and phosphatidic acid (PA) in the cerebellum were found to
be reduced remarkably around PND 15 (FIG. I) and gradually recovered. These data
suggest that P1 turnover system in Purkinjc cells might be a functional disorder around
PND 15. Although yPKC-immunostaining density was found to be constantly indepen-
dent of Purkinle cell development, PS-immunostaining was reduced between PND
14 and 2 1. Since PS-immunostaining patterns inversely reflect the PKC activity in
the cell, we can estimate that there is a poor relationship between PI turnover and
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FIGURE 1. PIP2, PIP, and PA content in developing rat cerebellum 0. PA, 0: PIP, A: PIP,
These contents were analyzed quantitatively by I'2 PIATP incorporation Around PND 15, PIP and
PA content was found to be reduced remarkably. PIP. content was also changed in the sanit fashion
with PIP and PA.

activation of PKC during the development of rat cerebellum.2 To find out the cause
of transient reduction of PI turnover on PND 15 in the Purkinje cell, expression of
c-myc was studied, because we have already found that c-myc expression could be
closely coupled with the deficit of PI turnover in some cancer cell lines.ý In this
experiment, we found that the developing rat cerebellum showed the transient expres-
sion of c-myc mRNA around PND 7-10 by northern blotting (FIG. 2,a). By western
blotting, c-MYC protein showed peak level around PND 10- 14 in cytosol, while the
protein in nucleus was maintained in high level around PND 14-21 (FIG. 2,b). These
data suggest that expression of c-myc mRNA and c-MYC protein in cytosol reached
maximum levels prior to reduction of P1 turnover but in parallel with the activation
of PKC. Therefore it is strongly suggested that there is a close correlation between
PI turnover and c-myc expression during postnatal development in rat cerebellar Pur-
kinje cells.
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FIGURE 2. (a) c-myc mRNA expression in developing rat cerebellum, Transient c-mvc mRNA
expression was shown around PND 7 by northern blotting. (b) c-MYC protein expression in developing
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Phosphatudylserine (PS) in membranes contributes to many regulatory processes
of biological responses. The well known function of PS is its ability to promote blood
coagulation' and to regulate enzymatic activity of protein kinase C.' Protein kinaSe
C is a family of Ca2 -phospholipid--dependent kinases that bind to the plasma mcin-
brane in response to receptor-mediated generation of diacylglycerol and Ca" Mem-
brane-association of protein kinase C is mediated by the interaction with multiple
acidic phospholipids in the presence of Ca"', while the enzymatic activity displays
the strict structural requirement for 1,2-diacyl-sn-glycero-3-phospho-i-serine (PS).ý Al-
though these observations suggest the existence of specific binding site tbr PS. the
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identification of the site has been very difficult since the enzyme interacts with multiple
phospholipid molecules during activation.

In order to elucidate the molecular mechanisms underlying the specific PS-protein
interaction, we have undertaken structural and idiotypic analyses of an anti-PS mAb,
PS4A7.4 The mAb PS4A7 binds to 1,2-diacyl-sn-glycero-3-phospho-i.-serine (PS) but
not to 1,2-diacyl-sn-glycero-3-phospho-D-serine or I,2-diacyl-sn-glyccro-phospho-L-
homoserine, showing a similar phospholipid specificity with that required for the
activation of protein kinase C.' We have established a series of anti-idiotypic mono-
clonal antibodies against the combining site of PS4A7 according to a method previously
described.' Three subspecies of protein kinase C were purified to homogeneity and
the binding of the anti-idiotypic antibodies to the plate-coated protein kinase C was
examined by ELISA. Among 34 anti-idiotypic mAb established, one anti-idiotypic
antibody, named Id8F7, showed an extensive cross-reaction with protein kinasc C.
Id8F7 bound to the three subspecies of protein kinase C almost equally and effectively
inhibited the enzymatic activities. The binding of ld8F7 to protein kinase C was
specifically inhibited by PS, but not by other phospholipids such as phosphatidyletha-
nolamine, phosphatidylinositol, and phosphatidylcholine (FIG. 1). The inhibitory, activ-
ity of PS was strictly dependent on the structure of PS, since the synthetic PS analogs
such as 1,2-diacyl-sn-giycero-3-phospho-n-serine and 1,2-diacyl-sn-.yIcero-phospho-t.-
homoserine showed no significant inhibitory effect on the binding. In contrast, the
binding was significantly enhanced by the presence of 1,2-dioleovl-.iycerol and also by
sphingosine. These findings clearly indicate that the anti-idiotypic antibody recognizes a
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FIGURE I. Inhibition of the binding of anti-idiotypic mnAb hdBF7 to protein ktna.'c C b) phosphati-

dy1serine. Purified protein kinase C a ( I M~g/mi) wats coated onto thc ottcrotirer plates and was

preincubated with various concentrations of phospholipid vesicles for I h at room temperature Ihcn

tice anti-idiotypic mAb (2 pMg/mI) was added to each well and incubated fur I 5; h at room temtperatulre
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da~se-conjugated streptavidmn
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consensus structure between the PS-specific mAb and protein kinase C, which may
be responsible for the specific interaction with PS.

In order to define the molecular structure recognized by ld8F7, we first determined
the amino acid sequences of the heavy- and light-chain variable regions of PS4A7 and
tried to identify the epitope on PS4A7. We found that the anti-idiotypic antibody
bound strongly to a 12 amino acid-residue synthetic peptide derived from the third
complementarity determining region (CDR) of'the heavy chain of PS4A7 (AREGDYID-
GAMDY, amino acid residue 9 3 - 101, referred to as CDR 3-H), but not to the synthctic
peptides derived from other CDRs. In this assay, the synthetic peptides derived from
the CDRs of the heavy- and light-chains of PS4A7 were coupled to bovine serum
albumin (BSA) via a functional sulfhydryl group at the carboxvl terminus and the

binding of 8F7 to the plate-coated peptide-BSA complexes were examined by ELISA
Furthermore, the CDR3-H peptide was shown to bind to PS with similar specitlcitv
to that of PS4A7, although its affinity was markedly lower (FIG. 2). No significant
binding was observed with the synthetic peptides derived from other CDRs The
binding was effectively ;nhibited b, P'; wiod slig,:I ,, ,pheo-rinc- . hut not by
serine.

Our recent analyses have shown that the anti-idiotypic antibody Id8F7 efflectivclY
inhibited the activities of both blood coagulation factor V and VIII, and bound strongly
to the purified coagulation factor V but not to prothrombin nor coagulation factor
X. These findings indicate that the CDR3-H peptide, which is recognized by Id8F7.
may represent a novel PS-recognizing peptide motif that may be common among the
cellular PS-binding proteins.

1500

C-- Phosphatidylserine (PS)

-• 1000

500

.Z Phosphatidic acid (PA)
-4, Cardiolipin (CL)

°

cc- Phosphatidylethanolamine (PE)

0- Phosphatidyicholine (PC)
0.1 1 10 100

Concentration of peptide-BSA (pg/ml)

FIGURE 2. Specific binding of the CIDR3-tH pcpide to phosphatid~ylwcric The (DR;-1 tl ppudc
(amino acid residue 9 3-105 of PS4A7 I 1-chain. ARE(;DNDGI)(AMI)) \%as coupled , ith biutm• latcd
BSA via an additional cysteine at tile carboxvl terminus l'hc nicrotitcr evls ~re coatcd \\th

various phospholhpids (10 4.M) and incubated with the peptidc-BSA complex I'hc comnplex hound
v,.aS detected with alkaline pho'•phatasc-conjugatcd ýtrcptavidin Each point r<.lprvcrct it,. mhe ian % ,thu"

of three different cxpcrnmcnt
.aC
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Cloning and Maipping of a
Ryanodine Receptor Homolog

Gene of Caenorhabditis cleganSa
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INTRODUCTION

Excitation-contraction coupling is one of the interesting~ mechanisms to be elucidated
from the point of view. of calcium signa] tranlsduction in muscle contraction. C. IciUm
channel genes were cloned and sequenced as the receptors ot dih~vdropv ridic' and
rvanodinec receptor in mammals 'Takeshima et a!. confirmed that the r 'vanodinec
receptor has, a molecular mass of 500,000 daltons with a large portion at the \'-terminal.
which was observed as a foot structu-e by electron inicroscoýp '. and the transmembranc
domain at the C'-terminal. The molecular architecture of the receptor wkas close to
that of rabbit. mnink, and human. The functional loss of the mole1cule cause' mialignant
hvperthermnia ofswine 'The ryvi-odine hinding site and the channel-forming transmemil-
brane structure wvere clarified by several other of),erva ion1s.

The ,,oil nernatode Caenorbabd"tis elegans is a model trilmal] for behavifor vcnetics.
especiall.y for their covnec fthe complete cell lineage, opee.L1ClLLl

net~work, and a good correlation of the genomec map to the pbhs ical maip of the
chromosome.- We reported that a sing-le-charge change oi the muscle protein paranms\o-
sin, encoded by unc-l 5 ot C. elegans. disrupt charge interaction betwkeen paranivosin
molecules and thick filament assembly, leading omsl arlssIi rsl nor

aged us to (xamine how. neu romusLIcular systems m ight bc affected b\ ai si;igice notation
in the genome otf the annimal It is wo(rthwh-Iile- to solve the queCst11 io of bos% the
excitation-contraction coupling is controlled by ditie-rent moleC1culs an)d rat-C,0n'11 Bs
using the genetically h'andy worm.% C Couild un11derstand geneC esp"ression genc product.
mutant, and supljpressor m'lutant oI the mole0cfules thalttuitctioite.d in1 theW (Ak nation-
contraction Coupling

In thi renfort, we( clu1ned and seqjuenced the rva nodine rceptor lioinoloug gcene
the w' rmn kl)N,- clone wa&*,lu ý,iined from ,DN)\* I ibrir\ h\ usunu111 JA) \ trafntent

flu, Aw~rk %II. kjjrpwTud 1\ d., -rani if! \1,1. * I'rruiwi \rt,i1, 14111 K
I o 11Ii~niu~r~su *sh,ildl 1,, ad( (,
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of rabbit skeletal ryanodine receptor as a probe. Deduced amino acid sequence shows
that the ryanodine receptor of the nematode had a conserved amino acid sequence
similar to mammals not only in the transmembranc domain but in the foot structure
of the molecule.

MATERIALS AND METHODS

DNA Recombinant Techni s

DNA recombinant technique was the standard method. cDNA clone of rabbit
skeletal ryanodine receptor was kindly provided by Takeshima et al.' Southern hvbrid-
ization of genomic and cloned fragments and screening cDNA library were pertormed
by the method of ECL (enhanced chemiluminescence, Amersham). Shotgun sequence
was followed by MRC protocol"' using a DNA sequencer of Applied Biosvstems.
Sequenced data were processed by DNASIS (htitachi). RNA analysis was done by
the conventional method. Genome mapping was kindly performed by Coulson.''

The Worm Handling

C. elegans strain N2 was grown by the established procedures and used for prepara-
tion of material .

RESULTS AND DISCUSSION

Southern Blot Analysis with Rabbit eDNA Clones

[o clone the gene, genomic Southern blot analysis was performed by using three
cDNA clones of rabbit RYR. pRR229, pRR203, and pRR61l.' Three unique frag-
ments, EcoRl; 8.4, 6.1, and 5.4 kb. were clearly stained with pRR6 16, which corres-
ponds to transmembrane domain of the rabbit ryanodine receptor. We used the cDNA
clone of pRR616 for cloning genomic fragments. More than three gzcnonic clone,
were obtained from genomic libraries, which were constructed with sied fraginents
and plasmid vectors (data not shown). Sequence results of deduced amino acids shoN
that there was no sequence homology with the ryanodine receptor One clone was
exactly the gene of collagen. We stopped to clone genomic fragments [he correct
genomic fragment of ryr-1 te (EcoRI-2 I kb) wLs stained with rabbit ()NA probe
but was weak. Cross-react, av with the rabbit clone might be caused b% some repeated
sequence or the sequence encoding coiled-coil structure in tranmeniubrane rcgion

eDNA Cloning and Sequencing

cDl)NA librarv o, the nematode was screencd ", ithi a pRR, 1 kl one of rabhit I )N \
of RYR as a probe Four clones were obtained a*n dI had the •am1c (rgin as dic teir ,1 n tI tpt
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The longest clone, pCERR-I, having a 1.9 kb insert, was sequenced and encoded the
one open reading frame, which had 43% amino acid homology to the C-terminal
part of rabbit ryanodine receptor, although the insert had reversed orientation in the
vector. Correct molecular mass of protein was produced in E. coli after being processed
by exon fusion of a cDNA fragment. Fusion protein with 13-galactosidase could be
used for antibody preparation followed by cytohistochemistry.

Conserved Transmembrane Domain of the Ryanodine Receptor

The amino acid residues of putative transmembrane segments of CERYR had
45.5%, 41.6%, 39.4%, 65%, 75%, and 75% identical to the rabbit RYR protein in
MS-M9 and MIO domains, respectively. It was noted that the C. elegans rvanodinc
receptor (CERYR) was similar to the cardiac type of RYR in mammals (lABLE )
Although the C-terminal end of CERYR molecule had one additional amino acid
residue, high homology of this region might be derived from the functional importance
for channel formation. Kim et al." have demonstrated with a biochemical approach
that the CERYR protein has a functional homology to those in mammals. Our result
was consistent with this observation.

Genome Mapping and the Number of the Rvanodine Receptor Gene

The gene 7r-I position of CERYR was determined bv screening a yeast artificial
chromosome (YAC) filter covering almost all of the genome'' with a cDNA fragment
as probe (Alan Coulson). Two clones of Y44A7 and Y37G2 on the central of the
chromosome V were found at the position of ryr-I gene. The position was close to
the position of the eDNA clone cm I6c2. which had signals in the YAC clones, Y44AT.
Y37G2, and Y57EI2 on the chromosome V (Ed Marvon et al. and Alan Coulson.
personal communications). We concluded that the both eDNA clones came from the
single gene, ryr-I.

TABLE I. Comparison of Putative TM Segments of CERYR with Rabbit
RYR Proteins

"%I. Sgrment C(E/(:ardiac(D (U- Skdcrti'd)

M%5 4¢ 5 i4 q

,\6 41 t)
.\17 ý9 4 Zh, 1

,H ) 0 o0 0
M%9 75 -`%C)7 ) -0
.\1I) 10 7

l'ot rcgwon' 42 Q S
I oalY 4; 0 40o

I \si %e c', %.I - .\I I wAcre dcdued 1rom the d[)NA done (i I 1 I' RR- I
1 D~Al vt., cr, obtainc(d h\ :oniparing %equenced Z 000 aniifo aiktd rcIJ1lCu% (o ( -rcrtrmid n ,a l 0t

of raibit RMR About o ( W, ol toot reizrio %kcrc rccs.&(d Irnin the geno:mn cquct'-.i•c'
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The difference of cross-reactivity of both cDNA clones came from the position of
genome location. That means Y57EI 2 locates upstream of ryr-1 gene. The geno(mc
sequence result confirmed that cm 16c2 encoded the region of 3,2.50-3,700 and
pCERR-1 encoded the C-terminal end (FIG. 1).

Southern analysis shows that only one band. EcoRI-2.1 i kb (HindlIl-5. I k0) cross-
reacted with a cDNA clone, pCERR-I. A fragment (>10 kb) was cross-reacted with
cDNA clone pCERR-l on Northern analysis. These results taken together indicate
that C. elegans had only one ryr-1 gene. Unfortunately we could not find any mutant
worm at that map region. Recent progress of microinjection techniques in C. elegans.''
can express a gene in the animal although inserted DNA was extrachromosomal.
Processed DNA could be used for monitoring how the ryr-1 gene affected development
of the animal.

Genome Organization of the rvr- I Gene

We finally located the ryr-1 gene on one cosmid clone. M04CI I , and arec equcncing
the genome fragments from this cosmid. Current data are shown in FK Rtl. i Coding
efficiency (exon/total length) was about 63/ (9.5 kb/I5 kb). ilwentv-ninc e\ons.
corresponding to amino acid residues of 1,878-4,969, were separated into many small
sized introns, 46-100 bp, and a few longer introns were observed in other gzenes of
the nematode. The 3-noncoding region of the gene was onyv 330 bp. This means
the transcript might be translated without complex regulations. The open r'ading
frame of odc-1 gene (ornithine decarboxvlase, by P. Coffino) was found at 1.7 30 bp
down stream of the ryr-1 gene. It was noted that CERYR had about 42! identical
to the mammal RYR even in the foot structure. This result indicates that RYR could
be common in animals from invertebrate to mammals. We are still working on cloning
another calcium channel, the dihYdropvridine receptor gene. with a similar procedure.
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NABED is a derivative of eudistomnin 1), a natural marine product that releases, C:a'-
from sarcoplasmic reticulum (SR) in skinned skeletal muscle tiber in a manner similar
to caffeine but 100 times more effectivelv (ED)ý, = 10 PAM)) Etkcrst of MBLI) on
smooth muscle were first examined in the present stduigskin ned strips ot the delca
longitudinal layer and mesenteric artery, and sing~le smooth mu1LSCle cells eniv~maticallv
isolated from ilcal longitudinal muscle layers and wNhole urinarY bladder of the guinea

Pi.When 1 -300 ýiiM MBE[) was applied to skirnned smooth muscle stripsa after storage
sites were filled with C;a" no contractile response was observed (1:i(. 1). Subsequent
addition of 30 mM caffeine elicited a large (Ya- release as assessed h.ý the contractile
response, which was not affected sipnificantly by the pretreatment with 1-100 PM.5

MBED. A contraction induced by a soitution ('I '(.a 6 3 -was nraffected1 siginiticantlv
l)v addition of 100 lAM NABF:I. ApPIAcation of' 30 mM caffeine to intact strips elicited
a'contraction, whereas that of I -3001 NIM MF3LI did not. It has been repo'rte-d :hat
cyclic A\MP phosphodiestcrase activity Is not atkctecd by too01 N1M \IBL)

1When sing,, smootrh muscle cells were depolarited 'fromn a hmolding~ pomenitial of
-60 to 0 n\' under w.hole-cell clamip, an Init ial Inward C a2 -Current and a subisequent

olutward Current we're. recorded A ,n e-arly' large transienit coimponent of the ouvtward
current is mainly (a - pendent K -Current OK, .) through K -channels that havec
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A ileum

5min.•2mln

30mM caffeine
100=uM MBED

|,2o 8.3 ,(;o Ro.,o

B mesenteric artery

30raM caffeine

300•M MBED
" I I

R2G= 6.3 R2G R0.1G

FIGURE 1. Effects of 30 mM caffeine and IOO or 300 •\l MBEI) o• muscle tension €ff an ileal
longitudinal strip (A) and a mesenteric arterial strip (B) skinned by [Lescin BathLng soluti(ms x• cr(.
shown below the line at the bottom R2G and R.O. IG indicate relaxing solutions c<mtaming 2 and
O.1 mM EGTA, respectively The solution "6.3" w;a.s prepared adiusting pCa to 6 3 with • m.\l
EGTA and corresponding Ca:'. and was used for Ca:'-Ioading of intraccllular storage sacs Muscle
tension w•.s developed in the "6.3" solution Application of 1OO or 3OO !.tM MBED did not daange
muscle tension in RO. IG Subsequent addition ot •10 mM caffeine in R(3. I(; reduced a large (ranslcm
cc•ntraction, indicating Ca:' relea.se from storage sites.

a large conductance (BK channels). The activation of I•, €• is mediated by Ca' release
from storage sites via Ca"'-induced Ca"'-release, which is triggered hv Ca:'-influx
through voltage-dependent Ca" channels, and therefore is markedly reduced by rva-
nod|he or cyclopiazonic acid.• Application of 30 laM MBED 'almost al)olished 1•.,.,
(FIG. 2) in a manner similar to IO mM caffeine. Transient enhancement or i•,,., iust
after the application of 30 I.tM MBED was occasionally observed but not in Fl(;t'gr
2. The reduction of [K<, occurred in an all-or-none manner after the application of
MBED in a concentration range of I O and 30 laM. The effect wa.s completely reversible
Spontaneous transient outward currents (STOCs),4 which may be elicited by spontane-
ous Ca2" release from local SR, were transiently enhanced and thereafi'er suppressed
by application of 30 p.M MBED in "all cells examined (Ft(;. 2, C, n = .•). Activities

ulmm • = I • • Illmlllulmn I lallm• alllllllllllml



548 ANNALS NEW YORK ACADEMY OF SCIENCES

A 1.0

a b C

S.5
E
a._x 0
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time (min)

B OmV/.B 0mvj-L -J'L J L

a control b 30pM MBED C washout

_V m f" - -i X1'

C h.p = -40mV [312.SpA

50ms

30uM MBED LOOpA

30s

FIGURE 2. cts of 30 g.M MBED on membrane currents in single smooth muscle cells isolated
from urinary bladder of the guinea pig under whole-cell voltage clamp. (A) Cells were depolarized
from -60 to 0 mV for 150 msec once every IS sec. Open and closed s,'nymbols indicate amplitude
of peak outward currents in the absence and presence of 30 4M NIBED, respectively, and are plotted
against time. Traces shown in "Ba, b and c" were recorded at the time indicated correspondingly in
A. Note that the initial transient component of the outward current wa~s marked]' reduced b1
application of MBED and completely recovered after washout of MBED (C) Spontaneous transient
outward currents (STOCs) were recorded at holding potential of - 40 mV. STOCs were transiently
enhanced by application of 30 psM MBED and suppressed thereafter.

of BK channels recorded under outside-out patch clamp were not affected by 30 0.M

MBED. Voltage-dependent Ca2' and K currents were not affected by 30 4IM MBED.
These results suggest that MBED effectively releases Ca2 * from intracellular storage

sites available for the activation of BK channels but not from those for contractile
system in smooth muscles cells.
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The retina is an integral component of the central nervous system. It arises during

development from the optic stalk, an embryonic outgrowth of the brain, and subse-

quer 'v invaginates to form the optic cup. The neural retina derived from the inner

layer of the cup is comprised of photoreceptor cells, other interconnecting neurons.

and functionally integrated glia. The photoreceptor cells, which convert light energy

to electrical signals, are of two morphological types, rods and cones; these differ in

relative number, anatomical location, timing of appearance in the retina, and in the

complement of specialized phototransducing protein they produce.' However, both

rods and cones show a polarized pattern of cvto-differentiation and at their apical

surface develop characteristic inner and outer segments. It is suggested that retinal cell

precursors become committed to the development of specific phenotypes rather early

in embryogenesis.] Commitment as well as subsequent cellular diferentiation and

maturation are thought to be programmed by a hierarchy of molecular events. I Io\-

ever, the precise nature of these events and the particular cellular interactions involved

remain virtually unknown. We have taken a transgenic approach to investigate cellular

interdependencies during development by examining how retinal cell differentiation

and maturation proceed when developing rod cells are ablated, For this purpose.

transgenic mice were generated carrying the cytotoxic Diphtheria toxin A fragment

(dt-a) gene driven by human opsin promoter sequences (- 1046 to + 36) according

to the methods in previous works. -
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FIGURE 1. (a and b i ght micirographs of noria an tailgf[ l itCrI(Jtt 1r1Lltl,
central region Arrows indicate cone MIll. (oiwk cellS Are 1:AClx rl/ctwd 6%t luCMn MOr-1 r tc i iutid
close to outer lim iting membrane (a) post natal daN I f control miouse ret Ha ()S outcr wpl~icnt dbi
postnatal day I Itransprnic mouse rctina Number of cone cells pe-r micrton in toiiit~l and lrinsgk-1nrc
retinas are 1 0/10 ýam ando (17/10 gam repcojttcl % I Iost ever thesc ntibichrs ar-c %rad leeln
on the sections (c and d) Llect ron ni c rographis takcin trriH thet same specinwtn blot ks 0I'd tsci 311n i sC

higures. (c) postniatal da v I 5 control mnouse retaina 1d)l postnatal dat t rdnsteu Mitti 0t 01-Cifl

Arrow indicates cone cel; In general. rid tells ho-c rouind elet111-dns 1ncl)mle than 'mci n

In transgenic mouse retina, r-od shows 11i1.0 denser nuleusI' \%ith jrre1~ula r shapeN( )c a Isi dinti'iz
fl vexpression o( toixini geine (Original figrure- redce 70i";
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FIGURE 2 Eleto mitcrographs of s 'vnaptik ternonals ot phiotoreceptor c II' \rrnusu ' indi1 Al
synapt ic ribbons, a characteristic structure found in the photoneceptriý rsnapti ic rtoi ndn Phot-_'Triphs
are not printed at the same magnitication, please' note thec side har (a) Ivpitc rio d %vn.upti, termittial
in 3 months ptost natal normal m11use retima (b) Scoapt ic terminal of thet t ran -teuic plo ircptorc~li
(ell in postnatal day' 15 N umb er of svnapt ic %esicles are reduLced renta rkulu \%oith the dilaitn of
the terni nal. (c) Synraptic termtin a] oftthe t ransgen te phioto1rcepti r tell int positnita Iii\~i I I I het lai ruz

synaptic terminals with ihealthy c 'vtopli~smic structure are tounmid treujue~hit in tile vnitrad retitt I ft,
is presumedC~ to lie cone synaptic pedicle. juidginig fronm thsite 'I.tid 1Loc1tion [A cii Int po'tit1.ut di\
11, this sen lapt tc terminal retain, mttany %' yrinaptic s esicles and large swttapti, ribbonit amnd ttt.iittiiii.
good synaptic oirgan ization ss ith itscondaryv neurnuit (Original figlire redluced to QitW
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Mice expressing this construct showed progressive degeneration of rod photorecep-
tor cells commencing at birth, with obvious depletion of such cells by. postnatal day
7. Although all rod photoreceptors were lost between 15 days and 3 months, a small
number of photoreceptors remained, particularly in central region of retina, that on
the basis of morphology and staining characteristics could be readily identified as cone
cells: these were similar in number to cone cells of the normal retina, but lacked outer
segments. Namely, ablation of rod photoreceptor cells in the transgenic retina was
accompanied by failure of developing cone cells to elaborate outer segments, although
all other aspects of cone cell cyto-differentiation appeared normal (Fih. 1). Ultrastruc-
tural analysis of rod cell maturation in opsin-dt-a mice revealed that dt-a expression
had a more pronounced effect on outer segment formation than photoreceptor synapto-
genesis. Whereas formation of outer segment, which normally begins between Day
5 and Day 7, was completely inhibited by action of the transgene. photoreccptor
synaptogenesis appeared to proceed normally until Day 9. after which time synaptic
termini degenerated (FiG. 2). These findings presumably relate to both the relative
tolerance of outer segment formation and synaptogenesis to reduced protein svntht ict
capacity as well as the relative time frame required for threshold level of toxin to
accumulate.

Our experimental results suggest that the 1.0 kh opsin promoter sepment contain,
photoreceptor cell type specificity and that cone cells require maturation of rod cells
to complete the late stages of their terminal differentiation.
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INTRODUCTION

L-Glutamate acts as a major excitatory neurotransmitter in the mammalian central
nervous system. Glutamatergic excitatory neurotransmission is thought to play crucial
roles in brain function (the regulation of neurotransmitter release, memory and learn-
ing, development, and synaptogenesis) as well as in dysfunctions (epilepsy, stroke, and
neurodegenerative disorders).' These functionally diverse responses to L-glutamate are
mediated by two major classes of glutamate receptor family: ionotropic receptors
(NMDA types and non-NMDA types (GIuR)) and metabotropic receptors (mGluR).
We prepared the polyclonal antibodies against mGluRlct and GIuRI and examined
immunohistochemically localization of both receptors in the mouse brain during post-
natal development and in cerebellar ataxic mutants.

MATERIALS AND METHODS

Anti-glutamate receptor antibodies were prepared by using the synthetic peptides
corresponding to the carboxyl termini 15 amino acid residues of rat mGluR I a' and
the carboxyl termini 14 residues of mouse GIuR I, and were purified to lgG. Western
blot analysis was performed as described4 using 5% discontinuous polyacrylamide gel.
For immunohistochemistry, brains from ICR mice and mutant mice, fixed by perfusion
with Bouin's solution, were used. Paraffin sections (10 prm) were sequentially incubated
with either of anti-glutamate receptors antibodies for 3 h, with goat biotinylated
anti-rabbit IgG (Vector) for 2 h, with avidin D-conjugated HRP (Vector) for I h, and
with DAB solution. The anti-inositol 1,4,5-trisphosphate receptor (IP,R) monoclonal
antibodiesr6 were also used for immunostaining.
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RESULTS AND DISCUSSION

Western Blot Analysis

Western blot analysis showed both receptor proteins are glycosylated predominantly
in an asparagine-linked manner and are enriched in cerebellar postsynaptic membrane.

Immunohistochemistry

Localization of mGluRlct and GluRl in the adult mouse brain (FIG. I). In adult
brain, most prominent expression of mGluR I a was observed in glomerulus of olfactory
bulb, thalamus, and molecular layer of cerebellum, and intermediate expression was
observed in hippocampus. Whereas GluRI expression was prominent in glomerulus
of olfactory bulb, lateral septal nucleus, induseus griseum, hippocampus, dentate g'rus,
and molecular layer of cerebellum. In cerebellum, mGluRlt was intensively expressed
in Purkinje neurons, while GluRI was ini Bcrgmann glial cells and probably in Purkinje
cell dendrites.

Within the first three postnatal weeks, mGluRlcx and GluRl expression wc~e
drastically changed in time and space namely in hippocampus and cerebellum. These
spatiotemporal expression patterns appear to be correlated with the postnatal ontogen-
esis and the establishment of glutamatergic neurotransmission system in hippocampus
and cerebellum: cell migration, dendritic and axonal growth, spine formation, and
synaptogenesis.

mGluRla and GluRl are fairly expressed in weaver mutant cerebellum even suffer-
ing from degeneration of granule cells. However, the intrinsic expression levels of

mGluRl GluR1 InsP3R I

FIGURE 1. Distribution of mGluRla and GluRI throughout adult mouse brain (6 month old)
Horizontal brain sections immunoreacted with MI (left), Al (middk), and anti-IPR I (rgbt) antibodics
Bar = 5 mm. (Original figure reduced to 65%.)



556 ANNALS NEW YORK ACADEMY OF SCIENCES

--mGluRl GluRi IInsPR I
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FIGURE 2. mGluRlct and GluRI ex,.,ression in cerebellar molecular lavers of cerebellar ataimi
mutant mice. Sagittal sections of weaver (wv, 3 month old) (upper), Purkinje-ei~el-degeneration (ped. 5
month old) (middle), and wild-type mouse (lower) immunostained with 1\l (rigbr), AlI (middle), and
anti-IpR I (left) antibodies. PC, Purkinje cell body, B, Bergmann glial cell body; Go, Golgi cell body.
Bar = 0. 1 mm. (Original figure reduced to 80% .)

GluRI as well as mGluRlat are remarkably reduced in cerebellums of Purkinje cell-
deficient mutant mice, Purkinje-cell degeneration. suggesting that GluR I expression in
Bergmann glial cells may depend upon the sustained interaction with adjacent Purkinje
neurons.
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INTRODUCTION

In the visual system of vertebrates, light reduces the release of glutamate from
photoreceptor cells, resulting in depolarization of ON-bipolar cels by opening of cation
channels on the plasma membrane of the cells.' It has been reported that cGMP is
the second messenger mediating the action of glutamate on ON-bipolar cells and that
the receptor sends signals to an effector via a GTP-binding protein (G-protein).-
However, the property of the G-protein that couples to the glutamate receptor still
remains unknown.

We investigated the effects of glutamate ligands on ADP-ribosylation of G-proteins
catalyzed by bacterial toxins with membranes from bovine retina. Since transducin.
a G-protein sensitive to both pertussis toxin and cholera toxin, is located in rod outer
segments (ROS), the membranes were prepared through sucrose-flotation method to
deplete ROS. The membranes were incubated with pertussis toxin or cholera toxin
in the presence of[ 2 P]NAD. Then the reaction mixtures were subjected to SDS-PAGE,
followed by autoradiographic detection of labeled proteins. Pertussis toxin selectively
ADP-ribosylated 39-40 kD protein(s) on ROS-depleted membranes (FIG. 1). Cholera
toxin catalyzed ADP-ribosylation of 45 and 52 kD polypeptides, probably a-subunits
of G,, but not the 39-40 kD subunit. Cholera toxin clearly ADP-ribosylated 39 kD
transducin a-subunit in ROS, thus contamination of transducin in the membrane
preparation seems considerably low, and it is plausible that the a-subunit(s) that is/
are ADP-ribosylated by pertussis toxin is/are different subtype(s), possibly a,, and/
or u,. 2-Amino-4-phosphonobutyric acid (APB), a glutamate analogue selective for
the receptor on the ON-bipolar cell,' reduced in part the ADP-ribosylation by pertussis
toxin at the concentration of I mM in the presence of Mg" and guanosine 5'-('Y-
imido)triphosphate (Gpp(NH)p). The results imply that the APB receptor couples to
and activates the pertussis toxin substrate.
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FIGURE 1. ADP-ribosylation of ROS-depleted bovine retinal membranes and ROS b" pertussis
or cholera toxin. Membrane preparations (RDM: ROS-dcpleted membranes, ROS: rod outer segment
disk membranes; I mg protein/ml) were incubated at 30'C for 30 min with either pertussis toxin
(PTX; 5 .tg/ml) or cholera toxin (CTX; 200 lag/ml). which was activated prior to incubation, in
a buffer containing 2 jaM [t2PJNAD and I mM NADP under conditions shown below. The reaction
was terminated by addition of equal volume of sample buffer and subjected to SDS-PAGE on 10'17
gel followed by autoradiography. Conditions; N: no additives, A. 1 mM APB, Dý dark. L. light

We next examined whether GTPyS-binding to the membranes, an activation step
of G-proteins, is affected by glutamate ligands. The membranes incubated in the
presence or absence of glutamate ligands in a buffer containing 1 pLM ["'S]GTPyS.
The radioactivity bound to the membranes was measured after bound/free separation
by filtration. GTPyS bound to the membranes in a time-dependent manner and binding
reached apparent saturation. APB at 1 mM concentration accelerated the time course
of GTPyS-binding. APB (I mM) enhanced GTP-yS-binding to the membranes about
30% at 15 mini (FIG. 2). Furthermore, glutamate analogues, which are effective on
cellular responses of the ON-bipolar cell, ibotenic acid and 2-phosphono-5-valeric acid,
increased GTPyS-binding at I mM (FIG. 2). While native L-glutamic acid did not
have any effect on GTPyS-binding at 1 mM, it enhanced GTPyS-binding to the
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FIGURE 2. Effects of various glutamate ligands on GTP'yS-binding to ROS-depleted membranes
Membrane preparation (0.5 mg total protein/ml) was incubated at 30'C in the presence or absence
of various glutamate ligands (I mM) in a buffer containing I gM l"SIGTPyS. 10 aM GDP, and
100 gM adenosine 5'-(1y-imido)triphosphatc (App(NH)p) After 12 min, the mixtures were diluted

with 10 volumes of an ice-cold Tris buffer (20 mM, pH 8.0) containing 2.5 mM MgCIz and 100
mM NaCI. The diluted mixtures were immediately filtered through glass filters (GF/B, Whatman).
and the filters, after being washed three times with the same buffer, were counted for 'S

membranes at a higher concentration (10 mM) (data not shown). It has been reported
that APB is more potent ligand than native i.-glutamate for the ON-bipolar cell' Our
results suggest that the glutamate receptor, which is linked to G-protein, is present
on bovine retinal membranes, probably on the ON-bipolar cell, and that the C-protein
coupled with the receptor is pertussis toxin-sensitive but not cholera toxin-sensitive
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