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The initial question addressed in 1989 was that of synaptic vesicle movement as
determined by direct microscopic visualization. This research demonstrated that
vesicles were actually mobilized from the point of injection in the axon to the
active zones, i.e. the place whetre synaptic transmitter is released. It was also
found that a change in either oxygenation or the surface properties of vesicles
can lead to no movement or, to change in movement direction. The second aspect of
synapse work performed that year was a demonstration of the category of calcium
channel that is responsible for transmitter release. The work in 1990 demonstrated
that minjature potentials could be modulated in the squid synapse by injection of
Synapsin/ I and of protein kiniase Il. In the third year of the grant, 1991, the
first demonstration of calcium ~icrodomains in synaptic transmission was performed.
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The research supported by the Air Force during the summers of
1989, 1990 and 1991 generated significant studies in four different

aspects of synaptic transmission.

1. Characterization and isolation of voltage-dependent calcium
channels responsible for transmitter release in the squid giant

synapse as well as in the neuromuscular junction in mammals.

2. The dynamics, directionality and specificity of synaptic

vesicle migration in relation to transmitter release.

3.  The effect of Synapsin I, an intracellular chemical modulator
of synaptic vesicular mobility, and its effect in the regulation of

the vesicular release and synaptic facilitation in tonic synapses.

4.  Finally, the presence of well-specified calcium concentration
microdomains in relation to transmitter release, was

demonstrated for the first time in 1991, using aequorin.

The initial question addressed in 1989 was that of synaptic vesicle
movement as determined by direct microscopic visualization. This
study marked the first time in which isolated mammalian vesicles
were injected into a working synapse. This research demonstrated

that vesicles (made fluorescent by Texas Red) were actually

mobilized from the point of injection in the axon to the active :oj—-—[?‘—
zones, i.e. the place where synaptic transmitter is released. It was 8
also found that a change in either oxygenation or the surface *°%—————
properties of vesicles can lead to no movement or, to change in oy
movement direction. These results were published in 1989 in .ty Codes
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PNAS. A second aspect of vesicular mobility relating to the paper
mentioned above was published in the Journal of Neuroscience in
1989, showing that Synapsin I modulates vesicular flow in the

squid axoplasm.

The second aspect of synapse work performed that year was a
demonstration of the category of calcium channel that is
responsible for transmitter release. In fact the channel now
known as a P-channel was isolated in the squid, as well as in
mammalian cerebellum. These results were first published in
1989 in the Biophysical Journal, Volume 55, page 438a, and in
PNAS, Volume 86, pages 1689-1693.

The work in 1990 related mostly to the study of Synapsin I in
transmitter release. The studies demonstrated that miniature
potentials could be modulated in the squid synapse by injection of
Synapsin I and of protein kinase II and was published in PNAS,
Volume 87, page 8257-8261. Another aspect of synaptic research
investigated during the same summer related to the effect of
Synapsin I on the neuromuscular junction in crayfish. This
research was published in the Biological Bulletin, Volume 179,

page 229.

In the third year of the grant, 1991, the first demonstration of
calcium microdomains in synaptic transmission was performed.
The study was done using a new type of aequorin that allowed
direct visualization of calcium concentration sites at the

presynaptic terminal. A paper was published in Science in 1992,




in Volume 256, page 677. Another study published in PNAS the
same year, Volume 89, page 330, reported the fact that the P-type
channels present in the squid are responsible for neuromuscular

transmission in mammals.
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The molluscan neuropeptide FLRFamide potentiates transmission at the
isolated squid giant synapse
By G. A. Cortrerr®, J. W. Lint. R. LLINAst and M. SugiMoORrIt. * Department of
Biology and Preclinical Medicine, University of St Andrews. KY16 9TS. t Department
of Physiology and Biophysics. New York University Medical Center, N.Y. 10016. and
Marine Biological Laboratory, Woods Hole, MA 02543, USA

Peptides of the Phe-Met-Arg-Phe-NH,-(FMRFamide-) series have many actions
on neurone perikarya (Cottrell & Davies, 1987). The action of one such peptide in
synaptic transmission at the giant synapse of the squid (Loligo pealer) was
determined using Phe-Leu-Arg-Phe-NH, (FLRFamide), which occurs in cephalopods
(Martin & Voigt, 1987). Pre- and postsynaptic recordings were made (see Llinds et al.
1981) and peptide solutions microinjected close to the synaptic junction.
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Fig. 1. (4) Pre- and postsynaptic recordings showing increase in postsynaptic response in
the absence of presynaptic effect after injecting FLRFamide from a micropipette
containing 1 mM FLRFamide in ASW (4 mm Ca). (B) EPSCs before and 75s after
injection. The response recovered after 6 min. (C) FLRFamide increased the rate of rise
of the EPSP ([J) without changing pre-spike width (@) or amplitude (O).

FLRFamide (n = 9) potentiated transmission, whereas control injections were
without effect (n = 3). Potentiation was detected as an increase in size of the EPSC
(Fig. 1 B) and also as an increase in rate of rise (Fig. 14, C) and amplitude of EPSP.
No change in presynaptiz membrane potential, spike amplitude or duration (Fig. 14.
C) was detected. FMRFamide injected into the blood supply to the ganglion has also
been observed to potentiate transmission (S. Hess, personal communication).

G.A.C. thanks the William Ramsay Henderson Trust for financial support. Supported by
AFOSR850368.
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Reprinted from THE BIOLOGICAL BULLETIN, Vol. 177, No. 2, October 1989
Printed in U.S.A.

Preliminary molecular structure of FTX and synthesis of
analogs that block I, in the squid giant synapse. B.
CHERKSEY, R. LLINAS, M. SUGIMORI, AND J.-W. LIN
{Dept. Physiology and Biophysics, NYU Medical Cen-
ter, New York, NY 10016).

FTX, a specific P channel blocker, is one of many channel blocking
factors contained in the venom of the American funnel web spider. We
have previously reported (Cherksey et al. 1988, Biol. Bull. 175: 304,
Llinas er al. 1989, PNAS 86: 1686) on the use of FTX to construct an
affinity gel for the isolation and characterization of P-type Ca** chan-
nels from squid optic lobe and mammalian CNS.

Purification and structural analysis of FTX have been performed.
FTX could not be adequately purified by reverse phase HPLC using
acetonitrile:water gradients. FPLC on Superose indicated that FT X was
of low molecular weight (200-400 Da), but did not effect an adequate
purification. Anion exchange methods were ineffective. However, cat-
ion exchange on Mono S permitted a high level of purification of FTX,
with elution of the active factor at approximately 0.8 M NaCl. Purified
FTX exhibited a sharp UV absorption at 220 nm. No ring (aromatic)
structure was detected. The absorption at 220 nm showed a pro-
nounced shift with acidification suggesting that FTX possesses a titrat-
able amine group. FT-IR (Fourier transform infrared spectroscopy) in-
dicated the presence of C-C. C-N, N-H, C-H, and the absence of C=0,
absorptions. These results ruled out the possibility that FTX is a small
peptide and suggest that it is a polyamine. The known polyamine gluta-
mate channel blockers (which contain ring structures) are ineffective as
presynaptic blockers.

On the basis of these results, model compounds were constructed
with the general structure of arginine-polyamine:

¢}

“"C/Y\u/\/\u/\/\“*
/—-NH, u
H,N

These compounds exhibited the selectivity of FT X, but not its potency.
Compounds of the structure arginine-polyamine-arginine were in-
effective as blockers. Thus. the free terminal amine is critical for effi-
cacy, perhaps being the moiety that actualiy enters the pore of the chan-
nel. The arginyl group. perhaps via its strong charge, may act to secure
the toxin in the channel. Therefore, the difference in potency between
FTX and the model compounds may be due to the negative charge on
the carbonyl of the latter, which, on the basis of FT-[R spectra, is absent
from FTX.
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Reprinted from THE BIOLOGICAL BULLETIN, Vol. 177, No. 2, October 1989
Printed in U.S.A.

Dose-response for FTX blockade of presynaptic Ic, in
the squid giant synapse. R. LLINAS, M. SUGIMORI,
J-W. LIN, AND B. CHERKSEY (Dept. Physiology and
Biophysics, NYU Medical Center, New York, NY
10016).

The dose-response relationship for the blocking action of FTX (a
toxin fraction from Agalenopsis aperta venom, Sugimorni ez al. 1988
Biol. Bull. 175: 308; Cherksey et al. 1988, Biol. Bull. 175: 304, Llinas
et al. 1989, PNAS, 86: 1689) on the voltage-dependent presynaptic cal-
cium current (Ic,) in the squid stellate ganglion, was determined from
voltage clamp measurements. In addition to the purified toxin, we
tested the raw venom, and a synthetic poly-amine with an arginine at
one end, constructed on the basis of chemical analysis of the FTX frac-
tion (Cherksey et al. 1989, these Abstracts). These substances were
added to the bathing solution in concentrations ranging from 0.2 to
190 nl/ml (volume of venom or liquid synthetic toxin in nl/ml seawa-
ter). Each of the three fractions had an EDs, of 5 nl/ml and produced a
total blockade at 80-100 nl/ml. The block caused by 100 nl/ml had a
time course of about 20 min and was very slowly reversible. Comparing
the degree of calcium current block with the reduction of the post-syn-
aptic potential, we concluded that the effect of the toxin on synaptic
release is totally ascribable to its calcium blocking effect. We reached a
similar conclusion about the synthetic polyamine. But because the
same volume of raw venom and the synthetic polyamine produced
about the same degree of block, we conclude that the active toxin may
be more potent, and that the structure of the naturally occurring poly-
amine is therefore probably a variant of the synthetic product. Finally,
we tested some polyamines with an arginine at each terminal of the
chain, but I, was not blocked. Thus, the polyamine may require the
terminal amine to penetrate the channel and produce the block; the
arginine group may hold the molecule in place.
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The Biological Bulletin Vol. 179, #229, 1991

Effects of synapsin I on synaptic facilitation at crayfish
neuromuscular junction. K. R. DELANEY, Y. YAMAGATA,
D. W. TANK, P. GREENGARD, AND R. LLINAS (Marine
Biological Laboratory, Woods Hole, MA 02543).

The effects of presynaptically injected phospho- and dephospho-syn-
apsin | on transmitter release were studied in excitatory claw opener

junctions in crayfish. We examined release evoked by presynaptic action
potentials delivered at 0.5 Hz. which does not produce facilitation. and
at higher frequencies (5-50 Hz) where facilitation is prominent. Consistent
with previous work on squid giant synapse (Llinas ¢ al., 1985, PNAS
82: 3035) and Mauthner cell synapses (Hacket et al.. 1990. J. Neuro-
physiol. 63: 701), reduction of excitatory junction potentials (EJPs) ob-
tained with 0.5 Hz stimulation was seen 5-30 min after injection. This
reduction was coincident with the appearance of Texas red labeled syn-
apsin | in the preterminals contacting the postsynaptic muscle fiber (8
of 9 expts.). The EJP amplitude continued to decline linearly over the
course of 60-120 min to near zero. In addition, the rate of facilitation
of the EJP during short stimulus trains at 5. 20, and 50 Hz was reduced
following this injection. Moreover, high rates of release. which are nor-
mally produced and maintained during several minutes of stimulation
at frequencies around 30 Hz, were not maintained following dephospho-
synapsin I injection. These effects were not seen following the injection
of phosphorylated synapsin I (n = 1). We conclude that synapsin [ can
modulate facilitated and unfacilitated transmitter release at this tonic
junction.
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Microdomains of High Calcium Concentration
in a Presynaptic Terminal

R. Llinas,* M. Sugimori, R. B. Silver

Increases in intracellular calcium concentration are required for the release of neurotrans-
mitter from presynaptic terminals in all neurons. However, the mechanism by which calcium
exerts its effect is not known. A low-sensitivity caicium-dependent photoprotein (n-ae-
quorin-J) was injected into the presynaptic terminal of the giant squid synapse to selectively
detect high calcium concentration microdomains. During transmitter release, light emission
occurred at specific points or quantum emission domains that remained in the same place
during protracted stimulation. Intracellular caicium concentration microdomains on the
order of 200 to 300 micromolar occur against the cytoplasmic surface of the plasmalemma
during transmitter secretion, supporting the view that the synaptic vesicular fusion re-
sponsible for transmitter release is triggered by the activation of a low-affinity caicium-

binding site at the active zone.

The role of intracellular free calcium as a
trigger for initiating presynaptic transmitter
release in chemical synapses was proposed
as the “calcium hypothesis” several decades
ago (1). The mechanism for this Ca’*-
dependent transmitter release remains un-
resolved, partly because the concentration
of Ca’* and the distribution of Ca** con-
centration within presynaptic terminals
during transmission are unknown.
Presynaptic voltage-clamp studies in the
giant squid synapse demonstrated a vety
short (200 us) latency between Ca’* entry
and postsynaptic response, suggesting that
Ca’* channels are located at the site of
vesicle accumulation and neurotransmitter

R Liknas and M Sugimcn. Denartment of Physiology
and Biophysics. New York University Medical Center.
550 First Avenue. New York, NY 10016. and the
Marine Biological Laboratory. Woods Hole. MA 02543
R B Siver, Section and Department of Physiology.
Cornell Unwversity. Ithaca. NY 14853-6401 and the
Manne Biolugicat Laboratory. Woods Hole. MA 02543

‘To whom correspondence should be addressed. at
the Department of Physiotogy and Biophysics

reicase (2). Mcreover, direct measurement
of presynaptic Ca** currents suggested that
intracellular free Ca** concentrations
({Ca?*1) near the Ca’* channels could be
on the order of several hundred micromolar
(3). Computer models based on these data
suggested that the {Ca**], falls off steeply
away from the cvtoplasmic mouth of the
Ca’* channels (4-7). These small domes of
increased |Ca**|, are called microdomains.
Each Ca** channel opening is thought to
produce a rapid (microseconds) increase in
[Ca’*|,, which rapidly retumns to its pre-
opening value when the channel closes (6).
Neurotransmutter release would thus be
triggered by a large transient increase in
JCa-*|, adjacent to the svnaptic vesicles.
We have now tested directlv the exis-
tence of such ({Ca-"] microdomains by
using aequorin {a protetn that emts light in
the presence of free Ca” ) (3. 9) injected in
the presynaptic terminal ot the gant squid
synapse (10). In the presence of aequorin,
transient increases in [Ca**', appear as
SCIENCE »
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flashes of light localized in time and space.

We designed special methodology to
identity, image, and characterize these
flashes of light. Fluorescent n-aequorin-]
(minimum Ca** sensitivity of 10~* M) was
injected into the presynaptic terminal (Fig.
1A) (11), and 1ts distribution in the terrm-
nal was continually monttored by epifluo-
rescence microscopy (12). Once the termi-
nal was tully loaded with n-aequorin-] (Fig.
1B), the presynaptic fiber was continuouslv
stimulated at 10 Hz (13), and a well-
Jefined, stable set of quantum enussion
domains (QEDs) appeared as white spots
(Fig. 1C) (14). The superposition of the
fluorescent images of the terminal digit
(Fig. 1B) and the QED:s (Fig. 1C) revealed
that the distnibution of QEDs coincided
with the presynaptic terminal (Fig. 1D).
QEDs were particularly evident at the cen-
ter of the digit, where most synaptic con-
tacts occur.

We also determined the distribution and
number of QEDs in an unstimulated presyn-
aptic terminal at high magnification (Fig.
1F). When QEDs were integrated for 30 s
Juring tetanic sumulation (Fig. 1G), they
were found to be organized in regions re
sembling semicircles or line segments and
were approximately equally spaced over the
presynaptic digit (Fig. 1, C and G).

Each QED fell within a contiguous rec-
tilinear juxtaposition of approximately 16
pixels (0.25 pm by 0.25 um per pixel). The
size distribution of the QEDs was deter-
mined after measuring more than 15,000
such events for both long-term image inte-
grations (1,500 to 5,000 video frames):
serially repeated shorter integrations (600 to
1,200 national television standard code
(NTSC) video frames); and sets of single
video frames. QEDs fluctuated in size from
0.25 to 0.6 um* (Fig. 2), with a mean of
0.313 uwm? (range, ~0.25 pm® to ~0.375
wm?). QED patterns such as those shown in
Figs. 1 and 2 (areas 0.375 to 0.625 um-)
represent individual QEDs occurring at
nearly identical frame locations, with a
small overlap. On average, these sites oc-
cupied 8.4% of the presynaptic-postsynap-
tic membrane contact area, which is close
to the 5 to 10% determined by ultrastruc-
tural studies (15). The number of QED:s in
a 70 um by 40 um contact area (15) was
about 4500 (based on actual counting of
QED:s in the contact area), quite close to
the 4400 calculated for the number of
active zones (range 3580 to 5400) from
measurements and analysis of transmission
electron micrographs (16).

The {Ca**}, reached during presynaptic
activation (200 to 300 pM) was determined
by sampling the number of QEDs over
consecutive 10-, 15-, or 30-s periods. Manv
loci repeated periods of photon emission
within consecutive sampling periods, as
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Fig. 1. (A} C.agram of the qiant squid synapse
showir, 1€ spanal organization of the presyn-
apuc and the postsynaptic elements The
square (arrow) genotes the location of the syn-
aptic unction shown in (B) (B) Fluorescence
image of a presynaptic digit injected with a
fluorescent preparation of n-aequorn-J (C)
Video wmnage of photons emitted from QEDs
Image represents the accumutated hght emis-
sion fom n-aequorin-J ehcited by Ca<* entry
aunng tetanic sumulation (10 s 10 Hz) D)
Superposition of the images in (B) and (C) (E)
The numper of light emissions generated by
e-aequonn (@) ana naequonn-J () (600 to
650 over a penda ot 3 35) corresponds to a
[Ca“*], near 10 * M. aboul two orders of mag-
nitude less sensilive 1han the e-aequonn re-
sponse (stppled bar) (8. 9) (Fy QEDs n an
unstimulated terimmai (30 s. 10 mM extraceilu-
lar Ca’*) (G) QEDs in the same terminal as I
{F) during tetanic stimuiation (10 s. 10 Hz)

g

QED (number)

g

0

025 03127 0375 04375 05 05625 0625
QED size (um?)

Fig. 2. Distribution ot GED size (n = 2500)

shown n Fig. 3, A and B, for two consec-
utive 15-s penods, mndicating that Ca**
entry tended to be organized temporally and
spatially. QEDs detected dunng the trst
15-s period (Fig. 3A, red) and those detect-
ed duning the second 15-s penod (Fig. 3A,
blue) are shown as vellow spots in Fig. 3B.
When the second pertod is compared to the
first peniod, there 1s an area correspondence
of ~95%; when the order tor comparison
was reversed, the correspondence was 87%.
Subsequent sequential 15-s periods, having
correspondences between 93 and 98.81%,
indicate that within such time most of the
sites of Ca™" entrv to the terminal are
activated.

Prolonged integrations (12C0 to 5000
video trames) were pertormed dunng stum-
ulation to determine the percentage ot the
total presvnaptic rerminal area containing
QEDs. Frgure 4 corresponds to the terminal
bulb ot 4 presvnaptic nber betore (Fez. 4A)
and duning (Fie. 4B) «imulanon (as in Fre.
1A). The averawe clearly describes areas ot
high probabihiey ot fighe emisaion and the
pronounced difterences between the pre-
stimulation and stimulatory condinions. Be-

678

B\ :7
-\\w
P— -

N

axon T
E s00.
- e o (100
3 . :
= E—— X
;'JOO-—————--_‘» .
2 . 3 r e
£ DR -
g 0o ' 150 §
o : PoE
w " 4 Ed
G 200 5 :
! b
. ! L
a (] { }O
-8 -7 -6 -5 -4 -3 -2

Fig. 3. (A) The renter portion of two QED images obtaineg cunng consecutive 15-s reccraing
intervais from the same area of terminal. the left panel (red) shows the first interval after stmulaton
the nght panel (blue) shows the subsequent 15-s pernod (blue) (B) The superposition (>93%) of the
QEDs from consecutive 15-s recoraing intervais in (A) (red and blue) appears yellow

Fig. 4. Three-amensional proection atter image ntegration (4800 frames. 30-Hz sampiing rate) of
the QED mage in a terminal bulb of a presynaptic hber (A) before stimulation and (B) curing
sumuiation. illustrating the steepness of the Ca?* microdoman profiles image intensiies were
segmented into an 8-bit range. with the maximum intensity corresponaing to the video mtensity level
ol 255 twhite ang the Iowest 1o a ievel of O (black), with intermediate levels ranging from high treq)
through intermeciate yellow ang green) to low (blue) probabitities that a particular microgomain
~ould be active

cause of the long inteeration tmes used,  spond to the “Angerprines” ot clawlike

tused rather than discrete QEDs were ob-
served in borh Cases. The distiibution of
Ca 7l was not random and otten formed
nnghke structures, fines, or combinations

ot these. Theswe patrerns probably corre-
~CIENCE o
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postsynaptic dendnites that contact the pre-
svnaptic digit in the active zone (1)),
Detatled analvsis ot the temporal and
spatial distnbutton of QEDs suggests that
once 4 microdomatn s actuvated, the tem-




poral repeat frequencies at which a partic-
ular microdomain 1s acuvated differ from
those of the same microdomain betore sum-
ulation. Upon acuvauon, three classes of
temporal repeat trequencies, not seen under
presumulation conditions, appeated, the
primary temporal class having a mean delay
period between the imuial activation and
subsequent actvaton ot 1.37 5, which may
indicate temporal requirements or con-
straints upon reestablishing microdomain
activation. Under sumulation, the lifetime
of a QED averaged 200 ins, clearly a high
value that 1s likelv attributable to the pho-
ton ethciency and lag charactenstics of the
camera and light-intensity losses through
the optical system. Under most conditions,
QED:s that occurred as singlets or doublets
did not occur at high trequencv at any
parucular microdomain. Analvsis of the
acavation dynamics of individual micro-
domains suggested a yuasi-sequential acu-
vauon, that ts, a low probability of imme-
diate reactivation. One possible mechanism
tor this refractory penod may be related to
the high [Ca®*|, at the active zone or to the
low number of readily releasible vesicles. In
tact, high [Ca’*] depresses Ca’* channel
activity by blocking the channel and in-
creasing its inactivation (I8). Also, it is
well documented that an average of one
vesicle 1s normally released per active zone
(15, 19, 20). In fact, in squid, the quantum
content 15 5000, close to the value of 4500
measured here; thus, there must be an
average of one vesicle per actuive zone. The
presence ot such "lateral inhibition,” by
activation of a certain number of channels
in an active zone patch (average measured
area, 0.313 um?), would temporarlv de-
press local channel acuvity. [f this were so,
a special kinetics w. uld operate, in which
the probability of release is related to the
previous activity in any given active zone
(21). This prospect adds an interesting new
vanable to incorporate into models of trans-
mitter release.

The distribution of Ca** microdomains
suggests that these s..es are active zones

where increased [Ca* |, triggers neurotrans-
mitter release bv binding to a low-athnity
Ca**-binding site at the presvnapuc vesi-
cles and activaung the release process.
Such a mechamism would sateguard the
synapse from large amounts of spontaneous
transmitter release because probably more
than onc Ca®* channel must be activated
per active zone to trigger exocvtosts (6).
Also, there would be enough ume to re-
place the expended vesicles 16). The short
delav between Ca* " entrv and transmitter
release suggests that only vesicles near the
QEDs would be released by a given action
potential (2). The tact that [Ca’~], attains
such high concentrations at release sites
must be taken into account 1n the study ot
the mechanisms of membrane tusion.
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signal-10-noise rano was ~ 150 1

Steliate gangia from small Lougo peatn were
dissected and synaptic 1ransmission was moni-
tored with standard methods [R Linas. 1 Z
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Results wera obtained from 27 synapses painea
in artific:al seawater (10 mM Ca?*)

Video images were processed filtered. ana ara-
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quantification with a Hamamatsu Argus 100 1mag-
ng system or an imagei-AT {Universal imaging
Corp . West Chester, PA) runming on a Dell 325
AT-bus computer Aequonn luminescence IMag-
es of QEDs. seen as discrete spots on an omer-
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frames (range. 10 to 4800) or as digimzed se-
quenhal frames Calbralion curves were cor-
strucled by measuring the numper of Ca?*-e-
pendent ight Hashes (within 33-ms frame-integra-
ion periogs), each resulting from a aiscrete inter-
action ot Ca<* with an aequonn molecule (8 9

that accumutated dunng the 3 s aher 20 pt ot
aequonn was injected o 10-210 1078 M Ca<*
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ng helo were iIndvidually accumuiated and com-
pared
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P-type voltage-dependent calcium channel mediates presynaptic
calcium influx and transmitter reiease in mammalian synapses

(funnel-web spider toxin/polyamines/neuromuscular junction/synaptosomes)
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ABSTRACT We have studied the effect of the purified
toxin from the funnel-web spider venom (FTX) and its synthetic
analog (sFTX) on transmitter release and presynaptic currents
at the mouse neuromuscular junction. FTX specifically blocks
the w-conotoxin- and dihydropyridine-insensitive P-type volt.
age-dependent Ca’* channel (VDCC) in cerebellar Purkinje
cells. Mammalian neuromuscular transmission, which is in-
sensitive to N- or L-type Ca?* channel blockers, was effectively
abolished by FTX and sFTX. These substances blocked the
muscile contraction and the neurctransmitter release evoked by
nerve stimulation. Moreover, presynaptic Ca’* currents re-
corded extracellularly from the interior of the perineural
sheaths of nerves innervating the mouse levator auris muscle
were specifically blocked by both natural toxin and synthetic
analogue. In a parallel set of experiments, K*-induced Ca
uptake by brain synaptosomes was also shown to be blocked or
greatly diminished by FTX and sFTX. These results indicate
that the predominant VDCC in the motor nerve terminals, and
possibly in a significant percentage of brain synapses, is the
P-type channet.

Ca®* influx through voltage-dependent Ca®>* channeis (VD-
CCs) is the trigger for the release of neurotransmitters from
the nerve terminals (1, 2). Three major types of VDCC named
T. L. and N were described in neuronal cells (3). The
high-threshold L. and N VDCCs are sensitive to the blocking
effect of wconotoxin (w-CgTX), and only the L type is
affected by Ca** channel antagonists of the 1.4-dihydropyr-
idine (DHP) class. An intermediate-threshold VDCC channel
called the P channel was identified in the Purkinje cells of
mammalian cerebellum and found to be insensitive to DHP
and «-CgTX, but very sensitive to a low molecular weight
fraction of the venom of the funnel-web spider Agelenopsis
aperta (4). This funnel-web spider toxin (FTX) was also
effective in blocking Ca?* conductance and synaptic trans-
mission at the squid giant synapse (4). Evoked release of
neurotransmitter was shown to be dependent on Ca*" influx
through the N-type VDCC in sympathetic neurons by the
inhibitory effect of w-CgTX and the lack of effect of DHP (5).
By contrast., substance P release from dorsal root gangiia
neurons (6, 7) and catecholamine release from chromaffin
cells (8) are strongly inhibited by DHP. consistent with a
major participation of L-type channels. However. mamma-
lian motor nerve terminals are normally insensitive to either
o~CgTX or DHP (9-11). Furthermore. in brain synapto-
somes, K “-evoked Ca’* uptake and transmitter release are
only partially sensitive to w-CgTX and DHP(12. 13). Thus the
identity of the VDCC involved in transmitter release in the
majority of the synapses at the mammalian central and
peripheral nervous system has not been defined. The exper-
iments presented here were designed to study the effect of

The publication costs of this article were defraved in part by page charge
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FTX on transmitter release and Ca’* influx at the mammalian
neuromuscular junction and on Ca’* uptake by cerebral
cortex synaptosomes in order to determine whether a par-
ticular type of VDCC is more commonly involved in mam-
malian synaptic transmission.

MATERIAL AND METHODS

Electrophysiological Techniques. Experiments were per-
formed with the ncrve-muscle preparation from male Swiss
mice (25-30 g). Muscies were removed after cervical dislo-
cation and pinned out in a Sylgard-coated chamber containing
1-2 ml of physiological solution (normal Ringer solution: 135
mM NaCl/5 mM KCl/2 mM CaCl,/1 mM MgS0,/12 mM
NaHCO;/1 mM NaH,PO,/11-mM p-giucose. pH 7.4) kept at
room temperature. The solution was oxygenated by contin-
uous bubbling with a mixture of 5% CO, and 95% O,.
Miniature endplate potentials and evoked endplate potentials
were recorded intracellularly. Glass microelectrodes of 5-15
M resistance filled with 2 M KCI were used. The electrodes
were inserted into the muscle fibers near the endplate re-
gions. which were located visually at the ends of intramus-
cular branches of the phrenic nerve (Fig. 1A). The mean
quantal content (m) of transmitter release was measured in
muscles incubated in low Ca?* (1.2 mM)/high Mg** (6 mM)
by use of the failure-method equation m = log e¥/™, where
N is the total number of nerve stimuli and Nf is the total
number of endplate-potential failures (14). The phrenic nerve
was stimulated at 0.5 Hz. Miniature endplate amplitudes
were corrected assuming a —80 mV membrane potential and
their frequency of appearance counted over 0.5-3 min. The
levator auris muscle (15) was used to study the presynaptic
motor nerve terminals currents. The presynaptic currents
were recorded with glass microelectrodes of 5-15 M(Q resis-
tance filled with 2 M NaCl and placed inside the perineural
sheath of small nerve branches near the endplate areas (Fig.
1A) (16. 17). The nerves were stimulated by using suction
electrodes coupled to a pulse generator with associated
stimulus isolation unit (0.1 ms). The recording microelec-
trodes were connected to an Axoclamp 1A amplifier (Axon
Instruments. Burlingame, CA). The signals were digitized
(Scientific Solutions. Labmaster A/D converter), stored. and
analyzed by a computer.

Preparation of Synaptosomes and Measurement of Ca’*
Uptake. Cerebral cortex from three rats was homogenized in
0.32 M sucrose with a manual Teflon/glass homogenizer. The
homogenate was centrifuged at 3000 x g for 10 min at 4°C,
and the supernatant was further centrifuged at 20.000 x g for
20 min. The peliet was resuspended in 0.32 M sucrose and
seeded in a 0.8-1.4 M sucrose gradient. After 2 hr of

Abbreviations: VDCC, voitage-dependent Ca** channel: FTX. fun-
nel-web spider toxin: sFTX. synthetic FTX: DHP, 1.4-dihydropyr-
idine: «-CgTX. w-conotoxin.
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FiG. 1. (A) Schematic drawing of a nerve-muscle preparation
indicating the position of the intracellular (a) and extracelilular (b)
recording microelectrodes. (B) Upper trace. intrace!lularly recorded
muscle fiber action potential elicited by phrenic nerve stimulation:
lower trace, a similar recording 10 min after the bath application of
FTX (1 ui/mb) in normal Ringer solution. (C) Perineural recordings
of presynaptic currents in a paralyzed muscle (normat solution plus
30 uM curare) before (irace a) and after (trace b) bath application of
FTX (1 ul/mi).

centrifugation at 50.000 x g, the bands in 0.8-1. 1-1.2, and
1.2-1.4 M layers were pooled and slowly diluted 1:4 in
Ca*"-free 132 mM NaCl. After centrifugation at 35.000 x g
for 15 min. the pellet was resuspended in solution A (132 mM
choline chloride/1.2 mM CaCl,) or solution B (65 mM choline
chionde/1.2 mM CaCl,). Samples from A and B suspension
(500 wl. 500 ug of protein) were incubated for 10 min at 32°C
with or without toxin. **Ca’* uptake was started by the
addition of **Ca*" (0.3 uCi/umol: 1 uCi = 37 kBq) i 200 ul
of Na~ Ringer solution, for basal uptake. or Na~ /K™ Ringer
solution for K *-stimulated uptake (final K* concentration. 65
mM). Uptake was stopped after 15 or 30 s with the addition
of 3 mil of 5 mM EGTA buffer solution. This suspension was
rapidly filtered under vacuum through Whatmann GF /B filter
paper and washed three times with 132 mM choline chlo-
ride/S mM KCl. 1.2 mM CaCl./1.3 mM MgCl,/10 mM
glucose/5 mM Tris. pH 7.4. Filters were dried and immersed
in scintillation fluid for measurement of radioactivity. FTX
was purified chromatographically from the crude venom of
American funnel-web spiders (Spider Pharm. Black Canyon.
AZ). Synthetic FTX (sFTX) was prepared as described (18).

RESULTS

Hemidiaphragms incubated in normal Ringer solution were
treated with FTX (1 ul/ml). After a few minutes. muscle
contraction elicited by nerve stimulation was abolished.
Intraceliular recording showed that nerve stimulation tailed
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to trigger transmitter release in a high percentage of trails.
When transmitter release was evoked, small endplate poten-
tials were recorded with fluctuating amplitude multiples of
the miniature endplate potential amplitude (Fig. 1B). Neu-
romuscular transmission and contraction was restored a few
minutes after the preparation was washed with normal solu-
tion.

The effect of FTX on the conducted nerve action potential
was tested by studying the presynaptic currents recorded in
the perineurum near the endplate areas in a curare-treated
preparation. The negative signal recorded is associated with
Na " currents in the final nodes of Ranvier and initial portions
of the unmyelinated terminals and with the K* currents from
the nerve endings (16). The lack of effect of FTX on these
currents indicates that the toxin has no effect on the presyn-
aptic action potential (Fig. 1C).

The inhibitory action of FTX on synaptic transmission was
further characterized by studying the effect of various con-
centrations of FTX on quantal content of evoked transmitter
release. The muscles were incubated in a low Ca®*/high
Mg** solution. The control values for mean quantal content
of evoked release were between 1.1 and 2.8. A 50% inhibition
of the quantal content of evoked release was obtained with a
submicromolar concentration of FTX (Fig. 2). In contrast,
evoked neuromuscular transmission was completely insen-
sitive to 5§ uM «-CgTX tested under similar conditions (10).

FTX has been reported to be a low molecular weight.
nonaromatic polyamine. Svnthetic arginine-polyamine (sper-
midine) adducts were found to have FTX-like activity (sFTX)
(18). Quantal content of transmitter release was inhibited in
a dose-dependent manner with low millimolar concentrations
of sFTX (Fig. 2). As a control the effect of spermidine was
studied. At concentrations up to 3 mM, spermidine had no
effect on neuromuscular transmission.

Spontaneous transmitter release was also affected t  FTX
and by sFTX. A 50-100% increase in miniature frequency
was observed in muscles treated with 0.5 ul of purified toxin
per ml or with 1 mM sFTX. The amplitude of the miniature
endplate potentials was substantially reduced (over <07%)
without major alterations in their time course.

To further investigate the inhibitory mechanism of FTX »a
synaptic transmission, the effect of the toxin on the presyr-
aptic Ca*” currents was studied. Presynaptic currents were
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FiG. 2. Effect of FTX (m). sFTX () and spermidine (a) on the
quantal content of evoked reiease at the neuromuscular junction of
the mouse diaphragm incubated with 1.2 mM Ca** and 6 mM Mg**.
Each point is the mean * SE of at least six muscle fibers. The ui/ml
scale appiies to FTX: the mM scale applies to sFTX and spermidine.
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Fic. 3. Effect of Cd?*, FTX. and sFTX on the presynaptic currents. Perineural recordings of presynaptic currents were obtained in levator
auris muscle incubated in normat Ringer solution plus 30 uM curare. 10 mM tetraethylammonium. 250 uM 3.4-diaminopyridine. and 100 uM
procaine. (A) Before (trace a) and 30. 60, and 90 s after (traces b—d) the addition of 500 uM Cd2* to the bath soiution. (B) Before (trace a) and
after (trace b) the addition of FTX (0.5 xl/ml). (C) Before (trace a) and after {trace b) the addition of SFTX (300 uM). For trace c, the Ca**

concentration was raised to 6 mM in the presence of SFTX.

recorded in curare-treated muscles incubated with K~-
channei biockers (tetraecthylammonium, 10 mM; 3.4-
diaminopyridine. 250 uM). The nerve was stimulated every
30 s and monitored continuously from the same site before
and throughout the application of the toxin. Typical wave-
forms recorded from the perineural sheath have a large
negative (downward) component and a long-lasting positive
component. The latter has been shown to be Ca®*-dependent
(17) and sensitive to the inorganic Ca2*-channel blocker Cd**
(Fig. 3A) but insensitive to w-CgTX (19).

The addition of FTX (0.5 ul/ml) to the bath rapidly
diminished the Ca’>* wave (Fig. 3B). With a higher concen-
tration of FTX (1 1/ml), only a brief positive wave remained
that was still present after the addition of 15 mM Cd*~.
suggesting that it is not a Ca’** component. Submillimolar
concentrations of SFTX were also effective in blocking the
slow, long-lasting Ca?* component of the presynaptic cur-
rents (Fig. 3C). The blocking effect of the toxin was over-
come by increasing the Ca’® concentration in the bath
solution in a manner similar to that reported for other divalent
cations (20).

K*-Stimulated *“*Ca’* Uptake by Synaptosomes. The ex-
periments presented above and our previous findings on the
blocking action of FTX on squid giant synaptic transmission
(4) prompted us to evaluate the effect of the toxin on central
nervous system synapses. Synaptosomes have been widely
used for the study of VDCCs. In nerve terminals, Ca?* influx
into synapotosomes can be estimated by measuring the
43Ca?* uptake when synaptosomes are depolarized by K~.

FTX and sFTX were effective inhibitors of the K *-induced
4Ca?* uptake in cerebral cortex synaptosomes (Fig. 4). FTX
(0.7 ul/mb) reduced **Ca?* uptake to the same levei as that
in the nondepolarized synaptosomes. However., 100 uM
Cd?* was more effective: it also blocked part of the non-K~-
dependent uptake. Submiilimolar concentrations of sFTX
were able to block the Ca** uptake in a dose-dependent
manner. In contrast. spermidine or arginine alone or com-
bined showed no significant blocking effect.

DISCUSSION

Electrophysiological studies have shown that VDCCs are
heterogeneous (21). In peripherai neurons. the T-, L-. and
N-type channels can be distinguished by their sensitivities to
organic Ca”"-channel antagonists and to «-CgTX. The
L-type is sensitive to modulation by DHPs. whereas N- and
T-types are not sensitive. w-CgTX blocks N- and L-channels.

but not T-type channels in chicken sensory neurons and rat
sympathetic neurons (3-5). In cerebellar Purkinje cells, the
P-type VDCC was characterized by its lack of sensitivity to
«-CgTX and to DHP, and by its high sensitivity to FTX (4).

The nawure of the VDCC subtype directly involved in
transmitter release in mammalian central and peripheral
nervous system is not well defined. Evoked release of
transmitter by nerve stimulation at the mammalian neuro-
muscular junction is not affected by DHP antagonists unless
Ca?* channels have been previously activated by a DHP
agonist (11). «-CgTX is also ineffective against the nerve-
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Fic. 4. Effect of FTX and sFTX on K*-evoked *Ca?* uptake in
rat cerebral cortex synaptosomes. (A) Uptake of “’Ca** in synap-
tosomes incubated in high K* (65 mM) in the absence or presence of
FTX (1 ul. ml) or Cd?* (100 uM). Controt is the uptake in normal K*
{5 mM). (8) Uptake of K* stimulated *’Ca’* in the presence of
various concentrations of sFTx or ImM spermidine (Sperm.), argi-
nine (Argin.). or spermidine and arginine. For each experiment the
control value (100%) was obtained by subtracting the uptake in
normal K~ to the uptake in high K*. Each bar represents the mean
= SE.
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stimulated evoked release; however. it is capable of reducing
the frequency of spontaneous release of transmitter (10).
Motor nerve terminal presynaptic Ca®" currents measured
with the intraperineural technique were found to be insensi-
tive to DHP agonist (17) and also to w-CgtTX (19). In
contrast. the experiments presented in this paper showed the
high potency of FTX in blocking synaptic transmission and
presynaptic Ca" currents at the mouse neuromuscular junc-
tion. Therefore. from a pharmacological point of view the
VDCCs involved in nerve-evoked transmitter release at the
mammalian nerve terminais resemble the P-type channels
described in Purkinje cells. Unfortunately, neither the elec-
trophysiologicai characteristics of the motor nerve terminal
channels at the single-channel level nor the macroscopic
voltage-clamped currents are known. Therefore. it is not
possible to compare their electrophysiological properties
with the Ca** currents obtained from Purkinje cells.

In mammalian synaptosomes Ca*" influx and depolariza-
tion-induced increases in intracellular Ca®>* have been found
insensitive to DHP Ca®” -channel antagonists. suggesting that
L-type channels are not involved in transmitter release.
«-CgTX is a potent inhibitor of Ca* influx in avian and
reptilian synaptosomes but is only partially effective on
mammalian preparations, indicating that other types of
VDCC must be involved in neurotransmitter release in the
mammalian brain. The P-type channels seem to be widely
distributed in the central nervous system, since they have
been immunohistologicatly localized in numerous regions of
mammalian brain (22). FTX-sensitive VDCCs were originally
found in Purkinje cells. and a recent report (23) indicates that
FTX-sensitive Ca*~ channels are also present in rat neuro-
hypophysial nerve terminals.

Our findings, although preliminary, show that cerebral
cortex synaptosomal Ca** influx is sensitive to FTX. sug-
gesting that P-type channels may also be involved in trans-
mitter release in central nervous system synapses. The potent
effect of FTX in inhibiting Ca** uptake suggests that the
population of synaptosomes sensitive to w-CgTX may also be
sensitive to FTX. Therefore. it might be possible that there
are other types of VDCC with combined pharmacological
properties. sSFTX was as effective in blocking neuromuscular
transmission as it was in blocking synaptosomal Ca>* uptake.
although the blocking concentration range was 3 orders of
magnitude above that of the natural FTX. It has been
suggested on the basis of organic structural studies including
mass spectrometry. NMR. Fourier-transform infrared spec-
troscopy, and elemental analysis that naturally occurring
FTX is a nonaromatic. decarboxylated polyamine (18). The
difference in potency between FTX and the synthetic analog
sFTX may be due to the presence of the carbonyl oxygen on
sFTX. The biological specificities of both natural FTX and
sFTX are identical in these studies, suggesting a remarkable
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similanty between the two. Our findings reaffirm the idea that
polyamines, particularly amino acid-polyamine adducts, may
play an important role in neuronal channel pharmacology.
Thus. it is important to consider the possibility that nonar-
omatic polyamines resembling sSFTX may normaily be syn-
thesized in the body and may exert a modulatory action on
VDCCs and, hence, on transmitter release.

This work was supported by funding from Consejo Nacional de
Investigaciones Cientificas y Tecnicas of Argentina, a grant from the
Muscular Dystrophy Association of America. Fundacion Antorchas.
U.S. Public Health Service grants (NS13742 and AG09480), and a
grant from *he Armed Forces Office of Scientific Research (AFOSR-
89-0270).
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Reports of Papers Presented at the General Scientific
Meetings of the Marine Biological Laboratory

August 12-14, 1991

Short Reports are arranged (after the first featured article
by Llinas et al.) alphabetically by first author within the
Jollowing categories: Neurobiology and Biophysics (pp.
316-333); Cell and Molecular Biology (pp. 333-342);
Fertilization and Development (pp. 342-350); Physiology
(pp. 350-356); and Systems and Ecology (pp. 357-361).

All Short Reports were reviewed by members of our
Special Editorial Board. Board members include: George
Augustine (University of Southern California); David Epel
(Hopkins Marine Station); Judith Grassle (MBL); Ehud
Kaplan (Rockefeller University); George Langford (Uni-
versity of North Carolina); Jack Levin (VA Medical Center.
San Francisco): James Olds (NIH); Robert Palazzo
(MBL); Darrell Stokes (Emorv University); Ivan Valiela
(Boston University Marine Program); and Steven Zouoli
{Williams College).

In addition to the reports contained in this issue, the
Jollowing papers were also presented, by title, at the meet-
ings. The abstracts of these papers are available from the
MBL Archives.

Du, Jun, and Raquel Sussman. “mRNA analysis of a
DNA-damage-inducible operon invoived in mutagen-
esis of E. coli.”

van Egeraat, Jan M., Richard N. Friedman, and John P.
Wikswo. ‘“Magnetic measurement of the spatial distri-
bution of action currents in injured squid giant axons
and squid giant synapses.”

3s

Fox, S. H., A. B. DuBois, and C. S. Ogilvy. “The effect
of carbon dioxide on blood pressure, heart rate, intra-
cranial pressure, and the Cushing response in bluefish
(Pomatomus saltatrix).”

Kaplan. llene M., Barbara C. Boyer, and Lesley Carmi-
chael. “The impact of socio-economic trends in the
New England Conch (Busy Con) fishery on environ-
mental changes and seafood inspection.”

Nelson. Leonard, and Lucio Cariello. “Enzymatic cor-
relates of Arbacia punctulata gametes exposed to pes-
ticides.” ;

Reynolds, G. T., and D. A. Hajduk. “Luminescence from
polymerization of acrylamide.”
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Imaging Preterminal Calcium Concentration Microdomains in the Squid Giant Synapse
R. Llinds', M. Sugimori' and R. B. Silver® (* Department of Physiology and Biophysics,
New York University Medical Center, New York, New York; and *Section and Department
of Physiology, Cornell University, Ithaca, New York 14853-6401)

Intracellular calcium is the main trigger for transmitter release
at most chemical synapses (1). The mechanisms by which cal-
cium activates such release is presently unknown. The initial
working hypothesis about the relationship between intracellutar
calcium concentration ([Ca®*];) and transmitter release was based
on results from the neuromuscular junction (2), and was pro-
posed as a single-compartment release model. According to this
model. vesicles are exocytosed following a fourth-order relation
with respect to [Ca’*};. This model, while useful, and clearly the
best that couid be made at the time, did not consider the many
variables that regulate such parameters as [Ca®*), or vesicular
availability. Moreover, calcium was thought to flow uniformly
across the preterminal membrane, and the model of transmitter
released did not adequately consider the ultrastructure of the
presynaptic terminal. Present information regarding such pa-
rameters demand a more complete multi-compartment model.

Indeed. the possibility that calcium channels are localized at
a discrete site in the preterminal was suggested in the late-70’s
(3). The suggestion came as a result of voltage-clamp experi-
ments, which revealed the latency between the tail current cal-
cium entry and transmitter release 1o be as short as 200 ms (3, 4).
This morphological prerequisite of synaptic vesicles being directly
apposed to the calcium channels was recently confirmed his-
tologically (5). From voltage clamp data. the maximum [Ca®*},
against the membrane was calculated to be about 107*Yf (4).
These results shifted the focus from cytosolic residual calcium
to the problem of what is now known as calcium microdomains
(6-9). The term "“calcium microdomains” refers to a very precise
distribution of sites for [Ca**]; change. These microdomains were
expected to occur against the inside of the presynaptic terminal
at the active zone. In fact. each active calcium channel is thought
to produce a rapid (i.2.. a few Ms) increase in {Ca*};, lasting
for the duration of the average open time of the channel (8).
This influx is thought to generate a {Ca**), profile as high as
200-300 Mmoles in the proximity of the caicium channels. This
being the case, transmitter release would be triggered by extraor-
dinarly high transient calcium-concentration change in the im-
mediate vicinity of the presynaptic retease site where the vesicles
are lodged (4. 8).

To test this hypothesis. a special type of signalling methodology
was introduced. A hybrid synthetic n-aequorin/J (10), having a
sensitivity to [Ca®*}; in the order of 107, was developed for this
purpose by Dr. Shimomura. This aequorin was injected presyn-
aptically at a concentration of 5%. in conjunction with “dis-
charged™ normai sensitivity aequorin made fluorescent to permit
its intracellular localization. The distribution of the injected
protein following impalement of the presynaptic terminal of the
giant synapse of the squid Loligo pealii was visualized with a
fluorescence microscope using a 40X water-immersion lens. Ae-
quorin luminescence was then detected with a VIM camera op-
erated in the photon counting mode: the images stored on vid-

eotape and characterized by digital image processing and analysis
methods.

Results were obtained from eight different synapses bathed
in artificial seawater (10 mAM Ca?*); one synapse was injected
with normal aequorin, and the other seven injected with the n-
aequorin/J. Upon tetanic stimulation, small points of light were
detected over the preterminal region in the area of the “active
zone” (Fig. 1).

These points had an average diameter of approximately 0.5
um and were distributed over roughly 5-10% of the total area
of the presynaptic membrane (with an average of 8.39 ux° per
100 &°) (Fig. 1). Results from all synapses were quite similar.
They show that the portion of the presynaptic terminal forming
the active zone emits light during presynaptic activation, indi-
cating that the calcium concentration is elevated in the range of
107* M during this active period.

The location of these small light sources was determined by
two methodologies. First, light-emission points were accumulated
during several seconds of stimulation, and the spatial and tem-
poral distribution of the blips was then studied. Second, to ensure
that the location of the patches of blips were similar within re-
peating stimuli, sets of successive temporal image integrations
of the recording were compared.

Both methods illustrated a similar distribution of microdo-
mains and roughly the same size and intensity of light points.
The resuits suggest that microdomains may belong to one of
two varieties: (1) those frequently activated, and (2) those that,
while repeating, activate less ofien. Finally, analysis of digitized
sub-regions of the image field showed that the temporal and
spatial distribution of microdomain action through time reflects
the temporal cycling of active sites from one point of membrane
to the next, during stimulation. This finding suggests that an
even more complex modulation of activity may be present in
these terminals. Indeed, in addition to calcium microdomains,
compartmentalization of other parameters such as the degree of
phosphorylation of synapsin I (11) may also show dynamic in-
teraction, which would ensure a fine control of transmitter release
from one impulse to the next. Of interest here is the possibility
that a certain number of calcium channels may have to be active
simultaneously in order to activate the aequorin signals observed
here. In that case, the high level of [Ca?*}; obtained at the mi-
crodomain may itself reduce, by a “lateral inhibition™ type effect,
the probability of further calcium channel activation in a given
active site.

We extend our deep gratitude to Dr. Osamu Shimomura for
his generous gifts of the custom aequorin preparations used in
this study. The authors gratefully acknowledge research grant
support from the NIH (NS 14014 to RL). the U. S. Air Force
(OSRG85-0368 to RL). the NSF (DCB-9005343 to RBS) and
the Cornell—U. S. Army Biotechnology Center of Excellence
Program (24629-LS-UIR to RBS).
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Figure 1. [mugery ot Cu™*-dependent aequorin luminescence irom pre-terminal of the squid giant svnapse.
Note the discrete sizes of individual blips. Pseudo-coloring 15 used to indicate brightness of each blip: white
and red are the brigitest blips. blue and violet blips are the weast itense. Punel A. A 10-s integration of the
pre-ternunal 30 s prior to stimutation. Panei B A 10-y integration of the same region of the pre-terminal
vhown in Panel A4 60 s tollowing the onset of tetgnic sumuiation. Note the increase in the number ot blips
compared to Panei A Panel C An enlarged image o1 caictom microdomains in the region indicated within
the iset borders ot Panel B Bar = 10 um
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Synaptic Background Activity Influences Spatiotemporal Integration in Single Pyramidal Cells
Ojvind Bernander and Christof Koch (California Institute of Technology,
216-76. Pasadena. CA 91125)

Standard 1-D cable theory models the voltage behavior of

spatially extended cable structures in response to svnaptgc inputs.
These models usually assume R, of 5-20.000 cm- and a smatl
number of activated svnapses. Each svnaptic input induces a
transient increase in the membrane conductance. which 1s small
relative to the total cell conductance. However. neurons do not
extst insolation. but are part ot a heavily interconnected network
of neurons that are spontancously active: ¢ ¢.. 1n visual cortex
atrates between 0.3-3 svnaptic events per second {Hz) (1) Given
that the average cortical pyramidal cell receives input from 10—
20000 svnapses. this background activity can cause an added
membrane conductance comparable to G, = | 'R.,. In the hight
of recent evidence suggesting much higher vajues tor R (2)
this svnaptic background activity mav actually consutute the
bulk ot the effecuive membrane conductance. Here we study the

overall effect of svnaptic background activity on the spatial and
temporal integrative properties of a single pyramidal cell.

A typical laver V pyramidal cell in the stnate cortex was filled
with HRP during in vivo experiments on anesthetized. adult
cats: R, = 21 MQ and r,, = 22 ms (3). Lengths and diameters
of all 163 dendritic branches were measured. and the data was
ted into a modified version of NEURON, a single cell simulator
developed by M. Hines and J. Moore (4). Passive properties
were set to: R, = 100.000 cm*, C, = 1 ym -~ R, = 200 Qcm.
and E..,, = =66 mV. Seven active Hodgkin-Huxley-like currents
were located at the soma. including a calcium-dependent K cur-
rent. giving such basic behavior as spike adaptation and pnmary
slope of the curve relating injected current to the number of
action potenuals tniggered. We modeled 4000 excitatory synapses
using g(1) = const te “'"™* for the ume-varving conductance 1n-
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Figure 1. Impact of svnaptic background frequency (in synaptic events
per second. Hzj on cellular parameters of the layer V cell described in
the text. (a) Somatic input resistance. R,,, in the absence of any active
currents (top curve: passive neuronj and in our standard model (botiom
curve). Over this range. the somaiic input conductance varies from 9.1
nSiatf=20)to 151 nS (at { = 7 Hz). (b) Membrane time constant. .,
measured at the cell bodv. (c) Somatic resting potential. V.. (d) Elec-
trotonic distance. L, from the soma to three different locations (the distal
end of a basal dendrite. a point halfway up the apical tree and the most
distal point in layer ).

crease (With goe = 0.5 nS and tp, = 1.5 ms). 500 inhibitorv
synapses of the GABA., type (With gpea = 1.0 nS and t, = 10
ms) and 500 of the GABAg type (with gyea = 0.1 1S and t,,
= 40 ms). The density of inhibitory synapses was highest on. or
close to. the soma. and vice versa for excitatory synapses.
Figure 1 illustrates what happens if the synaptic background
activity, (f) is varied. In the absence of input (corresponding to
slice conditions). R, = 153 MQ and 7,, = 80 ms. while V. is
putled between E,,, and Ex (—95 mV). At 1 Hz background
activity, 5 synaptic events are impinging on the cell every ms.
contributing a total of 24 nS to the somatic input conductance
G, (corresponding to 34%). Along with R, r, drops with in-
creasing f. This drop is most dramatic between 0 and 2 Hz.
Because of the reversal potential of the excitatory synapses (0

mYV), the membrane potential throughout the cell is pulled to-
wards more depolarizing potentials. That the spatial integrative
properties vary with f is demonstrated in Figure 1d. The elec-
tronic distance of three locations are plotted vs. f. As we go from
0 to 2 Hz. the distance increases almost by a factor 3, making
the cell much less compact, effectively isolating distal parts of
the apical tree.

We showed that the synaptic background activity can modify
the temporal integration behavior of the cell, by computing the
minimal number of excitatory synapses necessary to generate
at least one action potential. We compare the case in which ail
synapses are activated simultaneously with the case in which
the inputs arrive asynchronously, smeared out over 25 ms. If f
= 0, 115 synapses must fire simultaneously to generate a single
action potential. while 145 are needed if the input is desyn-
chronized. This small difference is due to the long integration
period of the cell. If the background activity increases to f = |
Hz. 113 synchronized synaptic inputs—spread out all over the
cell—are sufficient to fire the cell. If, however, the synaptic input
is spread out over 25 ms. 202 synapses are now needed to trigger
a response from the cell. This is mainly due to the much smaller
value of 7, relative to the period over which the synaptic input
is spread out. The difference between synchronized and unsyn-
chronized synaptic input in evoking action potentials becomes
much larger if periodic, repetitive synaptic input is considered.

The principal phenomenon reported here is the dramatic effect
that nerwork activity can have on the spatiotemporal integration
behavior of single neurons. Our resuits show that the large values
of R,, and r,, reported by several groups for pyramidal celis (2,
5, 6) may simply reflect the lack of general synaptic background
activity tvpically observed in slice preparations. This would also
explain the lower values of V., seen in slices as compared to in
vivo intracellular recordings. Thus, the overall activity of the
network can alter the properties and the behavior of single neu-
rons. Our prediction can be simply tested by recording from
one cell and varying the overall network activity with the help
of sensory afferents.
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REGULATION BY SYNAPSIN I AND Ca?*-CALMODULIN-DEPENDENT
PROTEIN KINASE II OF TRANSMITTER RELEASE IN SQUID GIANT
SYNAPSE
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AND P. GREENGARD?
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{Received 3 August 1990)

SUMMARY

1. Presynaptic or simultaneous pre- and postsynaptic voltage-clamp protocols
were implemented in the squid giant synapse in order to determine the magnitude
and time course of the presvnaptic calcium current ([.,) and its relation to
transmitter release before and after presvnaptic injection of proteins. These included
several forms of synapsin [. calcium—calmodulin-dependent protein kinase II (CaM
kinase II) and avidin.

2. The quantities and location of these proteins were monitored by fluorescence
video-enhanced microscopy during the electrophysiological measurements.

3. Presynaptic injection of dephosphorylated synapsin 1 inhibited synaptic
transmission with a time course consistent with diffusion of the protein through the
terminal and action at the active release zone. A mathematical model relating the
diffusion of synapsin I into the terminal with transmitter release was developed to
aid in the interpretation of these results.

4. Synapsin [ inhibition of transmitter release was reversible.

5. The action of synapsin I was highly specific, as phosphorylation of the tail
region only or head and tail regions prevented synapsin I from inhibiting release.

6. Injections of heat-treated synapsin I or of avidin. a protein with a size and
isoelectric point similar to those of synapsin I. had no effect on transmitter release.

7. CaM kinase II injected presvnaptically was found to facilitate transmitter
release. This facilitation. which could be as large as 700 % of the control response. was
related to the level of penetration of the enzyme along the length of the preterminal.
A mathematical model ot this facilitation indicates a reasonable fit between the
distribution of CaM kinase II within the terminal and the degree of facilitation.

8. The overall shape of the postsynaptic response was not modified by either
svnapsin I or CaM kinase Il injection.

9. The data suggest that. in addition to releasing transmitter. calcium also
penetrates the presynaptic cytosol and activates CaM kinase II. When activated.
CaM kinase II phosphorviates synapsin 1. which reduces its binding to vesicles
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and/or cytoskeletal structures. enabling more vesicles to he released during a
presynaptic depolarization. The amplitude of the postsynaptic response will then be
hoth directly and indirectly regulated by depolarization-induced (‘a?* influx. This
model provides a molecular mechanism for synaptic potentiation.

INTRODUCTION

Electrophysiological and morphological studies in the squid giant synapse
preparation have yielded significant insights into the mechanisms of depolar-
ization-release coupling in chemical transmission (Katz & Miledi. 1967: Llinas.
Nteinberg & Walton. 1981 a. b: ef. Augustine. Charlton & Smith. 1987). Because both
the pre- and postsynaptic terminals in this junction can be impaled directly (Bullock
& Hagiwara. 1957: Hagiwara & Tasaki. 1958), the depolarization-release coupling
process may be studied at its site of occurrence. We have recently examined some of
the biochemical steps involved in the release process. Since the presynaptic terminal
can generate action potentials (Miledi & Slater. 1966: Llinds. Sugimori & Simon.
1982). the effects of presynaptically injected proteins on depolarization-release
coupling can be directly tested using spike activation. In addition, pre- and
postsynaptic voltage clamping. combined with pharmacological blockade of Na* and
K* conductances. allow precise measurement of the presynaptic Ca?* current.
Transmitter release can be inferred from the time course and amplitude of the
postsvnaptic potential (Llinas. Steinberg & Walton. 1976: Llinas et al. 1981b) or
the postsynaptic current (Llinds & Sugimori. 1978: Augustine & Charlton. 1986).
thereby allowing determination of the relationship between Ca?* entry and
transmitter release.

Several findings have suggested a prominent role for the protein synapsin I in
synaptic transmission. For instance. synapsin 1 has been found to be nearly
ubiquitous in presvnaptic terminals. and to be closely associated with the
cvtoplasmic surface of small svnaptic vesicles. It represents about 1% of the total
neuronal protein in the mammalian brain (DeCamilli. Cameron & Greengard. 1983:
Greengard. Browning. McGuinness & Llinds, 1987). Earlier experiments in the squid
giant synapse have indeed shown that intracellular injection of synapsin I can block
svnaptic transmission. and that Ca**-calmodulin-dependent protein kinase II (CaM
kinase II) has a facilitory effect (Llinds, McGuinness. Leonard, Sugimori &
Greengard. 1985: Greengard et al. 1987).

Baseu or ihese and other findings. we hypothesized that synapsin I serves to
immobilize synaptic vesicles by binding them to cytoskeletal elements, and that
phosphorylation of svnapsin I by CaM kinase II liberates vesicles from these
attachments (Llinds ¢t al. 1985: DeCamilli & Greengard, 1986: Greengard et al. 1987:
McGuinness. Brady. Gruner. Sugimori. Llinds & Greengard, 1989; DeCamilli.
Benfenati. Valtorta & (reengard. 1990).

The regulation of synapsin I phosphorylation is of central importance to this
hypothesis. Synapsin I can be phosphorylated at three sites: site 1 is located in the
globular head region of the molecule. while sites 2 and 3 are located in the elongated
tail region. Previous studies have indicated that CaM kinase II is capable of
phosphorylating synapsin [ on its tail sites, while the head site can be phosphorylated
either by cyvclic AMP-dependent protein kinase or by Ca**—calmodulin-dependent
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protein kinase I (Huttner & Greengard. 1979: Sieghart. Forn & Greengard. 1979:
Huttner. DeGennaro & Greengard. 1981: Kennedy & Greengard. 1981: Czernick.
Pang & Greengard. 1987: Nairn & Greengard. 1987). Phosphorviation of the tail
region by (‘aM kinase Il reduces the binding of synapsin I to svnaptic vesicles
(Huttner. Scheibler. Greengard & De('amilli. 1983 : Schiebler. Jahn. Doucet. Rothlein
& Greengard. 1986 Benfenati. Bahler. Jahn & Greengard. 1989) as well as to actin
(Bahler & Greengard. 19587 : Petrucei & Morrow. 1987). [t has been hypothesized that
svnapsin [ cross-links svnaptie vesicles to actin. and that upon phosphoryvlation of
svnapsin [ by CaM kinase 1. the vesicles are free to move from a “reserve pool to
a ‘releasable” pool (Llinds «t «l. 1985: Bahler & Greengard. 1987: Benfenati et al.
1989 : DeC'amilli et al. 1990). The size of the postsynaptic response would then depend
on bhoth the size of the inward calcium current and the number of vesicles available
for release. Here we present results obtained following the injection of synapsin I and
("aM kinase II which are consistent with this hypothesis. Some of the results have
been reported in preliminary form (Llinds et al. 1985).

METHODS

Stellate ganglion preparation

Experiments were performed in the giant svnapse of the squid Loligo pealii at the Marine
Biological Laboratorv. Woods Hole. MA. USA. After decapitation of the squid. the stellate
wanglion was isolated from the mantle under running sea water and placed in the recording
chamber. The connective tissue over its surface was removed while the gangiion was continuously
supertused with artificial sra water for the duration of the experiment (Llinas et al. 1981a). The
presvnaptic terminal was impaled with two microelectrodes: one to inject current and the different
proteins. and one to measure voltage. which provided the feedback signal for the voitage-clamp
amplifier. Chemicals (TE.\) and proteins {phosphorylated and dephosphorylated svnapsin I. mock
phosphorvlated synapsin I. avidin and ('aM kinase II) were injected into the presynaptic terminal.
using pressure pulses 50-100 ms in duration. regulated to 10® N/m?. The postsvnaptic fibre was
impaled with two electrodes. one for voltage recording, the other for current injection. A brief
electrical stimulus to the presvnaptic bundle via a bipolar electrode located proximal to the stellate
ganglion was used to contirm the viability of the preparation prior to the initiation of each
experiment. Following demonstration of svnaptic transmission. the sodium and potassium
conductances (g,.¢,) were blocked by bath application of tetrodotoxin (TTX: 5 x 107* u) and 4-
aminopyridine (4-AP) (tinal concentration 1 mM). In addition. TEA was also injected pre-
synaptically in some experiments (see Figs 6.4. 9 and 10). Careful monitoring revealed that during
this procedure the potential at the recording electrode depolarized transiently by 2-5 mV in
successtul injections. Unly in those experiments where the membrane potential stabilized within
5 mV of the pre-injection membrane potential level was the experiment continued. In our initial
experiments. dephosphorylated synapsin I was injected prior to any pharmacological intervention
to investigate the action of synapsin I in the absence of the ionic channel blocker. The presynaptic
as well as the simultaneous presvnaptic and postsynaptic voltage-clamp and calcium current
measurement techniques have heen previousiy described (Llinds & Sugimori. 1978: Llinds et al.
1981 a: of Augustine ¢t al. 1987).

Visualization of intracellularly injected proteins

To visualize the proteins used in the presvnaptic injections. the various forms of synapsin I and
avidin were made Huorescent by conjugation to the dye Texas Red (see below). Binding of the dye
to synapsin I did not alter its ability to: (a) be phosphorylated by CaM kinase 11 as assessed using
the procedure of McGuinness. Lai & Greengard (1985): (b) bind to purified synaptic vesicles using
the procedure of Schiebler ¢t al. (1986): or (¢) inhibit neurotransmitter release (present report). A
high-gain fluorescence imaging svstem consisting of a Videcon camera attached to a microchannel
plate-image intensitier (imaximum lizht magnitication. 10%) allowed us to localize the protein in the

92
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preterminal. The image was then analysed on a4 Hamamatsu O 1966 VIM image analvsis svstem
which gave a well-defined Huorescence protile. The movement of the labelled protein was measured
at different times after the injection and its movement along the terminal was determined by
entering the enhanced imave 1nto a computer tor graphic analysis. The rate of protein movement
was determined by measuring the advance of the wavefronts as the terminal filled. and then
ralculating the percentage area of the terminal which remained unfilled at each time point. As
discussed helow. atter the protein had diffused several hundred micrometres and its concentration
had declined. the wavetront became less well detined and thus its position gave an underestimate
of the extent of protein movement into the terminal. The diffusion velocity of synapsin [ and avidin
measured in this way was typreally 23-33 gm mun ' (of. Fig. 307

The location of CaM kinase [T wax indirectly determined by adding Texas Red-labelled bovine
serum albumin 1BSA) to the injection solution since the binding of dyves interfered with its
soiubility and/or its ability to phosphorviate svnapsin I Addition of labelled BSA to the (CaM
kinase IT solution had no detectable effect on the ability of the enzyme to phosphoryiate svnapsin
[ in vitro or on its ablity to enhance neurotransmitter release from the giant svnapse.

In early experiments the volume of svnapsin I injected into the presynaptic terminal was
determined using ‘**I-labelled syvnapsin [ which was measured directly. using a gamma counter. In
five trials. the volume injected was 0-05-1 pl. i.e. < 10%0 of the total volume of the terminal digit.
corresponding to a maximal intracellular svnapsin I concentration of 1-35 uM. Synapsin [. avidin
and BSA had similar mobilities in the terminal.

Preparations of proteins

Dephosphorviated svnapsin [ was puriied from bovine brain by modification (Bahler &
Greengard. 19871 of the procedure of Schiebler ¢f al. (1986). CaM kinase II was purified from rat
forebrain as previouslyv idescribed (Metiuinness ¢f al. 1985). with the addition of hvdroxviapatite
chromatography mserted between the DEAE -cellulose chromatography and ammonium sulphate
precipitation steps. The purided CaM kinase [1 (05 mg ml™!) was dialvsed extensively against
-3 M-potassium  acetates 10 my-potassium phosphate. pH 74 (injection buffer) and stored at
—70°C untll immediatelv betore use. The catalytic subunit of cvelic AMP-dependent protein
kinase. puritied as described (Kaczmarek. Jennings. Strumwasser. Naim. Walter. Wilson &
Greengard. 1980, was a gift of Dr A €. Nairn. Calmodulin was purified as described (Grand. Perry
& Weeks. 1979 Avidin. a basie protein similar in size to synapsin [. was labelled with the
tluorescent dye Texas Red. Texas Red-labelled avidin and Texas Red-labelled BSA were obtained
from Molecular Probes (Eugene. OR. USQ). dissolved in and dialysed extensively against the
injection buffer. and stored in aliquots at =70 °C until immediately before use. Protein
determinations were pertormed by the method of Peterson (1977) using BSA as the standard.

Svpapsin [ (35 mg mi ") was phosphorviated by incubation for 30 min at 30 °C in 530 mM-Tris-
HCL pH 7-5. 150 my-Nat 1 0-4 mM-TGTAL | my-dithioervthritol. 10 my-MgCl,. 100 uM-ATP with
trace amounts of [7-3*PJATP. with either CaMl kinase IT (34 gg ml™}). 07 mm-CaCl,. 30 ug mi-!
calmodulin and/or the cataivtic subunit of evelic AMP-dependent protein kinase (60 nm/0-1°%
Nonidet-P4#). Mock phospho-syvnapsin [ was prepared as above except that both kinases. Ca('l,.
caimodulin and Nonidet-P40 were added while ATP was omitted from the reaction mixture.
Svnapsin 1 was phosphorviated to a stoichiometry of 20 mol mol-! by (aM kinase IT and
0-95 mol mol™! by the catalvtic subunit of cvelic AMP-dependent protein kinase. as contirmed by
one- and two-dimensional peptide mapping of the phosphorviated ssnapsin I molecules (Huttner
et al. 1981 : Kennedy & Greengard. 1981 Kennedy. MeGuinness & Greengard. 1983).

The synapsin [ preparations to be Huorescently labelled were dialvsed extensively against (-1 M-
Tris-HCl (pH 9. 50 mm-NaCl and then concentrated on an Amicon centricon 30 unit to a tinal
protein concentration of 1 mg mi '. Conjugation to the fluorescent probe Texas Red (Molecular
Probes. Eugene. OR. USA) was performed according to the method of Titus. Haugland. Sharrow &
Negal. (1982). Brietly. 1 my¢ of Texas Red was dissolved in 250 ul of dimethviformamide and an
aliquut was immediately added to the protein solution (0-5-1-0 mli) using a ratio of 0-04 mg Texas
Red: 1 mg protein. Conjugation reactions were carried out for | h at 4 °C. Svnapsin I. in both the
labelled and unlabelled preparations. was puritied away from kinases and/or unbound Texas Red
by C'M-cellulose chromatography at pH 80 (Ueda & (ireengard. 1977). Syvnapsin [ was eluted from
the ('M-cellulose column with injection butfer. concentrated as described above. dialvsed overnight
agamnst the mjection butter. centrifuged at 430000 ¢ for 15 min to remove large aggregates. and
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either stored at 0 (" and used witnin 7 davs of preparation or stored at —70 °C and thawed
immerdiately before use. The absornance ratio 4, 150 0f the labelled svnapsin I ranged from ¢-7 to
I'3. giving an esumated molar <ve:protein ratio of 3:1 to 12:1. One-dimensional SDS-gel
electrophoresis confirmed that the duorescence co-migrated with the synapsin [ protein staining
bands.

Dnter apalysis

Electrophysiological responses were stored on a Nicolet 4094 B digital oscilloscope and transterred
to a Macintosh [T computer tor anaivsis. Peak amplitudes for the postsynaptic potentials (PSP) or
currents (PSI) were determined using the average value of the pre-stimuius baseline as reference.
In some experiments. the amphtude of the postsvnaptic response was obtained by integrating the
curves over the period required 1or the largest response to return to baseline. Indeed. in those cases
where the shape of the response . urve did not change as a function of stimulus amplitude. the
integral of the response was proportional to the peak response amplitude at all stimulus levels. This
was tested in three preparations in which integrais of postsynaptic currents or voltage responses
were calculated and compared to peak-to-peak amplitudes. In each case. there was a high (R* ~
+93) linear correlation between the peak amplitudes and the integrals of the responses when
compared at various stimulus ievels. and there was no apparent change in the shape of the
responses. The maximum rate o1 nse of the response was determined by a computer aigorithm
which determined ~lopes for successive sets of five points 20 us apart. beginning at the onset of the
~timulus artifact to the time of the response peak. The maximum slope determined by the
computer was overiaid on the raw waveform for visual verification. Statistical calculations (linear
correlation coetlicients. t tests) were pertormed using commerciai statistics programs.

RESULTS

The database comprised fifty-two experiments involving injections of various
dephosphoryvlated and phosphorvlated forms of synapsin I. avidin and CaM kinase
II. The results of these experiments are summarized in Table 1. More than 100
experiments. in which the preterminal had been injected with one of the above
proteins. were excluded from this database for one of the following reasons: (a)
failure to achieve normal pre- and postsynaptic resting membrane potential values
atter injection : :h) =ignificant drop in membrane potential (more than 5 mV) or of
input resistance and (c¢) leakage of dve into the extracellular compartment. Fine
adjustments of the electrode positions were sometimes needed to maintain recording
integrity. If a microelectrode came completely out of a terminal more than once. the
data were discarded.

Synapsin [ and transmilter release

Effect of dephosphorylated synapsin I on neurotransmitter release elicited by
presynaplic action potentials

In twenty-one experiments. dephosphorviated svnapsin I (synapsin ) was
successfully injected into the final preterminal digit between 200 and 1100 gm from
its distal end and allowed to diffuse throughout the remainder of the digit. In one
experiment the postsyvnaptic potential elicited by presvnaptic nerve stimulation was
measured at regular interyais atter injection of the protein. This allowed the release
properties of the svnapse to be determined in the absence of other pharmacological
agents. As shown in Fig. 1. injection of svnapsin I was accompanied by a reduction
of transmitter release as measured by the decline in amplitude of the PSP. The
postsynaptic response decreased in amplitude after this injection as the protein
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diffused into the preterminal digit. without any change in the amplitude of the
presvnaptic action potential. This decrease in the postsynaptic response was almost
vomplete 24 min after the injection.

These tindings are in agreement with our initial observations that the injection of
dephosphoryvlated =vnapsin 1 can block the release of transmitter induced by

TasLe L. Summary of injection experiments

Injection AY NC I F
CaM kinase [T 9 0 { 8
Svnapsin | 21 1 20 0
Mock phospho-svnapsin [* 3 0 3 0
Heat-treated svnapsin [ 2 2 0 0
Head-tail-phosphorylated svnapsin | 4 3 1 0
Head-phosphorviated svnapsin I 7 1 6 0
Tail-phosphorviated synapsin I 2 2 0 0
Avidin 4 4 0 0
Total number 32 — — —

Y. total number: NC. no change: 1. inhibition of release: F. facilitation.
* Prepared as phospho-svnapsin [ except rot phosphorylated.

presvnaptic action potentials (Llinds ¢t al. 1985) and with those recently published
on Mauthner vell function in the vertebrate central nervous svstem (Hackett.
Cochran. Greenfield. Brosius & Ueda. 1990).

Relation between dephosphorylated synapsin [ diffusion into the terminal and
neurotransmitter release eroked by presynaptic voltage steps

In order to establish the parameters that determine blockade of transmitter release
by dephosphorvlated xvnapsin 1. calcium currents were measured before and at
several intervals after injection of svnapsin 1. The presvnaptic terminal was voltage
clamped and transientlv depolarized by rectangular voltage pulses of constant
amplitude (40 mV') and duration (45 ms) from a holding potential of —65 mV. This
allowed the time course and amplitude of the postsynaptic response to be determined
as a function of the presvnaptic I, (Llinas et al. 19814a. b: Augustine. Charlton &
Smith. 1985).

The decrease in postsynaptic response to constant amplitude voltage steps
following synapsin | injection at the proximal end of the presvnaptic digit is shown
in Fig. 2. The presyvnaptic voltage step was repeated at the intervals indicated by the
numbers to the left in the top panel of Fig. 2 which indicate time in minutes after
injection. The results contirm our previous finding that synapsin I does not affect /.,.
in contrast to its dramatic inhibition of the postsynaptic response (Llinds et al. 1983).
Almost complete inhibition of the postsynaptic response occurred at about 25-30 min
(see plot in Fig. 3B). In this experiment. g, was not completely blocked. as TEA was
not injected to avoid a possible interaction with the action of synapsin 1. However.
it can be seen that the initial rate and amplitude of /., was unaffected by svnapsin
I. Furthermore. in subsequent experiments (see Fig. 6) it was observed that TEA. in
amounts required to abolish the K- currents. did not interfere with the ability of
svnapsin | to block transmitter release.
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In order to determine the mobility of synapsin I within the presynaptic cytosol.
and to investigate the relationship between the location of synapsin I and transmitter
release. a series of experiments were carried cut in which synapsin I was injected at
various locations along the preterminal. Synapsin I was labelled with the fluorescent

Preterminal f 036

Fig. 1. Pre- and postsvnaptic potentials from the squid giant synapse before and after
presvnaptic injection of svnapsin [. Synaptic transmission was almost completely blocked
24 min after injection. No signiticant change in the presynaptic spike was observed. The
decrement in postsynaptic spike amplitude was due to g, inactivation and g, activation
as the time required for the PSP to reach firing level was prolonged by the progressive
block of synaptic transmission. The numbers give the time after synapsin I injection in
minutes.

dye Texas Red and imaged using video-enhanced microscopy (see Methods) which
allowed constant monitoring of the diffusion of the synapsin I-Texas Red conjugate.
The results of two experiments are shown in Fig. 3. The initial diffusion rate of
synapsin I into the presynaptic terminal. as determined by analvsis of video-
enhanced microscopic images of five individual injections, ranged between 23 and
108 um min™! (mean+s.p. = 54+33). This value is similar to that found for
injection of similar proteins. such as avidin (see below). The amplitude of the
postsyvnaptic response and the filling of the presynaptic terminal are plotted in Fig.
34 as a function of time for a synapse in which synapsin I was injected 300400 zm
proximal to the beginning of the svnaptic zone region. Data for a svnapse in which
the injection was near the proximal edge of the active zone region are plotted in Fig.
3B. The maximal reduction in mean amplitude occurred after svnapsin I had
completely filled the presvnaptic terminal (Fig. 3B).

The initial rate of filling of the presynaptic terminal was best fitted by a linear
function. In cases where the injection was relatively small and/or more than several
hundred micrometres from the end of the terminal. the fluorescence intensity became
faint and the diffusion rate appeared to slow dramatically near the end of the
terminal. In Fig. 3B. for example. the fluorescence was very low after the initial
5 min following injections. This did not occur for the injection shown in Fig. 34.
perhaps because of the relatively large size of the injection.
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In contrast to the linear time course of filling of the terminal. the initial time course
of postsynaptic inhibition was better fitted by an exponential curve. When the
injection was further from the edge of the active zone. as in the experiment
illustrated in Fig. 34. the onset of inhibition was delayed for a period of time. In

10 mv

100 nA

’ 25 mV

2ms
Fig. 2. Postsynaptic voltage (above) and presynaptic I, (middle) following a presvnaptic
injection of synapsin I. A constant presynaptic voltage pulse was delivered at regular
intervals before and after the injection (bottom). The postsynaptic responses illustrated
were recorded at the intervals given by numbers to the left (in minutes).

some cases. the rate of reduction in PSP amplitude also appeared to decline as the
wavefront approached the end of the terminal, suggesting that release from the most
distal terminal region may not be as large as that from the rest of the preterminal.

Since the morphology of the preterminal varies quite markedly in length, position
and diameter (Martin & Miledi. 1986), drawings were made of the terminals in all
experiments in which dye-labelled proteins were injected. The amplitude of the
postsynaptic potential is plotted as a function of time after synapsin I injection in
Fig. 4 for five terminals (including those shown in Fig. 3) along with diagrams
showing the movement of the dye through the terminal digit. The approximate
position of the active synaptic release zone. as determined by microscopic
observation. is indicated in Fig. 4B. Two injection sites were at the release zone ; one
was on the proximal edge. and two were several hundred micrometres distant from
the proximal edge of the active zone. When synapsin I was injected at the centre of
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the digit and the diffusion distance to the release sites was negligible. the blockade
oceurred almest immediately (up to 80% reduction within 1 min) in most cases. In
such cases. presynaptic filling and complete blockade could oceur in as little as
3-5 min. and the time to complete blockade was closely related to the time taken to
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Fig. 3. Comparisons of the time course of PSP amplitude and terminal loading with Texas
Red-labelled svnapsin [. as determined by movement of the fluorescent wavefront. A,
injection 300~400 ym from the proximal edge of the synaptic zone. Note linear filling of
terminal by labei (@). PSP amplitude began to decline exponentially about 10 min after
synapsin I injection (H). B. injection near the proximal edge of the synaptic zone.
Movement of label was initially linear. then slowed after 5 min while it diffused through
the last third of the terminal (@). PSP amplitude began to decline immediately after
injection. initially following an exponential time course, then becoming more linear after
10 to 15 min (W).

fill the entire terminal as determined by video analysis. In some cases the inhibition
of transmitter release did not begin for up to 2 min after the injection, even in cases
where synapsin I was deposited at the centre of the active zone region as, for
example. injection no. 2 in Fig. 4. This small delay might be related to the size of the
injections. Thus. in the case of injection no. 2. which was smaller than usual. diffusion
to the release zone may have been prolonged.
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Time (min)
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Fig. 4. Synapsin I loading and PSP amplitude. 4. plot of PSP amplitude (as a percentage
of pre-injection peak amplitude) as a function of time for five synapsin I injections at
different points along the terminal finger as shown in B. Note progressively delayed onset
and lower rate of inhibition when injection was farther from the end of the digit. B,
reconstructions of terminals from video images showing the progression of the fluorescent
wavefront at times (in minutes) indicated after injection. The electrode tip is indicated by
black dot. Note that at ¢t = 0, the volume of labelled synapsin I injected is indicated by
the size of the region immediately surrounding the injection site. The location of the
junction is indicated by the stippled pattern around the outside. The injection numbers
(nos. 1-3) appear to the left of the reconstructions. Injections nos. 1 and 2 were within the
active zone: no. 3 was near the proximal edge: and nos. 4 and 5 were approximately 200
and 400 um proximal to the edge. respectively.
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When synapsin I was injected close to the proximal border of the active zone area
(injection no. 3). inhibition began within 1-2 min. but the time required for complete
inhibition was longer. presumably because the protein had to travel farther to
penetrate the entire terminal. As seen in Fig. 3B. and in Fig. 4 injection no. 3. 80%
inhibition took 10 min to occur in this case. When svnapsin [ was injected several
hundred micrometres from the terminal digit. a delay of 3-10 min was seen between
injection and onset of blockade. In Fig. 4 injection no. 5 (300—400 xm from the active
zone). svnapsin [ was not detected at the active zone until about 15 min after
injection. while inhibition began at approximately 10 min. This temporal disparity
may be accounted for by differences in threshold for visual detection versus svnaptic
inhibition. as discussed below.

Theoretical model for synapsin [ action on synaptic transmission

In order to better understand the dvnamics of terminal filling and PSP blockade.
we developed a compartmental model for the diffusion of synapsin I into the
presynaptic terminal in which »n equal dimension compartments were placed end to
end. and several compartments in the centre were filled with dyve (or protein) at time
0 (t = 0). The fluorescent dye was then allowed to " diffuse " through the compartments
(Fig. 3). According to Fick’s First Law of Diffusion

where S = solute flow of the /th particle as a function of distance x. D = the diffusion
coefficient. and ¢ = concentration. the amount of dye diffusing between two
compartments wiil depend on the difference in concentration between them. This is
equivalent to assuming that at cach iime point. a fixed percentage (‘D’) of the dye
in each compartment will move to either of the adjacent compartments. Here we
have used a compartmental model. assuming for convenience that at each time point
some percentage of the dye in each compartment. j, will move into each of the
adjacent compartments. i.e.

e =1=2D)e; ,  +D(c;_y 41+ €141 0-1)- (1)

where ¢, , is the concentration of protein in compartment j at time ¢, and D is the
*diffusion coefficient * of the dyve (here chosen to be 0-25).

The right-most compartment was closed to simulate the end of the terminal. To
simulate the injection corresponding to the data shown in Fig. 34. fourteen
compartments "distal” to the injection site at C, were used. with C, and the com-
partment on either side filled with 1000 units of dve at time 0.

Figure 5 shows the results of this simulation for the compartments C,, where

= —14 to 14. from ¢ = 0 to t = 50. As the dye moves through the terminal. the
concentration in each compartment rises. but progressively more slowly with
distance as the concentration gradient decreases along the terminal. Curve C,, is
closer to (', than to C,, because (',,. being the last compartment. only loses dve to
C\3- The initial time of appearance of dye in each compartment is a linear function
(indicated by the descending dashed line) since the diffusion rate at anyv point is
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eonstant and independent of concentration. However. if there is a detection
threshold for the fluorescence. say 1 unit (0-1 % of the initial injection; horizontal
dashed line). then beginning with compartment C,, the diffusion rate of the dye will
appear to slow significantly. Thus. between C, and C,,, the distances (times) between

i Dye injection

CalCo c{k, A AN ~ Cu[Cu
1TV » 2,000,029, 000 k.o o2
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©
Percentage max EPSP
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Fig. 5. Compartment model of diffusion of synapsin I along interior of the squid axon. The
model consisted of twenty-nine compartments (C_,,—C,,; C_,,~C_, not shown). The model
illustrates the diffusion of synapsin I with respect to time in compartments C, (the centre
of the “injection ') to ('}, (the end of the terminal). The ‘synaptic release zone ' consisted
of compartments C,—C,,. each of which contained 1000 unbound ‘vesicles.” A diffusion
constant of 0-33 was assumed. with &, = 300. Curves marked with ¢ show the
concentration of synapsin I (in arbitrary units) for compartments C, through C,, as a
function of time after injection. Horizontal dashed line is hypothetical level for dye
detection. The dye detection threshold generates a delay in visual detection of the dve in
compartments C,-C,, due to slow accumulation of dye (@). @ illustrate the theoretical
decline of PSP amplitude in the presence of synapsin I.

the intersections of the horizontal threshold line and the concentration—time curves
increase. These results are qualitatively consistent with the observed diffusion rate
of labelled synapsin I. particularly the apparent slowing of the diffusion rate near the
terminal end as in Fig. 3B.

Since the model for diffusion of synapsin I appeared to describe correctly the
principal features of the dye movement. it was then expanded in an attempt to model
the effects of synapsin I on transmission. This model, based on egns (2) to (5) below.
is based on the following assumptions. (a) The response amplitude (R) for a given
stimulus is proportional to the sum of the vesicles released from all compartments
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(eqn (2)). (b) The number of vesicles released from each compartment (Ng) is
proportional to the number of free vesicles in that compartment (\V;;) (eqn (3)). (c)
The number of free vesicles in a given compartment equals the number in the starting
pool at time 0 (I;) less the number bound (.V,5) by synapsin I per compartment
(eqn (4)). (d) The number of bound vesicles is proportional to the concentration of
active (dephosphoryiated. D) synapsin I (SP) in a given compartment (j) (eqn (5))
(ky.k, and k,, are constants):

R=k T Npg; 2)
fm—n

N =k N )

Ne=1,;=Np: Ny 20: 4)

Np =k [Sf’l (5)

These equations reduce to eqn (6):

n

R=r kz 4: I;)‘(ks [SjD]) (6)

j=-n

The diffusion parameter D. the constant. k, (which presumably corresponds to the
‘activity * of dephosphoryvlated svnapsin I in terms of vesicle binding), the size and
location of the injection (1000 units of synapsin I injected into each of compartments
C_,. Cy, and C,), and the size of the active zone (compartments C, through C,,, each
containing 1000 vesicles) were chosen to simulate the data of injection no. 4 (Fig. 4).
For simplicity. we have assumed that the product of the constants k&, = 1 in this
simulation. The constant k; was then adjusted to produce approximately 90%
inhibition at the final time point. The shape of this curve is neither linear nor
exponential. as shown by superimposing an exponential curve whose parameters
were adjusted to match the initial decline of the inhibition curve. In fact. as
“inhibition " proceeds. the curve becomes increasingly linear. precisely as seen with
injections nos. 3. + and possibly 3. An important feature of the model which
contributes to the changing rate of inhibition seen in this curve is the assumption
that the number of free vesicles cannot be less than zero (eqn (4)). Thus when all
vesicles in a compartment are bound. it cannot contribute further to inhibition.

Reversibility of synapsin I reduction of neurotransmitter release

In most experiments a rapid and profound block of synaptic transmission followed
synapsin [ injection. indicating that the release mechanism was totally overwhelmed.
It was assumed that injection of a smaller amount of synapsin I might allow a
recovery of synaptic transmission. This experiment would also serve as a test for any
possible deleterious effects of the synapsin I injections on transmitter release per se.

As illustrated in Fig. 6. recovery of transmitter release was observed when a
smaller amount of syvnapsin I was injected in a synapse which remained in excellent
condition for 90 min after the injection. The pre-injection responses for a set of
depolarization steps are shown in Fig. 6.4 and B. Similar sets of presynaptic pulses
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were generated 12. 25 and 75 min later. In each case the corresponding presynaptic
calcium currents (Fig. 6.4) were comparable to the controls. The postsynaptic
responses. which were markedly reduced at 12 and 25 min. recovered to nearly
normal levels by 75 min. The plot of peak PSP amplitudes for each stimulus level as
a function of time after injection (Fig. 6.8) showed that recovery began between 12
and 25 min after the injections.

A Control Synapsin | {25 min) Synapsin | (75 min)
Ve

- c— [PUSFEY 40 mV |
;‘\\z.;”—“_. s = 100 nA
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~

\
AN / N 10 mv
Vpost '.',z/ .\\ﬁ = - g
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Peak amplitude (mV)

0
10 20 30 40 50
Stimulus amplitude (mV)

Fig. 6. Reversibility of svnapsin I inhibition of neurotransmitter release. 4. time course
of recovery of transmission after svnapsin I injection. Four presynaptic voltage-clamp
steps (upper) were delivered at each time interval which resulted in a graded series of Ca®*
current (middle) and PSP (lower) responses. Postsynaptic responses were strongly
depressed at 25 min compared to pre-injection responses. while presynaptic Ca** current
was unaffected. PSP amplitudes recovered to near-normal levels by 75 min. B. plot of
peak PSP values as a function of voltage-step a. iplitude showing maximum inhibition at
about 12 min. . O min: O. 12 min: @. 25 min: (J, 75 min.

Injection of phosphorylated synapsin I into the presynaptic terminal

Further experiments were designed to test the effect of phosphorylation of the
various sites of svnapsin I on its ability to affect transmission. Samples of phospho-
synapsin I (in which only the head region or only the tail region. or both, were
phosphorylated) were prepared and injected into a number of synapses (see Table 1).

Two examples of results from each type of injection are shown in Fig. 7. In the
cases of svnapsin I phosphorylated in the head and tail regions (head-tail-
phosphorylated synapsin I: Fig. 7.4). or synapsin I phosphorylated only in the tail
region (tail-phosphorviated synapsin I; Fig. 7B), the injection had no effect on
svnaptic transmission. The slight increase after the injection and gradual reduction
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of the svnaptic response in the case of one tail-phosphorylated synapsin I injection
{upper curve. Fig. 7B) was similar to responses seen in some control experiments
where either avidin or heat-treated svnapsin I was injected (see below). In contrast,
transmission was inhibited by synapsin I phosphorylated only in the head region
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Fig. 7. Results of presynaptic injection of various phosphorylated forms of synapsin I.
Two experiments are shown for each type of injection. Note that head and tail
phosphorylation (1) or tail-only phosphorviation (B) of synapsin I prevented inhibition.
while head phosphorylation (C) did not. D. injection of ‘mock’ phospho-synapsin I
(prepared as head-tail-phosphoryiated synapsin I except for the omission of ATP from
the phosphorylation reaction) blocked transmission. Injections of heat-treated synapsin
I (E) or avidin (F) did not affect transmitter release. Data are plotted as a percentage of
pre-injection PSP amplitude.

(head-phosphorylated synapsin I: Fig. 7C). Note that there was some recovery from
inhibition in the case of one of the head-phosphorylated synapsin I injections,
indicating a reversible action as shown for dephosphorylated synapsin I in Fig. 6. In
all of the cases illustrated in Fig. 7. the I, was unchanged by the protein injection
(not shown).

Since the ineffectiveness of some of the phosphorylated forms of synapsin I could
have been due to inactivation of the protein during the phosphorylation reaction, it
was felt that an additional control for the negative results with the phosphorylated
forms of synapsin I was required. For this reason. ‘mock’ phospho-synapsin I was
prepared {see Methods) in which both enzymes necessary for phosphorylating both
the head and tail regions were present. but ATP was omitted to prevent actual
phosphorylation. In this case. inhibition of transmission was observed exactly as
seen with conventionally prepared synapsin I (Fig. 7D).

In summary. the results of injections of the phosphorylated forms of synapsin I
confirmed our initial findings that phosphorylation of the tail region of synapsin I
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abolishes itx ability to block synaptic release (Llinds et al. 1983). Phosphorylation of
the head region does not influence the inhibitory ability of synapsin I. nor does it
reverse the effect of tail phosphorylation.

Injections of heat-treated synapsin I and of avidin

It was previously determined that heating the svnapsin I molecule abolishes its
ability to block svnaptic transmission (Llinds ¢t al. 1985). Examples of two such
injections are shown in Fig. TE. As an additional control for certain physical
properties of <vnapsin 1. Texas Red-labelled avidin was injected. Avidin is a protein
which has a ~ize (M, = 63000) and pl (10-6) similar to those of synapsin 1. These
experiments were performed in a manner similar to those described for synapsin 1.
The postsynaptic response as a function of time after two avidin injection
experiments ix shown in Fig. 7 F. which indicates little or no effect on transmission.
The relationship between the postsynaptic response and the diffusion of avidin as
reconstructed from video analysis for one of these injections is shown in Fig. 8. The
diffusion rate was similar to that of synapsin [. ranging between 23 and 54 4m min™*
(mean+s.D. = 39+ 12: » = 4). Avidin had no effect on transmitter release even when
monitored up to 30 min after injection. at which time the luorescence was relatively
evenly distributed throughout the terminal. Note in the experiment illustrated in
Fig. 8C' that the diffusion rate for avidin is nearly constant along the entire length
of the terminal.

Caldl kinase [I and transmitter release
Injection of (' kinase {[

The previous set of experiments indicated that synapsin I in its dephosphorylated
form blocked synaptic transmission while tail-phosphorylated synapsin 1 had no
effect. Further studies were designed to test the hypothesis that CaM kinase II acts
to modulate the svnapsin I-dependent binding of synaptic vesicles to the intracellular
matrix. If the enzyme dissociates vesicles from their attachments by phosphorylating
an endogenous synapsin [-like molecule. increasing the endogenous CaM kinase II
normally present in the terminal should increase transmitter release. In our
preliminary study in the squid synapse. the injection of CaM kinase II markedly
facilitated transmitter release without significantly modulating the presynaptic
(a?* current in each of three experiments (Llinds et al. 1983). The diffusion rate
of CaM kinase II was not directly assessed because labelling with any of the usual
dyes was found to interfere with its solubility and/or ability to phosphorylate
svnapsin .

In the present study injection of of CaM kinase LI was followed by facilitation of
transmitter release in all but one experiment. In eight out of nine experiments.
transmitter release was facilitated after the injection of CaM kinase II as shown for
one svnapse in Fig. 9. Blockage of transmission was seen in one experiment. although
there was no obvious damage to the svnapse. In five experiments which were
analysed quantitatively. the mean per cent facilitation was 409+157%. The
maximal facilitation usually occurred between 10 and 20 min after injection.
Presvnaptic voltage steps of different amplitudes were applied to the presynaptic
terminal while emploving a double voltage clamp to determine I, and postsynaptic




SYNAPSIN [ IN TRANSMITTER RELEASE 273

current ([,,). The double voltage clamp was preferable in order to prevent the
postsvnaptic potential from reaching the PSP reversal potential during facilitation
by (‘aM kinase II. which would result in response saturation. :

A double voltage-clamp experiment showing facilitation following CaM kinase 11
injection is illustrated in Fig. 9. The time course and amplitude of /o, (post-injection
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Fig. 8. Effect of injection of Texas Red-labelled avidin on synaptic transmission. 4.
diffusion of dyve along synaptic digit as a function of time (numbers above drawing; in
minutes). as determined by enhanced image from the video monitor. Black dot marks
electrode tip: immediately surrounding stippled area is volume filled after initial
injection. B. PSPs between U and 10 min following avidin injection showing this protein
had a minimal effect on the PSP. C'. plot of diffusion distance and PSP amplitude as a
function of time showing linear avidin diffusion rate and minimal effect on transmission.

current) for three different times and levels of presynaptic depolarization are shown.
Following CaM kinase II injection. the PSP was facilitated as early as 2 min post-
injection. and increased in amplitude by over 600 %. This facilitation was associated
with a corresponding increase in the rate of rise in I, for a given level of I,. In Fig.
9C. the postsvnaptic current increased to the point of saturation. as evidenced by the
flattened top of the response. Note that. in this experiment. the amplitude onset
kinetics (Llinds ef al. 1981a. b) and the tail component of the macroscopic inward
calcium current were not modified by ('aM kinase I1. Moreover. these currents were
similar to those previously reported in the absence of CaM kinase II (Llinds et al.
1981 a. 1982: Augustine ¢f al. 1985). Figure 10 illustrates the relative enhancement
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of the PSP and PSI following (‘'aM kinase I injection for four experiments. The
actual ranges of PSP and PSI amplitudes for each experiment are noted at the right.
Data from three experiments overlap. while one synapse had a more delayed and
slower rising facilitation. Exponential curves were then empirically fitted to this
range of data (thin continuous lines).

Ipost
~

1 uA

Control
2 min
7 min
24 min

Ica —— ‘*\/"—_' ""\_/'_—- [100 nA

vpre —I—L____ —] L—-—_ ’ e |35 mVv

3ms

Fig. 9. Recordings showing time course of facilitation of svnaptic transmission after CaM
kinase II injection into the presvnaptic digit. 4. B and C: postsvnaptic currents (upper
traces) in response ta 23. 30 and 353 mV’ presvnaptic voltage-clamp steps (lower traces).
Responses to each ~ten were recorded hefore and at the three times after the injection
noted in B. Note that /. (middle traces) at each stimulus level was constant over time.
At the highest stimulus level (). postsynaptic response saturation occurred at 24 min.

Theoretical model for ¢ WM kinase 1l action on synaptic transmission

If the hypothesis is currect that CaM kinase II acts on neurotransmitter release by
regulating the phosphorvlation state of synapsin 1. then the model of vesicle release
presented above should also apply to the facilitation produced by CaM kinase II. In
particular. &; can be considered to be related to the degree of phusphorylation
and inactivation of synapsin I by CaM kinase II. Starting with eqn (6) above.
we may assume that the ratio of the concentrations of the phosphorylated to
dephosphorylated svnapsin I ([SP]/[{SP]) is directly proportional to the concentration
of C'aM kinase II ([CK)). i.e.

(%]

(S°]
where L, is a constant. Equation (6) can then be rewritten with respect to the
individual compartments (j):

= k,[CK]. (7)

R=1kk < I'—-—l—k"[ST] . (8)
Y. Y 1+ [CK],
where [ST); is the total phosphorylated plus dephosphorylated synapsin I in each
compartment.
To simulate an injection of ("aM kinase II. eqn (1) was used to model diffusion of
CaM kinase [I through the terminal. with ST set to a constant value in each
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compartment. The parameters of the model (eqn (8)) were then adjusted to produce
a curve which fell roughly in the centre of the range of experimental data. These
values are shown as a thick line in Fig. 10. The specific parameter values were:
ky=k,=1. 8T = 10000, Lk, = 1. and k; = 00002, The value of [('K] was set to

3

A 0O A =
100 4 r raoor [5
3 6
-1
g 80 4 i ( 6] ,
? S - 16
Q - -
s 2 604 -
¢ 'é < Theoretical curve . o L r3
5 I3 12
a & 401 12
N s - -2
- 116 (1 —exp (-0-08 (¢ -3} s
g 209 140 (1 -exp (-0-1 (¢ -1-5))) [
=3 -2
- -8 8 |1
0 . ; . . L Lo L L
0 5 10 15 20 25 ¢
Time 'min) x107Vs
x10%As

Fig. 10. The time course of synaptic tacilitation by CaM kinase II in four experiments
(absolute <cales shown at right). Two empirically determined exponential curves (thin
continuous lines) which enclose the entire data range were calculated. Parameters for the
theoretical facilitation model were adjusted so the resulting inhibition curve would fall in
the centre of the data range (thick stippled line).

5 units except for compartments ('_, through C, which were "filled " with 1000 units.
The active zone was modelled as extending from compartments C, through C,,; these
compartments were each filled with 10* vesicles at time 0 (}; = 10*). This model
produced an exponential rate of facilitation very similar to that observed
experimentally. As was the case with the synapsin [ inhibition model. however. this
curve was affected by the extent to which response facilitation was allowed. Thus it
was assumed that a finite number of vesicles in the pre-terminal can be made available
for release: i.e. the size of the "releasable’ pool is limited. (The same effect would be
achieved if the rate of vesicle release during depolarization is limited.)

Analysis of maximum rate of rise of postsynaptic response

If synapsin I and ("aM kinase II affect synaptic transmission by modulating the
number of vesicles available for release-without modifving the dynamics of the
release process per se. one would not expect the rate of vesicle release to change as a
function of time. In fact. it would be expected that the effect of CaM kinase 1I on the
probability of release () would be independent of time. i.e. it would not affect the
kinetics of transmitter release (.V) (Katz. 1968). If this were the case. the amplitude
of the PSP would increase. while the shape of the waveform would remain constant.

In order to determine whether svnapsin I and CaM kinase II altered the release
kinetics. the maximum rate of rise (MRR) of the postsynaptic response and the peak
amplitude (R ,,) were determined for each response. The normalized maximum rate
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of rise (NMRR) was then calculated tor each response as MRR/R,,,,. Note that if
two wavetorms are scalar multiples of each other. then their NMRR values should
be equal. In two tvpical uninjected svnapses. postsvnaptic currents were measured
in response to stimulus pulses between 25 and 40 mV and the NMRR values
valculated. The stimulus series were repeated twice in one and three times in

TasLE 2. Mean pormalized maximal rate of rise (NMRR) values 1 £s.p.) for experimental
~ubhgroups in which voltage or current was recorded

Vaoltage recording Current recording
Svnapsin [ Cal kinase II Svnapsin [ CaM kinase II

Time (min) » 2256 0 143 0 19-4 0 20-667
NMRR 825+ 0722 = 0320+ 0400+ U629+ 0630+ (1841 + 700+

0387 1286 0-037 o130 0075 057 0-258 0076
AY 1 2 3 3
! 1-663 ~1-212 —0-050 1-253
P 0127 439 0957 0337

Mean time< of post-injection recordings are as noted. Paired ¢ test values for within-group
comparisons and P scores are shown. No within-group mean differences were significant.

the other svnapse. The mean NMRR values at each stimulus amplitude for the
five stimuli seriex was calculated and plotted against stimulus amplitude. A
linear regression coeflicient of R*>095 was found with a slope of
=531 x 107 mV ms"' mV~'. NMRR values for the same stimulus amplitude were
quite close in successive stimulus runs. although the mean NXMRR was significantly
different for the two synapses (0-015 ms™' and 0-030 ms™! at 30 mV respectively).

A similar analysis of NMRR was carried out for synapsin I and CaM kinase 11
injection experiments. For each experiment. the NMRR was calculated for a time
immediately pre-injection and again at a point 15-30 min later after significant
inhibition or tacilitation had occurred. Nince the shapes of the postsvnaptic response
waveforms differed depending on whether postsvnaptic voltage or current was being
measured. they were analysed separately. The results of NMRR analysis for sixteen
svnapsin [ and five ("aM kinase LI experiments are shown in Table 2. in which the
means of the pre- and post-injection response amplitudes are given along with the
mean post-injection measurement times. Note that for CaM kinase II. the mean
facilitation is only 200-300%, due to elimination of some of the largest responses in
which saturation occurred. Within each of the four experimental subgroups (synapsin
[ or C'aM kinase II) x (voltage or current)). the mean values were not significantly
different (P > 0. paired ¢ test).

All experiments in which postsvnaptic voltage was measured were then compared
using an unpaired ¢ test. and similarly. comparisons were made between all groups
in which current was measured. In neither case were any significant differences found
(P > (-1). Note that although the mean for the svnapsin I voltage measurements is
considerabiv larger than that for CaM kinase II. the latter is based on only twc
experiments. Finally. linear correlation analysis of NMRR was performed in several
experiments in which multiple time points were measured (cf. Figs 3 and 10). In no
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case was a signiticant correlation between NMRR and time post-injection found.
These results indicate that the kinetics of vesicle release were unaffected by svnapsin
I or CaM kinase [I. On the basis of these data. we conclude that during the time
course of a given postsynaptic response. the probability of release was modified
uniformly by svnapsin [ and by (‘aM kinase II.

DISCUSSION

The major tindings of these experiments are as follows: (1) the degree of inhibition
of transmitter release by dephosphoryvlated synapsin I is well correlated with the
degree of invasion of the protein along the length of the presynaptic terminal. (2)
Tail-phosphorvlated syvnapsin 1 and heat-treated syvnapsin I have no effect on
refease. (3) Inhibition by dephosphorvlated svnapsin I is reversible. (4) CaM kinase
II facilitates synaptic release. (5) The shape of the postsvnaptic response waveform
is not affected byv either svnapsin I or CaM kinase II over the duration of the
response. We conclude from these data that the dynamics of synaptic transmission.
specifically the number of vesicles available for release, are probably regulated by the
ratio of tail-phosphorylated to dephosphorylated synapsin I which is determined
enzvmatically by CaM kinase II.

Synapsin 1

The experiments involving injection of phosphorylated and dephosphorvlated
syvnapsin [ showed that the rates of blockade of synaptic transmission were highly
correlated with: (a) the state of phosphorviation of the protein. (b) the site of
injection and (c) the rate of movement of the protein through the terminal. \When the
protein injections were large enough to fill rapidly most of the active release zone. the
times to onset of bluckade were short. Conversely, when synapsin I was injected far
from the release site. the onset of the block was delaved. These data suggest that
svnapsin [ acts specifically at the active zones to affect release.

The injection procedures per se did not appear to interfere with any aspect of
synaptic transmitter release. including the availability of transmitter or the calcium
current. Rather. three sets of experiments suggest that the effect of synapsin I on
transmitter release is specific and dependent on the structure of this molecule. First.
injections of svnapsin I in which the tail only or both the head and tail were
phosphorylated had no effect on release. Second. injection of heat-treated synapsin
I also failed to affect release. Third. injection of avidin, a basic protein similar in size
and pl to synapsin I did not alter synaptic transmission. In all these experiments, the
injected proteins completely filled the presynaptic terminal. Therefore it is necessary
for the tail site of synapsin I to be in the dephosphorylated state for it to block
transmitter release.

As an additional test of the ability of svnapsin I to bind to intracellular elements
and inhibit vesicle movement. phosphorylated or dephosphorylated synapsin I was
introduced into extruded squid axoplasm and the effect on the movement of
subcellular organelles monitored by video-enhanced microscopy (McGuinness.
Brady. Gruner. NSugimori. Llinds & Greengard. 1987: McGuinness et al. 1989).
Following the injection of dephosphorylated synapsin I. both orthograde and
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anterograde flow were significantly reduced. Injection of svnapsin [ phosphorylated
only at the head partially inhibited organelle movement. and synapsin 1
phosphorylated only at the tail lacked any inhibitory effect. Injected CaM kinase I1.
in the presence of calcium and calmodulin. prevented the inhibitory effect of
svnapsin [. Dephosphorylated synapsin I does not appear to directly inhibit the
transport mechanism subserving organelle movement. since the organelle movement
along microtubules at the edges of the axoplasm (where the cyvtoskeletal structure
was sparse) was unmodified by svnapsin I (McGuinness ¢t al. 1989). These data are
consistent with the hyvpothesis that syvnapsin I immobilizes or restrains vesicles
and/or other organelles by cross-linking them to cyvtoskeletal elements and that this
cross-linking can be modulated by ("aM kinase II.

Cal kinase 11

(aM kinase Il is capable of increasing transmitter release by up to sevenfold (Figs
9 and 10). which indicates that it plays a decisive role in the release process. At this
time we cannot exclude the possibility that CaM kinase 1I has some minor effect on
the calcium channel. However. the results obtained would require an approximately
30% increase in calcium entry even if a fourth-order relationship between [, and
transmitter release is assumed. This is totally inconsistent with the present data.
which shows no detectable change in I, withinr the limits of a measurement error of
< 3%.

In the present experiments. we observed an increase in the maximum rate of rise
(MRR) of the postsynaptic response following CaM kinase II injections. confirming
earlier findings (Llinas ef al. 1983). Here we investigated the MRR in more detail to
determine if the shape of the response (which is dependent on vesicle release kinetics)
also changed following presynaptic protein injections. The rationale for this analysis
is as follows. The variabie .V;p (eqn (2)), which represents the number of vesicles
released from a given compartment in response to a given depolarization. may be
represented more explicitly as a function of time from the onset of the stimulus; i.e.

x
Ng = J P(t)de,

t=90
where P(t) represents the probability that a given vesicle will be released as a
function of time after depolarization. and *.N" would be proportional to the number
of vesicles available for release (Katz. 1968). Thus. doubling the number of available
vesicles should. at least within certain limits. double the amplitude of the response.
If P(t) is unchanged. then the shape of the waveform should remain constant.
depending only on.V. In that case. then. the rate of change of response amplitude at
any point on the curve should be proportional to the peak amplitude. and therefore
the maximal rate of rise divided by the peak amplitude (NMRR) should be constant.
This was in fact found when all successful injections of synapsin I or CaM kinase 11
were analysed either by comparing across experiments before and after injection. or
within experiments as a tunction of time after injection. We conclude that these
proteins do not alter dvnamic aspects of vesicle release such as the duration of
opening of ion channels or the rate of vesicle exocyvtosis. The most plausible
mechanism. as initially <uggested in a previous paper (Llinds et al. 1985) and
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supported by in ritro studies (¢f. Greengard et al. 1987), is that CaM kinase II acts
to increase availability of synaptic vesicles by phosphorylating synapsin 1. The
ability of CaM kinase II to increase transmitter release from presynaptic terminals
has recently been confirmed using rat brain synaptosomes (Nichols, Wu, Haycock &
Greengard, 1989).

Model of preterminal protein diffusion. und of synaptic transmitter modulation by
presynaptic protein injection

The simulations of postsynaptic inhibition and facilitation presented above were
designed as a heuristic tool to test whether the observed rates of PSP inhibition and
facilitation could be predicted by a unified model of vesicle release in which the
amplitude of a PSP is dependent on phosphorylation of synapsin I by CaM kinase II.
The data were. in fact. highly consistent with the model of release described by eqns
(1) to (7) above. The compartmental model correctly describes the time courses of
both inhibition by synapsin I and facilitation by CaM kinase II (eqns (7) and (8)). In
both cases, limits on the number of vesicles available for release were included. and
not found to affect the shape of the curves.

General hypothesis relating synapsin I to transmilter release : facilitation of
transmitter release by calcium-dependent mobilization of synaptic vesicles

The ubiquitous nature of syvnapsin I in presynaptic terminals (DeCamilli et al.
1983), and the fact that its injection at the release site is capable of modulating
transmitter release. raises the question of the mechanism by which synapsin I affects
release. While we cannot exclude the possibility that synapsin I might be an integral
part of the machinery for transmitter release itself, several facts argue against this
view. First. if phosphorylated synapsin I were to directly promote vesicle release, one
would expect that its injection would produce, following calcium entry, a continuous
transmitter release leading to vesicle depletion and transmission failure. This was
never observed. Furthermore. recent experiments failed to find anyv increase in
miniature endplate potential frequency following such injections (Llinas, Sugimori,
Lin, McGuinness & Greengard, 1988; Lin, Sugimori, Llinds, McGuinness &
Greengard. 1990).

Another argument against synapsin I being a direct transmitter-release agent
involves the time course of phosphorylation by CaM kinase II following calcium
entry. The onset of transmitter release in the squid giant synapse begins as soon as
180 us following calcium entry (Llinds et al. 1981b; Llinds et al. 1982) and peaks at
about 1 ms. In contrast. the turnover rate for phosphorylation of synapsin I by CaM
kinase II, calculated from data in McGuinness et al. (1985), is approximately 17 ms.
It is thus difficult to see how this relatively slow phosphorylation reaction could
produce the time course associated with a PSP. which is over within a few
milliseconds.

Since synapsin 1 does not appear to be directly involved in vesicular release. we
propose instead that it regulates the availability of vesicles for release. The
biochemical and physiological studies noted above indicate that synapsin I restrains
vesicles. probably close to the presvnaptic release site, so that they cannot be
released during depolarization. (‘alcium entry would thus trigger two events. First.
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svnaptic vesicles would be released. possibly by direct electrostatic shielding of
negative charges by calcium or some other intermediate step. Second. a delayved
effect independent of the release mechanism would occeur after caleium had moved
bevond the release site. by increasing the number of releasable vesicles following
phosphorylation of synapsin I via activation of ('aM kinase II. Physiological
measurements indicate that the resting calcium conductance may have a powerful
etfeet on the number of vesicles available at a given time (Simon. Sugimori & Llinds.
1984 Simon & Llinas. 1985). Indeed. resting calcium influx near the active zones
may establish a steadv-state level of phosphorviated svnapsin I for regulation of
vesicle availability close to the release site. The occeurrence of an action potential
would then increase the number of readily releasable vesicles by increasing the local
calcium concentration and enhancing syvnapsin [ phosphorylation. Such facilitation
may underlie what has been considered to be calcium-dependent facilitation. This
hypothesis is particularly attractive in the case of the squid giant svnapse. as the
large diameter of the preterminal would make it ditlicult to accumulate Ca** at the
active zone.

This research was supported by Grant AFOSR830368 from the United States Air Force (R.L.)
and MH 39327 (P.G.).
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Phosphorylation-Dependent Inhibition by Synapsin | of Organelle
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Synapsin |, a neuron-specific, synaptic vesicle-associated
phosphoprotein, is thought to play an important role in syn-
aptic vesicle function. Recent microinjection studies have
shown that synapsin | inhibits neurotransmitter release at
the squid giant synapse and that the inhibitory effect is abol-
ished by phosphorylation of the synapsin { molecule (Llinas
et al., 1985). We have considered the possibility that syn-
apsin | might modulate release by reguiating the ability of
synaptic vesicles to move to, or fuse with, the plasma mem-
brane. Since it is not yet possible to examine these mech-
anisms in the intact nerve terminal, we have used video-
enhanced microscopy to study synaptic vesicle mobility in
axoplasm extruded from the squid giant axon. We report
here that the dephosphorylated form of synapsin | inhibits
organelle movement along microtubules within the interior
of extruded axopliasm and that phosphorylation of synapsin
| on sites 2 and 3 by calcium/calmodulin-dependent protein
kinase Il removes this inhibitory effect. Phosphorylation of
synapsin | on site 1 by the catalytic subunit of cAMP-de-
pendent protein kinase canly partially reduces the inhibitory
effect. In contrast to the inhibition of movement along mi-
crotubules seen within the interior of the axoplasm, move-
ment along isolated microtubules protruding from the edges
of the axoplasm is unaffected by dephospho-synapsin |, de-
spite the fact that the synapsin | concentration is higher
there. Thus, synapsin | does not appear to inhibit the fast
axonal transport mechanism itself. Rather, these resuits are
congistent with the possibility that dephospho-synapsin |
acts by a crosslinking mechanism involving some compo-
nent(s) of the cytoskeleton, such as F-actin, to create a
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dense network that restricts organelle movement. The rel-
evance of the present observations to regulation of neuro-
transmitter release is discussed.

Synapsin I is a neuron-specific phosphoprotein that is concen-
trated in presynaptic nerve terminals, where it appears to be
associated primarily with the cytoplasmic surface of small syn-
aptic vesicles (Ueda et al., 1973; Ueda and Greengard, 1977,
De Camilli et al., 1979, 1983a, b; Huttner et al., 1983; Navone
etal., 1984). It is a major substrate for cAMP-dependent protein
kinase as well as calcium/calmodulin-dependent protein kinases
I and II (CaM kinases I and II) (Huttner and Greengard, 1979;
Sieghart et al., 1979; Huttner et al., 1981; Kennedy and Green-
gard, 1981; Czemik et al., [987; Naim and Greengard, 1987).
cAMP-dependent protein kinase and CaM kinase I both phos-
phorylate a single serine residue (site 1) located in the collage-
nase-resistant head region of the synapsin I molecule, CaM
kinase II phosphorylates a pair of serine residues (sites 2 and
3)located in the collagenase-sensitive tail region of the molecule.
A variety of studies using intact nerve cell preparations have
shown that physiological and pharmacological agents that affect
synaptic function also produce alterations in the state of phos-
phorylation of synapsin I (for reviews, see Nestler and Green-
gard, 1984; Greengard et al., 1987). In vitro studies have shown
that, under certain conditions, phosphorylation of the tail region
of synapsin I by CaM kinase II reduces the affinity of synapsin
I for the synaptic vesicle membrane (Huttner et al., 1983; Schie-
bler et al., 1986; Benfenati et al., 1989). Taken together. these
studies led to the hypothesis that synapsin I might be involved
in the regulation of some aspect of synaptic vesicle function.

The possibility that synapsin I might regulate neurotrans-
mitter release was tested directly by injection of synapsin [ into
the preterminal digit of the squid giant synapse (Llinas et al.,
1985). Injection of the dephosphorylated form of synapsin 1
decreased neurotransmitter release, whereas injection of syn-
apsin [ that had been phosphorylated at sites 2 and 3 in the tail
region by CaM kinase I1 was without effect. Moreover, injection
of CaM kinase Il itseif enhanced release. More recent studies
(R. Llinas et al., unpublished observations) have expanded these
initial findings and have shown that phosphorylation of site 1
in the head region of synapsin I by cAMP-dependent protein
kinase is less effective than tail phospho-synapsin at reducing
the ability of synapsin I to inhibit transmitter release at the
squid giant synapse.




We believe that svnapsin I is more likely to be involved in
moduiating than in mediating release. since the fusion-release
process per se can occur in less than 200 usec (Llinas et al..
1981). and the turnover rates for the protein kinases are on the
order of tens of milliseconds. Furthermore. 1t is unlikely that
synapsin I. which is ennched only in neurons, regulates the
exocytotic event itself, a process that is common to all secretory
cells. Finally, within nerve terminals, synapsin I appears to be
associated only with small (40-60 nm diameter) and not with
large (>60 nm diameter) synaptic vesicles (De Camilli et al..
1983a, b: Huttner et al., 1983 Navone et al.. 1984; De Camuilli
and Greengard. 1986). Thus. we think that synapsin I is most
likely to be involved in modulating some prefusion property
that is unique to small synaptic vesicles.

We have proposed that phosphorylation of svnapsin I might
regulate the availability of synaptic vesicles for release and that
it might do so by reguiating the ability of the vesicles to move
to or fuse with the plasma membrane (Llinas et al.. 1985). Since
it is not vet possible 1o examine these mechanisms in the intact
nerve terminal, a number of model systems are currently being
used to study the mechanism of action of synapsin I. One of
these systems. the extruded axoplasm of the squid giant axon.
is the focus of the present report. The present studies were
designed to test the possibility that synapsin I regulates the
availability of synaptic vesicles for release by affecting the ability
of the vesicles to move within the cytoplasm. This required a
relatively intact system in which we could directly and clearly
visualize vesicle movement. We therefore chose to use video-
enhanced contrast-differential interference contrast (VEC-DIC)
microscopy techniques to examine the effect of synapsin [ on
vesicle movement in the extruded squid axoplasm.

VEC-DIC microscopy techniques (Allen et al.. 1981: Inoue.
1981) make it possible to detect structures as small as one-tenth
the traditional limit of resolution of the light microscope. With
these techniques. one can observe subcellular structures the size
of individual small synaptic vesicles and microtubules (Allen et
al.. 1981: Allen and Allen. 1983). The extruded axoplasm prep-
aration from the squid giant axon permits one to perform a
variety of manipulations with macromolecules that do not or-
dinanly cross the plasma membrane and to use VEC-DIC mi-
croscopy to observe directly the effects of these manipulations
on organelle movement (Brady et al., 1982. 1984, 1985). In
addition. the extruded axoplasm preparation provides a useful
means for determining if interactions between proteins and sub-
cellular organelles that are suggested on the basis of reconsti-
tution studies with purified components can occur within the
axonal milieu. The present results indicate that svnapsin I can
restrict the ability of vesicles to move within the axoplasm and
that this effect is dependent on the state of phosphorvlation of
the synapsin I molecule. A preliminary report of this work has
been published (McGuinness et al.. 1987).

Materials and Methods

Preparation of protetns. Synapsin [ was purified in the dephosphorviated
form trom bovine brain by a modification (Bahler and Greengard. {987)
of the procedure of Schiebler et al. (1986). CaM kinase {1 was puntied
from rat forebrain as described by McGuinness et al. (1985). with the
addition of hvdroxylapaute chromatography inserted between the DEAE-
cellulose chromatography and ammonium sulfate precipttation steps.
Purified CaM kinase H (0.4-0.5 mg  ml) was dialvzed extensivels against
buffer A (10 mm HEPES. pH 7.2. 150 mm potassium aspartate. 3 mm
MgSO,) and stored at — 70°C. The catalvtic subunit of cAMP-dependent
protein kinase was puntied as descnbed by Kaczmarek et al. (980},
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Calmodulin was purified as described by Grand et al. (1979). Protein
determinations were performed by the method of Peterson (1977), using
BSA as standard.

Svnapsin [ (0.35 mg/ml) was phosphorylated by incubation for 30
min at 30°C in 50 mm Tris-HCI. pH 7.5, 150 mm NaCl, 0.4 mm EGTA.
I mm dithioervthritol, 10 mm MgCl., 100 um ATP, with trace amounts
of v-*P-ATP. with either CaM kinase II (3.4 ug/ml), 0.7 mm CaCl,, 30
ug/ml caimodulin or the catalytic subunit of cAMP-dependent protein
kinase (60 nm), 0.1% Nonidet-P40. **Mock”-phospho-synapsin | was
treated as above except that both kinases. CaCl,, calmodulin. and Non-
idet-P40 were added. and ATP was omitted from the reaction mixture.
Phosphorviation reactions were terminated by the addition of EDTA
to a final concentration of 20 mm. One- and 2-dimensional peptide
mapping (Kennedy and Greengard. 1981; Huttner et al., 1981; Kennedy
et al.. 1983) revealed that synapsin I was phosphorylated to a stoichi-
ometry of 1.0 mol/mol on site 2 and on site 3 by CaM kinase II and
to a stoichiometry of 0.95 mol/mol on site | by the catalytic subunit
of cAMP-dependent protein kinase.

Some of the phosphorylated and dephosphorylated synapsin I prep-
arations were fluorescently labeled with Texas red (Molecular Probes,
Inc.. Eugene, OR) according to the method of Titus et al. (1982) as
described by Llinas et al. (unpublished obervations). The various forms
of synapsin | were re-punfied from kinases and/or unbound Texas red
by CM-cellulose chromatography at pH 8.0 as described by Llinas et
al. (unpublished observations), using buffer A for elution. The re-pur-
ified synapsin | was concentrated, dialyzed against buffer A, centrifuged
in a Beckman TL 100 centrifuge at 450,000 g for 15 min to remove
large aggregates. stored at 0-4°C, and used within 7 d of preparation or
stored at —70°C and thawed immediately before use. Labeled and un-
labeled svnapsin I preparations were assayed for the ability to be phos-
phorylated by CaM kinase 11 using the procedure of McGuinness et al.
(1985). 10 bind to purified synaptic vesicles using the procedure of
Schiebler et al. (1986). to inhibit neurotransmitter release using the
procedure of Llinas et al. (1985), and to inhibit organelie movement
using the methods described in the present report.

Manipulation of axoplasm. Squid (Loligo pealei) having a mantle
length of 10-20 cm were obtained daily from the Department of Manne
Resources. Marine Biological Laboratory (Woods Hole, MA). Postgan-
glionic squid giant axons were dissected, and each axoplasm was ex-
truded onto a glass coverslip. The axoplasm was then covered with a
second glass coverslip for viewing by VEC-DIC microscopy as previ-
ously described (Brady et al.. 1985: Schroer et al., 1985). After recording
baseline organelle movement, axoplasm was incubated with 20—40 ul
of either buffer B (buffer A plus 1 mm ATP) alone or buffer B containing
1.3-10 um synapsin [.

For the kinase injection experiments, axoplasm was extruded onto a
glass coverslip, and CaM kinase I1 (0.4 mg/ml in buffer A) was injected
from a microelectrode by means of short pressure pulses (2065 psi,
~ 100 msec in duration) into a small region of the axoplasm. The axo-
plasm was then covered with a second coverslip for viewing by VEC-
DIC microscopy. After recording baseline organeile movement, 20-40
ul of buffer B containing 1.3-10 um dephosphosynapsin I, 40 um CaCl,,
and 0.15 mg/ml caimodulin was applied to the chamber.

The rapid directed movement of membranous organelles within ex-
truded axoplasm occurs in both the anterograde (from the cell body to
the terminals) and the retrograde (from the terminals to the cell body)
directions and. in neurons. is referred to as fast axonal transport (for
review, see Grafstein and Forman, 1980). Fast transport has been shown,
using VEC-DIC techniques. to occur along individual microtubules
(Hayden et al., 1983: Allen et al.. 1985: Schnapp et al., 1985). Recent
evidence suggests that the translocating enzyme that may be responsible
for anterograde transport is different from that responsible for retrograde
transport (Vale et al., 1985 a, ¢, Paschal and Vallee, 1987; Paschal et
al.. 1987). In all the figures, the axoplasm was oriented horizontaily
such that the proximal or cell body end of the axoplasm is to the left
and the distal or terminal end is to the right. Thus, movement from left
to night is in the anterograde direction, and movement from right to
left is in the retrograde direction.

Video-enhanced microscopy. Organelle movement was visualized us-
ing DIC opucs on a Zeiss Axiomat microscope (with 100 x objective,
zoom set at 2.5x) using a Chalnicon videocamera (Hamamatsu Sys-
tems. Inc.. Waltham, MA). A silicon-intensified target camera (Ha-
mamatsu} and rhodamine filter set (Carl Zeiss, Inc.. Thamwood. NY)
were used for fluorescence imaging. Video images were processed with
a Hamamaisu C-1440 or C-1966 Image Processor (Photonics Micros-
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copy, Inc.. Oak Brook. IL) i0 enhance contrast and to eliminate back-
ground optical noise. Video signals were recorded in real-time (30 frames
sec) on a Sony VO-5850 videotape recorder.

Depending on the particular biological preparation used. one can
examine various parameters of fast axonal transport. including the num-
ber and types of organelles moving, their velocity, and the direction of
movement. However, the intact extruded axoplasm preparation is not
amenable to quantitation of the number of organelles moving per unit
time. The number of moving particles in a single plane of focus within
a healthy axoplasm is so numerous and the smallest organelles. which
are the ones of interest in the present studies, have such low contrast
that they are detected primanly as a continuous streaming across the
screen. Because such organelles are well below the limit of resolution
of the light microscope, it is physically impossible to distinguish these
small moving particles as individual elements. Any estimate of the
number of particles moving across even a short line drawn on the screen
could be in error by orders of magnitude. In previous studies using
intact axons (e.g., Allen et al., 1982: Adams and Bray, 1983: Forman
et al., 1983; Koenig, 1986) or neurites in cuiture (e.g., Hollenbeck and
Bray, 1987), only a fraction of the total number of moving particles was
detected. In fact, the inability to detect the small synaptic vesicle-sized
particles in these preparations reduced the total number of visible mov-
ing particles so that the small number of larger moving organelles could
be counted. In previous studies using dissociated axoplasm (e.g., Allen
et al., 1985; Schnapp et al.,, 1985; Vale et al,, 1985b; Weiss. 1986).
individual translocation events could be easily examined. For some of
the intact and dissociated preparations, estimates were presented of the
number of moving particles. However. no attempt was made in any of
these studies to evaluate the sampling procedure to determine the pop-
ulation of organelles being counted or how these relate to the compiete
set of organeiles in transport. Fortunately, in the present study, the effect
of the dephosphorylated form of synapsin I on organelle movement was
so dramatic that precise quantitation of the number of organeiles affected
was not critical.

Velocity measurements were performed with a Hamamatsu C-2117
video manipulator, which generates white pixels that move across the
monitor. The direction and rate of these pixels were adjusted by eye to
correspond alternately 1o the average velocity of particles moving in the
anterograde or retrograde directions. Velocities are expressed as mean
+ SEM.

The “trace” images were obtained using the Hamamatsu C-1966
Image Processor to extract a trace of moving objects by sequentially
subtracting frames at specified intervals and accumulating the successive
subtracted images. We had hoped to calculate the total intensities of
the trace images and to use the intensity values as a quantitative measure
of total movement. This could be done by using a root-mean-square
average of the subtracted images as described by Forscher et al. (1987).
However, several limitations inherent in the trace technique precluded
its routine use in the present studies. Situations that limit the usefulness
of this technique include too many moving particles for their trajectories
to be resolved from one another, variation in intensity of illumination
due to fluctuations of the light source or differences in the depth of focus.
and particies moving in and out of the plane of focus. The first limitation
is the reason why only the trajectories of the high-contrast. medium-
sized and large organelles could be clearly seen in Figure 24. Unfor-
tunately, we were most interested in the movements of the low-contrast.
small (synaptic vesicle-sized) organeiles. which were lost in the back-

ground video noise. In addition, fluctuations in the illuminator and
slight changes in the depth of focus during the course of a | hr experiment
often made it impossible to compare direct!y the trace image or total
intensity of the image before and afier the experimental manipulation.
As a result, this procedure provided a qualitative means of comparison
but was not well suited for quantitative comparison of movement in
axoplasm.

Results

Eflect of dephospho-synapsin I on organelle movement within
the interior of the axoplasm )
In agreement with previous reports (Brady et al., 1982, 1984,
1985). in preparations that were not exposed to synapsin I,
transport of organelles along microtubules was maintained for
several hours after extrusion of the axoplasm. The situation in
the presence of the dephosphorylated form of synapsin I is il-
lustrated in Figure 1 and Table 1, where it can be seen that
incubation of isolated axoplasm with dephospho-synapsin I re-
sulted in an almost complete inhibition of directed organelle
movement. Immediately before addition of dephospho-synap-
sin I, organelles of all sizes were seen moving in both anterograde
and retrograde directions (Fig. 1, A, B). In contrast. by 1 hr after
addition of dephospho-synapsin I to the axoplasm, virtually all
directed organelle movement within the interior of the axoplasm
came to a complete halt (Fig. 1, C, D). The smallest organelles
appeared to be the most quickly and completely affected, but
by 30 min to | hr after addition of dephospho-synapsin I, or-
ganelles of all sizes were clearly affected. In the absence of de-
phospho-synapsin I, the average velocity of particles moving in
the anterograde and retrograde directions was 1.72 + 0.098 um/
sec (n = 33)and 1.29 + 0.042 um/sec (n = 33), respectively (S.
T. Brady and G. S. Bloom, unpublished observations; and the
present report). After equilibration of the axoplasm with de-
phospho-synapsin I, the average velocity in both directions for
most particles was essentially zero.

No detectable change in the structural organization of the
axoplasm was noted on the addition of dephospho-synapsin 1.
For example. in contrast to results obtained with purified mi-
crotubules (Baines and Bennett, 1986), no dephospho-synapsin
I-induced bundling of microtubules was detected in the intact
axoplasm. Furthermore, there was no loss of order or increase
in Brownian motion, which can be seen in disrupted axoplasm
or axoplasm depleted of ATP (Brady et al., 1985). Instead, the
axoplasm appeared to virtually freeze in the presence of de-
phospho-synapsin I, with many organelles undergoing repeated
short *“tugging” movements. This tugging behavior could rep-
resent constrained Brownian movement of particles trapped

—_—

Figure 1. Effect of dephospho-synapsin { on organelie movement within the interior of the axopiasm. Stills from video records show organelie
movement within the interior of extruded axoplasm immediately before (4. B) and 1 hr after (C, D) addition of 10 um dephospho-synapsin I.
Arrows and arrowhead in A point to a few of the numerous organelles that had moved during the 5.5 sec interval between frames A and B. The
corresponding symbols in B point to the positions originally occupied by the respective organeiles. Solid. curved arrow in A points to a mitochondrion
that moved to the left. as seen in B. Open. curved arrow in 4 points 10 a large organelle that moved upward and to the right, as seen in B. Solid,
thin arrow and solid arrowhead in A point to 2 smaller organelles that moved out of the field in B. Open, straight arrow in A points to 2 organelies
that moved in opposite directions in B. These 2 organelles are marked with an * in both .4 and B: the top organelle moved in the retrograde
direction. whereas the bottom organelle moved in the anterograde direction. In contrast to the movement observed between frames 4 and 8. almost
no organelles moved during the 5.5 sec interval between frames C and D. Arrows and arrowheads in C and D indicate just a few of the various-
sized organelles that remained stationary in the presence of dephospho-synapsin 1. Stills were made by playing the original videotape into the
C-1966 Image Processor. performing a rolling average of 4 frames. and recording the averaged image onto an optical disc using a Panasonic TQ-
2028F Optical Memory Disc Recorder. Single frames from the optical disc were photographed from a high-resolution monochrome monitor with

a2 35 mm camera onto Kodak Tech-pan film. Scale bar. 2 um.







Freure

I'race tmages tlustratng the etfect of dephospho-svnapsin | on organelle movement within the interior of the axoplasm. Traces were

abtained by subtracting every third tframe 9.1 sec intervals) and accumuiting the subtracted ymages ot 60 frames. as descnbed in Matenais and
Methods, 1 Linear paths nroduced by moving organetles within the avoptasm immediately hetore addition of dephospho-synapsin [. 8, No such
paths can be detected in e same axopiasm | hr atter addition ot 11 us denhospho-synapsin L Stlls were made by copyving the-onginal videotape
onto an opucal dise and photographing singie frames as desenibed i the fegend o Freure 1. Scale bar, 2 um.

within the matriv of the axoplasm (Bradv et al.. 19831 or could
represent attempted movement ot organelles that are actually
tethered to some component of the axeplasmic matrix. Replen-
ishing the ATP did not reverse the mhrbitary etfect of dephos-
pho-svnapsin 1 on axonal transport.

Reptons in which directed movement had ceased within the
avoplasm were first detected within 3 min atter dephospho-
svnapsin addition and were detected throughout the axoplasm
by 30 nun. To monuor the diffusion of synapsin | into the
axoplasm. the protein used tor most of these expenments was
Huorescentlv labeled with the rthodamine derivauve Texas red.
Labeled synapsin 1 was comparable w unlabeled svnapsin [ in

Fabie 1. Fifect of dephospho-synapsin | and phospho-synapsin | on
orpanelle movement within extruded axoplasm
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terms of 1ts ability to be phosphorvlated by CaM kinase 11, to
bind to punfied synaptic vesicles, to inhitbit organelle movement
{present report), and to inhtbit neurotransmitter release (Llinas
et al.. unoublished observations). Fluorescent dephospho-syn-
apsin | was tound to penetrate the axoplasm with a time course
stmular to that found for the appearance of the inhibitory effect.
This ume course is consistent with that expected for diffusion
of molecules the size of synapsin 1 in squid axoplasm (Brady et
al.. 19834, 1985: Moms and Lasek. 1984).

Dynamic movement observed in real-time using video-en-
hanced microscopy cannot be adequatelv represented in still
photographs. The isolated axoplasm preparation contains so
many moving organclles that frames selected at 2 different times
mav look verv similar because almost all organctles have moved
in the intertrame interval and other orpanelles have taken their
place. Often. only the positions of medium-sized and large or-
ganclles can unequivocally be wdentitied in successive stil pho-
tographs. Furthermore, the ability to even detect the smali syn-
aptic vesicle-sized particles within the complex intenor of the
azvoplasm s almost completely lost 1n the stll picture. The
changes in contrast generated by the movementof these panticles
contrihute significantlé to one’s abilityv to study them.

Fieure 2 represents an attempt to circumvent these limita-
tons, e trace imagesin Figure 2 were obtamned by sequentially
subtracing DIC images captured at 0.1 sec intervals and ac-
cumulating nt) ol the subtracted images. Trajectories of moving
particies were visualized by changes in pixel brightness caused
by mevement dunne the intertrame interval. The trajectories
creited v organelles moving within the axoplasm were clearly
seen tetore addiion of dephospho-synapsin [ (Fig, 2.0 In con-



trast. no trajectories were evident | hr after dephospho-synapsin
I was applied to the axoplasm (Fig. 2B). This trace imaging
technique provided a qualitative measure of the extent to which
dephospho-svnapsin [ reduced movement of organelles.

Effect of dephospho-synapsin [ on organelle movement at the
periphery of the axopiasm

The most peripheral region of the extruded axoplasm prepa-
ration. i.e.. the region nearest the buffer-axoplasm interface. has
a less dense and less ordered organization than does the intenor
of the axoplasm proper (cf. Fig. 3. 4. Bto C, D, and see Brady
etal.. 1982; Miller and Lasek. 1985). In the periphery. organeile
movement is not inhibited by dephospho-synapsin I. In contrast
to the immobilization of particles produced by dephospho-syn-
apsin [ within the interior of the axoplasm (Fig. 3. 4. B). or-
ganelle movement along microtubules near the boundary be-
tween the buffer and axoplasm (Fig. 3, C. D) was unaffected by
dephospho-synapsin I. Typically, regions of the axoplasm more
than 5-6 um away from the boundary between buffer and axo-
plasm were clearly reduced in the amount of organeile move-
ment within 10 min of dephospho-svnapsin I addition. As the
incubation continued. almost all organelle movement ceased
within the interior of the axoplasm (Fig. 3. 4, B). Throughout
the course of the experiment. however. organelles of all sizes in
the most superficial regions of axopiasm continued to move
along easily resolved microtubules (Fig. 3. C, D). Similarly.
organelle movement along isolated microtubules protruding from
the edge of the axoplasm continued in the presence of dephos-
pho-synapsin I (Fig. 4). Thus. axonal transport along individual
microtubules in the periphery of the axoplasm and in the sur-
rounding buffer continued unabated. despite the fact that the
dephospho-synapsin [ concentration was higher in these pe-
ripheral regions than in the interior of the axoplasm. as deter-
mined by tluorescent monitoring of Texas red-labeled synap-
sin [.

Effect of phospho-synapsin I on organelle movement

Phosphorylation of sites 2 and 3 in the tail region of the synapsin
I molecule by CaM kinase II abolishes the ability of synapsin I
to inhibit transmitter release at the squid giant synapse (Llinas
etal.. 1985: unpublished observations). Therefore, we examined
whether phosphorylation of synapsin I by CaM kinase [I would
also reduce the ability of synapsin I to inhibit organelle move-
ment in the squid giant axoplasm. As shown in the previous
section, organelle movement was almost completely inhibited
when axoplasm was incubated with 1.3-10 um dephospho-syn-
apsin 1. In contrast. incubation of axoplasm with 1.3 um 1ail
phospho-synapsin I (synapsin I that had been phosphorviated
on sites 2 and 3 in the tail region of the molecule by CaM kinase
1I) had no effect on organelle movement (see Table 1). and
incubation with 10 uM tail phosphosynapsin I had only a slight
inhibitory effect (Fig. 3). This minor effect at the higher con-
centration might have resulted from sites 2 and 3 being incom-
pletely phosphorylated or partially dephosphorvlated by en-
dogenous squid protein phosphatase(s). The fact that 10 um tail
phospho-synapsin [ had little effect on transport indicates that
this concentration of dephospho-synapsin I. which abolished
organelle movement. did not per se cause a nonspecific pertur-
bation of axonal transport.

Phosphorylation of site 1 in the head region of the svnapsin
[ molecule by cAMP-dependent protein kinase only parnially
reduced the ability ot synapsin I to inhibit organelles from being

transported along microtubules. Phosphorylation by cAMP-de-
pendent protein kinase was not as effective as phosphorylation
by CaM kinase Il in preventing the inhibitory effect of synapsin
I. but far more movement was seen in axoplasm treated with
head phospho-synapsin I than if treated with dephospho-syn-
apsin [ (see Table 1).

The relative lack of effect of the phospho-synapsin I prepa-
rations was not due to nonspecific inactivation of the molecule
by the phosphorylation conditions, since mock phospho-
synapsin | (synapsin I that had been treated identically to
phospho-synapsin I except that ATP was omitted from the phos-
phorvlation reaction mixture) was indistinguishable from de-
phospho-synapsin I in its inhibitory effect. The relative lack of
effect of the phospho-synapsin I preparations was also not due
to poor penetration into the axoplasm. since fluorescence mon-
itoring of Texas red-labeled synapsin I showed similar diffusion
for the dephospho- and phospho-forms. The differences in trans-
port blocking ability between dephospho- and phospho-syn-
apsin [ were also observed when the proteins were pressure-
injected from a microelectrode directly into a small region of
the axoplasm. In these experiments. dephospho-synapsin [ in-
hibited movement in the region surrounding the injection site.
whereas axonal transport proceeded normally at distances far-
ther away. In contrast, phospho-synapsin I had no effect.

The microinjection technique was also used to test whether
phosphorylation of synapsin [ within the axoplasm itself by CaM
kinase II would prevent the inhibitory action of svnapsin [ on
organelle movement. CaM kinase II was pressure-injected into
a small area at the distal end of the axoplasm. Organelle move-
ment and the integrity of the axoplasm in the vicinity of the
injection site were not noticeably different from that seen in
other regions. The axoplasm was then incubated with buffer
containing 1.3~10 uM dephospho-synapsin I in the presence of
40 uM calcium and 0.15 mg/inl calmodulin to promote phos-
phorviation. Incubation with these concentrations of calcium
and calmodulin without dephospho-synapsin I had no detect-
able effect on organelle movement (Brady et al.. 1984, 1985
and this study). Dephospho-synapsin [ inhibited movement
throughout the axoplasm except in the immediate vicinity of
the kinase injection site. Near the injection site, normal organelle
movement was observed. Decreases in organelle movement were
seen with increasing distance from the site of injection. The
distnbution and intensity of the fluorescent synapsin I was the
same at the injection site as in other regions. Thus. inhibition
by dephospho-synapsin I can be prevented by CaM kinase 11
within the axoplasm itself,

Discussion

The present studies utilized the isolated axoplasm from the
squid giant axon as one model for studying the mechanism by
which svnapsin I might regulate neurotransmitter release. These
studies were undertaken to test the following hypothesis. If syn-
apsin | regulates availability of synaptic vesicles for release by
restricting the ability of vesicles to move within the cytoplasm
of the presynaptic terminal, then adding concentrations of syn-
apsin I that would be expected to exist within the terminal to
the isolated axoplasm might inhibit vesicle movement in the
axopiasm. This is. in fact. what was found (see Table 1). The
dephosphorvlated form of synapsin I virtually abolished all ves-
icle movement within the interior of the isolated axoplasm.
Phosphorviation of synapsin [ by CaM kinase Il removed the
inhibitory effect and phosphorylation by cAMP-dependent pro-







tein kinase partally reduced the inhibitory effect on vesicle
movement. These results are analogous to the inhibition of neu-
rotransmitter release by dephospho-svnapsin | and the reduc-
tion of that inmbiuion by phosphoryiation of synapsin 1. Thus.
the results are consistent with the possibility that the mechanism
by which synapsin I affects organelle movement in the 1solated
axoplasm is similar or identical to the mechanism by which 1t
regulates svnaptic vesicle availability in the presynaptic ter-
minal.

The small vesicles in the axoplasm were cleariv not the only
organelles affected by svnapsin I. Movement of all organelles
was dramatically inhibited. This nonselective effect raises the
possibility that synapsin I directly inhibits the microtubule-
based motor mechanism for fast axonal transport. Several fac-
tors. however, suggest that synapsin I does not directly affect
the transport mechanism itself. First, synapsin [ had no apparent
effect on the movement of organelles along microtubules in the
periphery of the axoplasm or along isolated microtubules pro-
truding into the buffer. where the concentration of synapsin I
was the highest. Furthermore, the ability of synapsin I to inhibit
organelle movement was critically dependent on a closely packed
cvtoskeletal matrix. For example. when the axoplasm was im-
properly extruded so that the onginal linear organization of the
cytoskeletal network was disturbed. synapsin 1 was much less
effective in inhibiting movement. Also. if a single axoplasm had
highly organized regions adjacent to regions where the micro-
tubules were disorganized and extending haphazardly in all di-
rections. then significant inhibition was seen only in the orga-
nized regions. This ability of synapsin I to inhibit movement
only within the intertor of axoplasm in which the onginal cy-
toskeletal architecture has been maintained is not consistent
with a direct effect on the fast axonal transport mechanism. It
1s also not consistent with the inhibitory effect depending solely
on the concentration of a particular component that may have
been diluted below a critical concentration in the buffer sur-
rounding the axoplasm. Rather. it suggests that synapsin | may
indirectly inhibit fast axonal transport by crosslinking neigh-
boring axoplasmic structures, thus restricting the ability of or-
ganelles to move within the resulting network. However. the
absence of an effect of dephospho-synapsin I on organelles mov-
ing along individual microtubules or in the periphery of the
axoplasm suggests that the organelles are not crosslinked to the
microtubules. Instead. some other axoplasmic structure must
be required.

One possible mechanism for the inhibition of movement of
membranous organelles reported here is the following. De-
phospho-synapsin [ inhibits synaptic vesicle mobility by cross-
linking the vesicles to some component(s) of the cytoskeleton.
thereby creating a dense meshwork or cage. which then indi-
rectly restricts the movement of other organelles as well. Indeed.
it has previously been proposed that svnapsin I crosslinks syn-
aptic vesicles to cytoskeletal structures and that this interaction
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is regulated by phosphorylation of the synapsin I molecule (De
Camlli et al.. 1983b: Huttner et al.. 1983: Navone et al.. 1984).
In support of this proposal. synapsin [ has been shown to bind
with high affinity 10 isolated synapiic vesicles (Huttner et al..
1983: Schiebler et al.. 1986: Steiner et al., 1987; Benfenat: et
al.. 1989) and to interact in vitro with vanous cytoskeletal struc-
tures. including spectrin (Baines and Bennett, 1985; Kanda et
al.. 1986: Krebs et al., 1987), microtubules (Baines and Bennett.
1986: Goldenring et al.. 1986). neurofilaments (Goldenring et
al.. 1986: Steiner et al.. 1987). and F-actin (Bahler and Green-
gard. 1987; Petrucci and Morrow, 1987; Petrucci et al.. 1988:
Bahler et al.. 1989).

Only in the synaptic vesicle (Huttner et al.. 1983; Schiebler
et al.. 1986: Benfenati et al.. 1989) and actin (Bahler and Green-
gard. 1987; Petrucci and Morrow. 1987; Bahler et al.. 1989)
studies was the effect of phosphorylation of synapsin I by cAMP-
dependent protein kinase examined. Phosphorylation by cAMP-
dependent protein kinase had only a slight effect on the inter-
action of synapsin I with purified vesicles (Schiebler et al.. 1986)
and with actin (Bahler and Greengard, 1987). It is not known
whether these relatively minor effects are of physiological sig-
nificance. Phosphorylation of synapsin I by CaM kinase 1I has
been shown to decrease its interactica with purified synaptic
vesicles (Huttner et al., 1983; Schiebler et al., 1986; Benfenau
et al.. 1989) and neurofilaments (Steiner et al., 1987) and to
nearly abolish its ability to bundle F-actin (Bahler and Green-
gard. 1987: Petrucci and Morrow. 1987). Thus, phosphoryia-
tion-dependent interactions of synapsin | with any of these com-
ponents could be responsible for the present findings or: organelle
movement.

Interaction with neurofilaments is unlikely to explain the ef-
fec’s of synapsin I in both the axoplasm and the presynaptic
terminal. since neurofilaments are thought not to extend into
the synaptic vesicle-containing region of the terminal (Roots,
1983: Walker et al.. 1985). Interaction with microtubules is also
unlikely to be the sole explanation for the effects of synapsin I.
since no microtubule bundling was observed in the present ex-
periments and phosphorylation of synapsin I, if anything, may
enhance the interaction of synapsin I with microtubule proteins
(Petrucci and Morrow, 1987). In addition, microtubules are
thought not to extend into the synaptic vesicle region of the
presynaptic nerve terminal (Roots, 1983; Walker et al., 1985),
although evidence for some microtubules extending into the
presynaptic terminal does exist (Hirokawa et al., 1989). Re-
gardless. the absence of inhibition by dephospho-synapsin I
when organelles are moving along individual microtubules in
the absence of other s.ructures (Fig. 4) makes it unlikely that
interaction with microtubules is invoived.

Interaction with F-actin, on the other hand, cou!d explain
both effects. The ability of synapsin I tc bundle F-actin in in
vitro systems (Bahler and Greengard, 1987; Petrucci and Mor-
row, 1987: Petrucci et al., 1988) is consistent with synapsin [

Figure 3. Companson of the effect of dephospho-synapsin | on organelle movement within the interior and near the periphery of the axoplasm.
Stills from video records showing organelle movement within the interior (.4, B) and near the periphery (C. D) of extruded axoplasm 20-22 min
after addition of 1.3 um dephospho-svnapsin . .4rrows in 4 and B indicate 2 of the numerous organelles in the field that did not move during the
5 sec interval between frames .4 and B. Open arrows in C and D ndicate a single microtubuie. Solid arrows in C and D indicate the positions of
a single organelle that moved along another microtubule dunng the 3 sec interval between frames C and D. In such peripheral regions. movement
was generallv active to the extent that few organelles remained in the held for more than 2 or 3 sec. 4rrowhead in C indicates an organelle that 1s
not seer: in D because 11 had moved out of the field. Stills were made by accumulating 4 frames (0.13 sec) from the onginal videotape using the
C-1966 image Processor and photographing the accumulated 1mage tfrom the monitor onto Kodak TMAX 100 film. Scale bar, 2 um.
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some dispute. However, actin 1s clearly present in high concen-
tration in the extruded squid axoplasm (Morns and Lasek. 1984:
Fath and Lasek. 1988) and is also found in the presynaptic nerve
terminal (LeBeux and Willemot, 1975; Toh etal.. 1976; Walker
et al.. 1985). Moreover. although actin is not necessary for fast
axonal transport (Al'=n et al.. 1985: Brady et al., 1985: Schnapp
et al., 1983), several actin-binding and microfilament depoly-
merizing agents have been shown to disrupt fast axonal transport
(Goldberg et al., 1980: Goldberg, 1982: Brady et al.. 1984).
Significantly, these microfilament depolymerizing agents are not
effective a1 inhibiting organelle movement along individual mi-
crotubules (Brady., 1987), and the individual microtubules on
the periphery do not contain detectable microfilaments (Schnapp
et al.. 1985: Brady, 1987). Further studies will be required to
determine if synapsin | inhibits organelle movement within the
squid axoplasm by crosslinking synaptic vesicles with F-actin.
by crosslinking F-actin with F-actin, or by some mechanism
involving other cytoplasmic component(s) and to determine if
such interactions have physiological relevance to synaptic trans-
mission.

Associations between synapsin I and various subcellular com-
ponents that were produced under the in vitro conditions used
in the present study may not occur in vivo. However, it should
be noted that the axoplasm studies more nearly resemble phys-
iologically relevant conditions than do studies that examine
interactions between synapsin | and purified subcellular com-
ponents. A variety of other proteins. including myosin frag-
ments. calcium-free gelsolin, antitubulin antibodies. antimyvosin
antibodies. and calmodulin (Brady et al., 1985; Johnston et al..
1987; S. T. Brady, unpublished observations; and this report),
had little or no effect on transport. indicating that the pertur-
bation of axonal transport by synapsin I was highly specific. In
support of the specificity of the action of synapsin I on transport.
addition of only 2 phosphate groups to the tail region of the
synapsin [ molecule virtually abolish its inhibitory effect. Fur-
thermore. it is unlikely that the inhibitory effect of dephospho-
synapsin [ is an artifact due to the overall surfactant (M. Ho et
al., unpublished observations) or basic properties of the mole-
cule. since phosphorylation of synapsin I has no detectable effect
on its surface activity {M. Ho et al.. unpublished observations)
and has only a minimal effect on its isoelectric point. In addition.
perfusion of axoplasm with the basic protein avidin had no
detectable effect on movement of organelles (unpublished ob-
servations).

Synapsin I constitutes ~0.4% of mammalian cerebral cortex
protein (corresponding to approximately 1.0% of total neuronal
protein) (Goelz et al.. 1981) and most of the synapsin I appears
to be localized to presynaptic terminals (De Camillietal., 1983a.
b: Huttner et al.. 1983). Indeed. synapsin I represents 6% of the
total protein present in synaptic vesicle fractions isolated from
nerve terminal endings (Huttner et al., 1983). Squid axoplasm
contains approximately 25 mg/ml protein (Morris and Lasek.
1984); thus. the effective concentrations of synapsin I used in
the present experiments. namety 1.3-10 um. correspond to about
0.4-3.0% of total protein in the extruded axoplasm. These con-
centrations are probably higher than that which exists in axons.
since synapsin I constitutes only 0.02% of total protein in the
corpus callosum (Goelz et al.. 1981). In addition. it appears that
only a portion of the synapsin [ present in the axon is associated
with vesicles dunng their transport down the axon. with the
remainder undergoing slow axonal transport independent of
membranous organelles (Baitinger and Willard. 1987). Thus.
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the concentrations of synapsin [ used in the present experiments
are most likely reached only in synaptic terminals where syn-
apsin 1 is specifically localized. Therefore, we do not propose
that synapsin I regulates release by blocking fast axonal trans-
port. In fact (Llinas et al., unpublished observations), disruption
of microtubules or axonal transport could not account for the
inhibition of neurotransmaitter release by synapsin 1. Instead.
we suggest that the ability of synapsin I to block axonal transport
might reflect its ability to modulate organeile movement in the
nerve terminal. Such modulation might involve regulating re-
lease of the vesicles from the microtubules, targeting the released
vesicles 10 a cytoskeletal (actin?) matrix, or regulating detach-
ment of the vesicles from such a cytoskeletal matrix.
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ABSTRACT  The question as to whether synaptic vesicles
prepared from vertebrate brain can be transported to the active
zones of the squid giant synapse was studied by using a
comuyined optical and electrophysiological approach. In order
to visualize the behavior of the vertebrate synaptic vesicles in
situ, synaptic vesicles isolated from rat brain were labeled with
a fluorescent dye (Texas red) and injected into the presynaptic
terminal of the squid giant synapse. The pattern of fluorescence
that would resuit from passive diffusion was determined by
coinjection of an unconjugated fluorescent dye (fluorescein).
The patterns obtained with fluorescent synaptic vesicles were
strikingly different from that obtained by simple diffusion of
fluorescein. Although the fluorescein diffused freely in both
directions, the vesicles moved preferentially into the terminal—
i.e., toward the release sites—at a rate of 0.5 um/sec. The final
distribution of the injected fluorescent synaptic vesicles dis-
played a discrete localization that suggested a distribution
coincident with the active zones of the presynaptic terminai.
Like fast axonal transport, but unlike fluorescein movements in
the terminal, the vesicle movement was energy dependent,
since the addition of 2,4-dinitrophenol blocked the redistribu-
tion of vesicles completely. In addition, reduction of extracei-
lular calcium concentration reversibly blocked vesicular move-
ment as well. In conclusion, mammalian synaptic vesicles
retain the cytoplasmic surface components necessary for trans-
location, sorting, and targeting to the proper locations by the
native machinery of the squid giant synapse.

The movement and disposition of synaptic vesicles (SVs) in
presynaptic terminals have been areas of intensive research
in recent years. Several different lines of investigation have
led to the conclusion that SVs or their precursors are deliv-
ered to the presynaptic terminal by fast axonal transport (for
review, see refs. 1 and 2). Many questions remain, however,
about the fate of these vesicles during and after transport to
the presynaptic terminal. For example, how are these vesi-
cles targeted to the terminal rather than to the axonal
plasmalemma? What occurs once the SV enters the presyn-
aptic terminal: Do they proceed directly to the junctional
areas or are they distributed stochastically? Moreover, what
effect does activity have on these processes? Are the same
molecular motors involved in moving vesicles in the terminal
and in the axoplasm? Answers to most of these questions
have been difficult or impossible to obtain because of limi-
tations in the preparations and tools available to researchers.
A combination of microinjection and intraceliular recording
with video microscopy techniques has now provided us with
the means of addressing these fundamental questions in the
presynaptic terminal of the squid giant synapse.

Several methods are now available for preparation of
highly purified SVs from vertebrate neural tissue (3-6).
These homogeneous fractions can be stripped of peripheral
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proteins and labeled with fluorescent probes without losing
biological activity (neurotransmitter content and enzymatic
activities). Previous studies with labeled SVs from vertebrate
neural tissue have demonstrated that once they are intro-
duced into isolated axoplasm from squid, the labeled SVs can
interact with the motile machinery of fast axonal transport
present in the axoplasm and can then be transported along the
endogenous organelles (7). When the surface properties of
the SVs were modified prior to injection into the axoplasm,
the ability of the SVs to move and the directionality of
movement were affected (refs. 1 and 7; S.T.B. and L.
Yamasaki, unpublished observations). The principle of using
a heterologous system that combined SVs from vertebrate
sources with molluscan giant neurons and manipulating these
constituent elements independently was thereby established
as feasible. However, this type of preparation was primarily
suited for studying the molecular mechanisms of fast axonal
transport, particularly with regard to questions about puta-
tive molecular motors (i.c., kinesin or cytoplasmic dynein),
and could not readily address questions about targeting or
function in the terminal.

Extensive electrophysiological studies of the giant synapse
have been conducted to characterize the physiological prop-
erties of synaptic transmission in the squid (8). In most
respects, the squid giant synapse is a prototypical chemical
synapse with the characteristic features of many vertebrate
synapses such as the vertebrate neuromuscular junction.
However, the large size and relative accessibility of the giant
synapse of the squid permit intracellular recording within the
terminal itself as well as microinjection of materials directly
into the presynaptic terminal and adjacent axonal regions (9).
As a resulit, the presynaptic terminal of the giant synapse is
uniquely amenable to experimental manipulations for explo-
ration of the molecular mechanisms underlying synaptic
transmission. The ability to microinject materials into this
presynaptic terminal has been particularly useful for exam-
ining possible functions for specific proteins associated with
the terminal. For example, the injection of synapsin I has
allowed the study of phosphorylation in the modulation of
transmitter availability (9), and the injection of calcium
indicators (10-12) enabled the visualization of the distribu-
tion of inward calcium current during synaptic release. A
logical extension of these two approaches is to inject intact
organelies into the terminal instead of proteins.

Microinjection of fluorescently labeled vertebrate SVs into
the presynaptic terminal represents a powerful paradigm for
understanding synaptic function. The ability to modify inde-
pendently the SV components permits analysis of those
vesicle components involved in the movement of organelles
in the terminal, in the targeting of organelles to the junctional
regions. and in the release of neurotransmitter. The electro-
physiological properties of the giant synapse can be readily
evaluated and continuously monitored, so the effects of an

Abbreviations: SV, synaptic vesicle; TRSV, Texas red SV; DNP,
2.4-dinitrophenol.




experimental manipulation can be quantitatively analyzed,
while simultaneously evaluating movements of the previ-
ously injected fluorescent SVs. We describe here the ATP-
dependent, directional movement of vertebrate SVs in the
presynaptic terminal of the squid giant synapse. The present
set of experiments demonstrates that vesicles injected into a
functional synapse are treated as intrinsic vesicles and are
carried to the site of synaptic release in the presynaptic
terminal.

MATERIAL AND METHODS

The following work was performed at the Marine Biology
Laboratory in Woods Hole, MA. Reagents were obtained
from Sigma unless otherwise stated. The squid giant synapse
in the stellate gangiion of Loligo pealeii was removed from
squid mantle under running seawater following standard
protocol (13). Typically, squid with mantle lengths between
7 and 10 cm were utilized. Following removal of the stellate
ganglion, it was placed in the recording chamber, and con-
nective tissue was removed to allow presynaptic and postsyn-
aptic recording and to facilitate visualization of the presyn-
aptic terminal. The design of the experiment requires a clear
visualization of the complete synaptic terminals, so only
those stellate ganglia having superficial presynaptic terminals
and simple structures were chosen. A synapse with simple
structure was defined as having presynaptic terminals that
ran longitudinally over the postsynaptic axons as opposed to
those that either dive into the ganglion and contact the lower
surface or those that wrap around the postsynaptic axon. In
these cases. visualization of vesicular movement is very
much impaired, aithough electrophysiological recordings
could still be feasible. Preparations were perfused with
oxygenated, running artificial seawater to maintain viability.
In some experiments, Ca?*-free artificial seawater, prepared
by replacement of CaCl, with MgCl,, was employed to
eliminate activity.

Electrophysiological Techniques. Methods for electrophys-
iological studies were essentially as described previously
(13). The presynaptic terminal was stimulated with extracel-
lular electrodes located in the presynaptic bundle, and intra-
cellular recordings were obtained at the presynaptic terminal
near the point of entry of the presynaptic axon into the
ganglion, prior to its ramification into the presynaptic digits.
Intracellular recordings were required to characterize the
presynaptic terminal, to assess its viability, and to check its
ability to maintain a proper resting potential during the
injection procedure. The identification of the presynaptic
terminal could also be obtained optically as the injection of
presynaptic dye immediately outlined the shape of the pre-
terminal.

Preparation and Injection of Fluorescent Vertebrate SVs.
Synaptosomal fractions were prepared from rat cortex, and
SVs were purified from these synaptosomes by using a minor
modification of the method of Huttner et al. (5). Following
purification, 33-ug samples of SVs were resuspended in 200
pl of precleared Texas red (Molecular Probes) in labeling
buffer (0.67 mg of Texas red per mi/0.4 M NaCl/10 mM
Hepes, pH 7.4/10 mM EGTA) and incubated for 4 hr at 4°C.
This step removes peripheral proteins and labels integral
membrane proteins of the vesicle fraction. Following label-
ing, the Texas red SVs (TRSVs) were peileted by a 15-min
spin at 260,000 x g in a Beckman TL-100 ultracentrifuge and
washed several times by resuspension into labeling buffer
without Texas red. TRSVs could then-be stored as aliquots
either at —80°C for 4-8 wk or on ice for up to 10 days. Prior
to use, TRSVs were pelleted. washed, and resuspended in
injection buffer (0.1 M potassium aspartate/10 mM Hepes.
pH 7.2). Previous studies had shown that this treatment does

not interfere with the ability of TRSVs to move in fast axonal
transport (7).

Unconjugated fluorescein was added to the injection fluid
along with the TRSVs so that two fluorescent dyes were
simuitaneously injected. The fluorescein served several im-
portant functions. It was utilized as a control for the diffusion
of any nonvesicular components and defined the morphology
of the terminals and adjacent axon. In addition, the fluores-
cein provided a measure of the relative thickness in different
regions of the presynaptic terminal and axon. The choice of
unconjugated fluorescein as the second dye was made on the
basis of two criteria. (i) Fluorescein and Texas red have
sufficiently different excitation and emission wavelengths so
that the two dye distributions could be compared at all times
by switching filters and that observation at one wavelength
would not contribute to bleaching for the other fluorochrome.
(if) Fluorescein did not significantly interact with other
structures of the presynaptic terminal (SVs, plasmalemma,
cytoskeletal structures, etc.).

Injection of TRSVs and fluorescein solutions into the
presynaptic terminal were accomplished by using carefully
beveled micropipettes. The beveling step was crucial as
vesicular material was difficult to inject if the micropipette
opening was not large enough. Conversely, a very large
micropipette opening invariably leads to presynaptic terminal
death, due to the influx of seawater, with a consequent
disruption of synaptic organization and paralysis of vesicular
mobility. Two important parameters were taken into consid-
eration: (i) to bevel the electrode with an angle sufficiently
steep in order to combine a low resistance (<1 M{}) with a
diameter sufficiently small so as to prevent injury to the
presynaptic terminal and (ii) to ensure good suspension of
SVs, as they tend to aggregate and form large masses that
could prevent injection by blockage of the electrode. If
injected, these aggregated vesicular masses exhibited a gen-
eral lack of mobility. The actual injection was performed by
use of pressure pulses. These pulses had a duration of
100-150 msec and the pressure varied from 20-35 psi (1 psi
= 6.89 kDa).

Microscopic Techniques. The fluorescence was imaged by
using a X 10 objective with an optical aperture of 0.22, which
provided images to a double microchannel plate image in-
tensifier coupled to a videcon camera (C1966-20 VIM Sys-
tem; Hammamatsu Photonics). This system allowed the
visualization of fluorescence at extremely low light levels.
Though fine structures could not be resolved by using this
optic, this system gave excellent images of the bulk of the
injected material in the interior of the presynaptic terminal.
The image was then fed to an image processor (C1966;
Hammamatsu Photonics), which allowed a variety of image
enhancements, including a running average of fluorescence,
the subtraction of background, and greyscale or pseudocolor
manipulations. Fluorescent images were also recorded di-
rectly on videc tape using a conventional VHS-type video-
cassette recorder, and the taped image was used for further
analysis after the experiment. The fluorescent images were
then displayed either as grey level images or using pseudo-
color to emphasize fluorescent profile of injected materials.

RESULTS

Movement of TRSVs in the Presynaptic Terminal of the
Squid Glant Synapse. After the pressure injection of presyn-
aptic vesicles, SVs—i.c., Texas red fluorescence—were
eventuaily distributed throughout the terminal area and out-
lined the complete structure of the synapse (Fig. 1). Similar
results were obtained in four additional experiments. The
image in Fig. 1 was taken 50 min after the initial injection. The
injection site was located at the base of the upward pointing
digit (arrow). It is clear from the iilustration that the vesicles
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FiG. 1. Distribution of SVs in the
squid giant synapse. This image high-
lights the distribution of Texas red
fluorescence—i.c., the SVs—50 min
after the initial TRSV and fluorescein
coinjection. The density of the fluo-
rescence is not uniform over the en-
tire synapse. Instead, the distal por-
tions of the digits have higher density
and indicate a higher concentration of
the TRSVs. The injection site was
located at the base of the upward
pointing digit (arrow), which con-
tained three branchlettes. By con-
trast, coinjected fluorescein never
concentrated in any portions of the
presynaptic terminal.

F1G6.2. Distribution of fluorescein
and TRSYV at different times after the
initial injection. These images were
obtained from the same synapse as
that in Fig. 1 and have the same
orientations. The fluorescein distribu-
tion 10 min after the injection (A) was
mostly in the main trunk of the syn-
apse and the axon. The latter corre-
sponds to the area toward the right of
the upward pointing digit. The TRSV
distribution (B) has a similar distribu-
tion except that it is more restricted.
The injection sites are indicated by
arrows. A clear difference in the dis-
tribution of TRSV and fluorescein
was observed 27 min after the initial
injection (C and D). These images
were taken under a higher magnifica-
tion than that shown in A and B, and
the terminal region to the left is not
included. Due to prolonged diffusion,
the fluorescein density is relatively
low (C) such that its profile is smaller
than the actual size of the synapse,
which is better delineated by the dis-
tribution of TRSVs (D). In contrast to
the distribution of fluorescein,
TRSVs move along the terminal digit
**purposefully”” and penetrate deep
into the branches (D). The distance
that TRSVs travel along the digit is far
longer than that on the retrograde
direction—i.c., to the right.

Fiu.4. Vesicularmovementisen-
ergy dependent. In the presence of
0.66 mM DNP, the distribution of
TRSV remained unchanged 35 min
after injection (B), whereas fluores-
cein faded away rapidly after the ini-
tial injection. Terminal digits pointing
toward the left in this preparation
were not invaded by TRSVs. The
picture in A was taken shortly after a
second injection to highlight the initial
distribution of fluorescein.




only moved anterogradely as there was virtually no fluores-
cence in the axon to the right. Furthermore, the SVs were
preferentially concentrated in the areas corresponding to
synaptic junctions—i.e., the last few hundred microns of the
digits. In the case of the terminal digit, the horizontal one on
the left, the vesicular material was seen to cover a large
portion of the digit but was less concentrated near its base.
The density of fluorescence in this digit is not entirely
uniform, not unlike that observed from direct measurement
of calcium entry using Fura II (12), and suggests a correlation
with the localized distribution of the active zones in the
terminal.

In order to provide a chronological description of the
vesicular movement in the presynaptic arbor illustrated in
Fig. 1, the distribution of fluorescence observed at earlier
times after the injection is illustrated in Fig. 2. The initial
distributions of the fluorescein (Fig. 24) and the Texas red
(Fig. 2B) fluorescence provide a direct measure of the
location of the injected presynaptic vesicles within the ter-
minal. This image was taken 10 min after the injection of a
10-pl volume of fluid containing TRSVs (0.44 mg/mi), fluo-
rescein (0.14 mg/ml), and ATP (14 mM) in injection buffer.
Following the initial injection, the presynaptic electrode was
removed and the movement of vesicles was monitored by
using the epifluorescence microscopy system.

As illustrated in Fig. 2B, the TRSVs were still largely
confined to the general area of inject:on at 10 min, while the
fluorescein had clearty diffused beyond the original injection
site, moving both proximally and distally. After a period of 27
min, much of the fluorescence associated with the injected
fluorescein had diffused away and consequently outlined an
image smaller than the actual size of the synapse (Fig. 2C).
In contrast, movement of TRSVs during the last 17 min
covered a distance of ~500 ut::, measured from injection site
to the tip of right branch (Fig. 2D). This measurement
provides a transport rate of 0.5 um/sec. By comparison, fast
axonal transport in the isolated axoplasm has an average rate
of 1.9 um/sec in the anterograde direction and 1.3 um/sec in
the retrograde direction. Instead of measuring the rate of
fluorescent vesicular movement by direct observation of
individual vesicles (7), our imaging system only allowed us to
estimate the transport rate by the movement of fluorescence
boundary. This approach provided a lower limit of the
transport rate because the criterion for defining the boundary
was to find a line where there was an abrupt change in the
fluorescence density. By this criterion, there was clearly
weak fluorescence beyond the line but change in fluorescence
density was too gradual to provide a consistent boundary
definition. A quantitative description of TRSV movement,
measured from the same synapse as that of Figs. 1 and 2, is
illustrated in Fig. 3, where the movements to the terminal
digit (square) and to the upward-pointing digit (circle) were
plotted separately. The linear fits provide a transport rate of
0.5 and 0.4 um/sec, respectively.

Movement of TRSVs was preferential in the anterograde
direction. In fact, TRSVs were always observed to advance
into the digits and to concentrate in the distal portions of the
presynaptic terminals, there being essentially no detectable
fluorescence in the retrograde direction. A clear demonstra-
tion of this point can be seen in Fig. 2D, where the distance
of Texas red distribution into the digit is far longer than that
into the larger proximal part of the axon (toward the right).

In contrast. injected fluorescein diffused quickly both
forward into the presynaptic terminal and back into the
proximal portion of the presynaptic axon. As a result, the
fluorescein signal soon became widely distributed and thus
attenuated. In fact, qualitatively the largest movement of
fluorescein occurred in the retrograde direction, reflecting
the larger sink for diffusion.
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Fic. 3. Rate of vesicular movement. The measurements were
obtained from the same synapse as that in Fig. 1. TRSV fluorescence
movement in the horizontal direction (W)—i.e., toward the terminal
digit to the left—and in vertical direction (®)-——i.e., into the pointing
digit—are plotted in the same graph. The distances were measured
upward from the injection site to the boundary of fluorescence (see
text). The straight lines are the linear regression fits for each
direction. The data points do not start at zero distance because the
fluorescence distribution covered a significant area instantaneously;
presumably it was forced by the pressure applied through the
injection electrode.

Distribution of Labeled SVs Following Inhibition of ATP
Synthesis. In order to determine whether the movement
required ATP, 2,4-dinitrophenol (DNP) (0.66 mM) was added
to the extracetlular fluid in place of the ATP. This has been
shown to produce a total blockage of axonal transport (14,
15). If the movement of presynaptic vesicles in the terminals
were to be an active process, dependent on ATP, then
inhibition of ATP synthesis should biock the redistribution of
TRSVs as it blocks fast axonal transport. Coinjection of
TRSVs and fluorescein with DNP demonstrated that al-
though distribution of material due to passive diffusion (flu-
orescein) was not modified by the treatment, the redistribu-
tion of SVs did not occur following inhibition of axonal
transport (see Fig. 4). Specifically, the fluorescein fluores-
cence typically faded away rapidly and require¢ muiltiple
injections to outline the profile of the synapse (Fig. 44),
whereas TRSV distribution remained stationary even after
multiple injections (Fig. 4B). These experiments, which were
repeated three times, demonstratet no movement of vesicles
for periods up to 40 min after injeciion.

Distribution of Labeled SVs Following the Removal of Extra-
cellular Calcium. Extracellular calcium was removed from
the bathing medium to evaluate its role on the movement of
TRSV:s in a series of experiments similar to those described
in previous sections. In this case, the extracellular calcium
was removed from the bathing medium from the time of fine
dissection in the recording chambers for a period of at least
30 min prior to injections of TRSVs and fluorescein. After
this treatment, the extracellular calcium concentration was
sufficiently low to prevent transmitter release, although
presynaptic action potentials still exhibited a normal ampli-
tude. As a resuit of this treatment, repeated in four synapses,
no movement of TRSV's away from the initial site of injection
could be detected. The movement of TRSVs under these
conditions of low extracellular calcium resembied those
following blockage of axonal transport by DNP. Further-
more, in three of these four experiments, partial or compiete
movement of the TRSVs could be recovered when the
extracellular calcium concentration was raised to 10 mM. By
contrast, removal of intracellular calcium in the axoplasm by
perfusion with buffers containing as much as 10~20 mM
EGTA had no detectabie effect on the transport of organelles
in fast axonal transport (14-16).




DISCUSSION

The results described above indicate that mammalian SVs
moved when injected into the axopiasm of the squid giant
synapse. Furthermore, the vesicles were specifically trans-
ported to the site of synaptic release. The rate and direction-
ality of this movement are consistent with the view that
movement occurs via the normal transport systems of the
presynaptic terminal. In some respects, this movement bears
a certain resen:blance to vesicle movement due to fast axonal
transport obtained in isolated axoplasm (1, 14, 15).

As in the isolated axoplasm, TRSVs in the presynaptic
terminal move preferentially in the anterograde direction and
in an ATP-dependent fashion. When the injection electrode
was located near the base of the distal-most digit, SVs were
seen to move toward that digit alone, again suggesting that
vesicular movement is preferentially in an anterograde di-
rection. There are, however, some differences. For example,
the average velocity of movement for fluorescent vesicles in
the terminal is only 0.5 um/sec as compared to 1.9 um/sec
for fast axonal transport in the anterograde direction. Several
mechanisms might be invoked to explain all or part of this
apparent reduction in velocity. These include differences in
the methods used for rate measurerment in the two prepara-
tions (i.e.. movement of large groups of organelles as op-
posed to movement of individual organelles), differences
between the cytoskeleton of the terminal regions and the
axoplasm, and multiple mechanisms for movement in the
terminal. Another difference is that the reduction of extra-
cellular calcium seems to completely block the movement of
TRSVs in the presynaptic terminal, but fast axonal transport
appears unaffected by low calcium levels (14-16). Some
investigators have reported inhibition of fast axonal transport
following application of a calcium channel blocker (17) or
inhibitors of calmodulin (18). Such differences may reflect
cither an effect of the extracellular calcium on a regulatory
process in the terminal (and possibly the axon) or the fact that
cytoskeletal organization is primarily actin microfilaments in
the presynaptic terminal as opposed to microtubules and
neurofilaments in the axon. The extent to which vesicle
movements in the terminal regions are homologous to fast
axonal transport remains to be determined, but study of the
movements of vertebrate SVs in the squid giant presynaptic
terminat should permit elucidation of the underlying molec-
ular mechanisms of vesicle movements in the terminal.

A striking feature of the redistribution of TRSVs in these
studies is the specificity of targeting. No gross unevenness of
vesicular distribution among the terminal digits was ob-
served, suggesting that the base of the terminal arborization
is a strategic site for injection that allows vesicular distribu-
tion to all presynaptic digits. The mechanisms for sorting and
targeting of endogenous vesicles in the presynaptic terminal
appear to function equally well on the injected vertebrate
TRSVs. Apparently the information required for sorting and
targeting must be present on the vesicles themselves and is
sufficiently well conserved to be operational even when
mammalian SVs are directed by the molluscan presynaptic
terminal. Systematic modification of the vesicle surface prior
to injection should permit identification of the vesicle surface
features that determine the targeting and sorting of SVs in the
presynaptic terminal. Similar studies have already deter-
mined that certain protein components of the vesicles affect
the directionality of transport in axonal transport (7).

The fact that agents known to block axonal transport or to
interfere with synaptic release were also capable of modifying

vesicular movement indicates that the movement of TRSVs
is well correlated with vesicular movement in the presynaptic
terminal per se. SVs appear to move only when the preter-
minal is fully functional and capable of releasing transmitter.
This is to be expected if the vesicle movements do relate to
the mechanisms of transport, sorting, and release. Moreover,
it is probable that the final distribution of vesicular material
in these experiments concerns not only the actual accumu-
lation of vesicles but also the apposition of vesicles onto the
presynaptic axolemma. These experiments not only demon-
strate that presynaptic vesicles move in the proper direction
and accumulate in appropriate locations but also suggest that
the system may in fact allow the vesicles to fuse with the
membrane of the presynaptic terminal.

The small size and inaccessibility of most presynaptic
terminals have hindered studies on the molecular mechanism
of synaptic release and associated phenomena. A similar
impasse had been reached in the study of molecular mech-
anisms of fast axonal transport prior to the application of
video microscopy imaging methods to the study of fast axonal
transport in the isolated axoplasm (14, 15). The result was the
discovery of a new class of mechanochemical enzymes, the
kinesins (19, 20). Analyses of the movements of vertebrate
SVs in the presynaptic terminal of the squid giant axon using
a combination of electrophysiological and video microscopic
methods promise to provide comparable insights into the
molecular mechanisms of synaptic release and transport of
vesicles in the presynaptic terminal.

This research was supported by Grant AFOSR850368 from the
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ABSTRACT A Ca’*-channel blocker derived from funnel-
web spider toxin (FTX) has made it possible to define and study
the ionic channels responsible for the Ca?* conductance in
mammalian Purkinje cell neurons and the preterminal in squid
giant synapse. In cerebellar slices, FTX blocked Ca?*-depen-
dent spikes in Purkinje cells, reduced the spike afterpotential
h , and increased the Na*-dependent plateau
potential. In the squid giant synapse, FTX blocked synaptic
transmission without affecting the presynaptic action potential.
Presynaptic voltage-clamp results show blockage of the inward
Ca®* current and of transmitter release. FTX was used to
isolate channels from cerebellum and squid optic lobe. The
isolated product was incorporated into black lipid membranes
and was analyzed by using patch-clamp techniques. The
channel from cerebellum exhibited a 10- to 12-pS conductance
in 80 mM Ba’* and 5-8 pS in 100 mM Ca®* with voltage-
dependent open probabilities and kinetics. High Ba** concen-
trations at the cytoplasmic side of the channel increased the
average open time from 1 to 3 msec to more than 1 sec. A
slmihrchannelwuahoisohtedﬁomsq\ﬁdopﬁclobe.
However, its conductance was higher in Ba?*, and the maxi-

mum opening probability was about half of that derived from
cerebellar tissue and also was sensitive to high cytoplasmic
Ba?*. Both channels were blocked by FTX, Cd**, and Co2+ but
were not blocked by w-conotoxin or dihydropyridines. These
results suggest that one of the main Ca’* conductances in
mammalien neurons and in the squid preterminal represents
the activation of a previously undefined class of Ca?* channel.
We propose that it be termed the ‘“P*’ channel, as it was first
described in Purkinje cells.

While different Ca?*-channel blockers have been described
in past years (1), a true blocker for the main Ca?*-dependent
action potential in mammalian and in some molluscan neu-
rons had not been encountered. This lack of a suitable
blocker suggested that at least one of the main Ca?* conduc-
tances present in the central nervous system (CNS) does not
belong to the categories proposed by Tsien and co-workers
(2, 3), as those channels respond quite specifically to dihy-
ropyridines and w-conotoxins. The use oi funnel-web spider
toxin (FTX) as a CNS Ca?*-channel blocker was first
described in Purkinje cells, where it blocked dendritic spiking
(4). At that time the fragment utilized was known as AG1 and
was obtained from Bioactives (Salt Lake City, UT). Because
of the variability in the blocking observed, we attempted to
isolate the main factor involved in this blockage from crude
venom. We report here on the specific neuronal Ca®"-
channel blocking properties of FTX and its use in the
isolation of functional channels, which we have studied in the
black lipid membranes. That the Ca?*-channel blocking
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fraction, which we call FTX, is different from that initially
described as AG1 relates to its molecular mass as determined
chromatographically, which is one-fifth that of AG1, and its
high affinity for Ca?* conductance both in the mammalian
CNS and the squid giant synapse. Some of these results have
been presented as short communications (4-7).

MATERIALS AND METHODS

Electrophysiological Techniques. The methods utilized for
the brain slice work on the cerebellum and for the giant
synapse are the same as those described in previous papers
from our laboratory (8, 9). Purkinje cell recordings were
obtained from in vivo adult guinea pig cerebellar slices. These
cells were impaled at either the soma or the dendrites.
Electrical excitability of the cell was determined by direct
stimulation of the neurons. Sodium conductances were
blocked by using tetrodotoxin (TTX).

The experiments on the squid (Loligo Pealeii) giant syn-
apse were performed at the Marine Biological Laboratory
(Woods Hole, MA). Pre- and postsynaptic recordings from
the giant synapse were utilized to test the action of FTX on
synaptic transmission, and presynaptic voitage-clamp was
used to determine the effect of the toxin fraction on the
inward presynaptic Ca®* current and on synaptic transmitter
release in the absence of action potentials.

Toxin. Crude venom from American funnel-web spiders,
including Agelenopsis aperta, Hololina curta, and Calilena,
was obtained commercially (Spider Pharm, Black Canyon,
AZ). FTX, a factor with a molecular mass in the 200- to 400-
Da range, was purified chromatographically from the venom
We estimate the concentration of toxin used to block Ca®*
conductance to be submicromolar, based on the elution
profile (ODyg) of the FTX fraction on column chromatogra-
phy and the dilution factors of the chamber.

Affinity Gel Construction. Purified toxin, the activity of
which had been previously verified, was coupled to Sepha-
rose 4B via 1,4-butanediol diglycidyl ether. The purified toxin
obtained from 100 ul of the A. aperta venom was treated with
50 ml of the spacer-attached gel to form the final affinity gel.

Biochemical Methods. Animals. Adult Hartley guinea pigs
(400-600 g) were decapitated with a small-animal guillotine
under sodium pentobarbitai (Nembutal, 40 mg/kg, i.p.)
anesthesia. A rapid craniotomy was performed to remove the
squamous portion of the occipital bone. The cerebellum was
then separated from the brainstem and placed in ice-cold 400
mM sucrose/5 mM TrissHCI, pH 7.4/0.1% phenylmethyl-
sulfonyl fluoride/0.1% bacitracin/S mM EDTA containing
approximately 2 units of aprotinin per ml.

Aduit squid (Loligo Pealeii) with a 10- to 13-cm mantle size
were decapitated, and the optic lobe was excised and rapidly
frozen in liquid nitrogen.

Abbreviations: FTX, funnel-web spider toxin; TTX, tetrodotoxin.




Purification Procedure. Published protocols for the affinity
purification of membrane proteins (10) were followed for the
isolation of the toxin-binding components of the cerebellar
and optic lobe membranes. The membrane pellet was resus-
pended to a concentration of 20 mg of protein per m! into 100
mM sodium citrate, pH 7.4/ 3% sodium choleate to solubilize
the membrane protein in a Dounce homogenizer. The solu-
tion was stirred overnight at 4°C and centrifuged at 47,000 x
g for 30 min; the supernatant was filtered under vacuum, The
resulting filtrate was then subjected to affinity chromatogra-
phy. The solution containing the solubilized membrane
protein was allowed to react batchwise with 20 mi of the
toxin-Sepharose gel by gently stirring overnight at 4°C. The
gel was separated from the detergent solution by vacuum
filtration. The resulting gel cake was resuspended inco 20 ml
of 1 M CaCl,/1% sodium choleate/10 mM Hepes, pH 7.4, and
was stirred for 2 hr at 4°C. The suspension was then filtered,
and the filtrate was retained. The elution procedure was
repeated a second time, and the resulting filtrates were
combined. The volume of the solution was reduced by
dialysis against polyethylene glycol 35,000 (Merck). The
protein-containing concentrate was desaltedona 1.0 X 25cm
column of Sephadex G-25 equilibrated with 100 mM Hepes
(pH 7.4) and was dialyzed extensively against 400 mM
sucrose/10 mM Hepes, pH 7.4. Samples were taken at each
step of the procedure for determination of protein by the
Bradford assay (11). The product obtained with this proce-
dure typically had a final yield of 0.0005% or less, consistent
with the purification of a membrane protein such as an ionic
channel.

Ca’*-Channel Reconstitution and Recording. The purified
protein was reconstituted into lipid vesicles by using a 4:1
mixture of phosphatidylethanolamine/phosphatidylcholine
(Sigma) in 400 mM sucrose formed by the sonication-dialysis
procedure of Racker (12, 13). After vesicle formation, the
dialysate was applied to a 1.0 X 35 cm column of Sephadex
G-25, and the void volume was collected. The resulting
vesicle suspension was used for the bilayer studies.

The functional activity of the reconstituted protein was
studied by using the lipid bilayer technique. Vesicles con-
taining affinity-gel-processed protein were fused to a planar
lipid bilayer, and the electrical activity was determined.
Bilayers were formed on two-pull micropipettes with opening
diameters near 1 um by using a lipid solution composed of a
3:1 mixture of phosphatidylcholine/phosphatidylethanol-
amine (Avanti Polar Lipids). Voltage was applied via the
micropipette by using a Dagan 8900 patch/whole-cell clamp
with a 10-G{Q) head stage (Dagan Instruments, Minneapolis).

The bathing solution was held at ground. Data obtained in the
channel studies were amplified to a level of 500 mV/pA, and
the membrane current was recorded on an HP 3960 FM
instrumentation recorder for subsequent analysis. Data were
filtered at 1 kHz and were digitized at 2500 or 5000 samples
per sec. The digitized records could then be viewed on a
computer-generated display, and amplitude and open-time
and closed-time distributions were obtained.

RESULTS

The Effect of FTX on the Intact Mouse. The activity of the
toxin fraction was tested on mice. The results indicate that for
a 30-g mouse, a 5-ul i.p. injection of a solution diluted 1:9
from the spider venom fraction produced death in 15-20 min,
apparently by respiratory failure. No effect was observed on
neuromuscular transmission. With half of the lethal dose, the
animal became sleepy and rarely responded to auditory,
visual, or tactile stimuli; when present, the response was
phasic and short-lasting, emulating abrupt awakening from
deep sleep. The results suggest that FTX crosses the brain—
blood barrier, directly affecting the CNS. This is in contrast
with results reported for the dihydropyridines (14, 15) and
conotoxins (16, 17), which have little effect on mammalian
CNS.

The Effect of FTX on Purkinje Celis. Intracellular record-
ings from Purkinje cells were obtained from cerebellar slices
(4, 8). The two types of spike responses typically recorded
from these neurons under control conditions are shown in
Fig. 1. Depolarization of the neuron by square current pulses
produced rapid sodium-dependent firing, which culminated
in a set of long, low-amplitude, repetitive Ca?*-dependent
spikes (Fig. 14). After bath application of FTX, the Ca?*-
dependent spikes disappeared, and the duration of the after-
potential hyperpolarization was reduced (Fig. 1B). This
blocking occurred 5-10 min after bath application of the toxin
at a calculated 0.5 uM final concentration and was partly
reversible after washing for about 30 min. In addition to
blocking the Ca?*-dependent action potentials, FTX in-
creased the likelihood of plateau potentials (Fig. 1B), which
are produced by the activation of the persistent Na* con-
ductance (8, 9). Both of these plateau potentials and the initial
fast spikes were blocked by the addition of TTX (107 g/ml)
to the bath (Fig. 1C). Nearly identical results were obtained
with FTX from the three different types of funnel-web spiders
tested.

In a second set of experiments, recordings were made from
the Purkinje cell soma after TTX administration. Under these
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(A) Intraceilular recording from a Purkinje cell shows fast Na *-dependent spikes and Ca’ " -dependent action potentials (arrows). (B)

Five minutes after application of FTX. Ca’* spiking disappeared, and a prolonged Na*-dependent plateau potential is observed that far outlasts
the duration of the stimulation *ower trace). (C) Addition of TTX to the bath blocks the fast action potemlals and the plateau potentials shown
in B. (D) Ca**-dependent stow action potential is generated by direct stimulation of the Purkinje cell in the presence of TTX. (E) Addition of
FTX to the bath produces a blockage of the voltage-dependent Ca* electroresponsiveness.
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conditions, Purkinje cell stimulation is known to elicit a slow
Ca?*-dependent plateau potential (8, 9). One such response
is illustrated in Fig. 1D. In this case, a short, direct depolar-
ization of the soma initiated a prolonged dendritic potential
that outlasted the pulse by about 20 msec. However, after
application of FTX (=0.5 uM), this Ca?*-dependent conduc-
tance was blocked (Fig. 1E).

Single-Channel Properties. The functional activity of the
isolated protein was assessed by the lipid-bilayer technique.
Electrical activity was measured in asymmetric solutions
containing 80 mM BaCl, and 10 mM Hepes (pH 7.4) on the
cis side and 120 mM CsClI, 1 mM MgCl;, and 10 mM Hepes
(pH 7.4) on the trans side or in the patch pipette. Recordings
were also obtained with the solutions reversed. When vesi-
cles containing the purified protein were added to the bilayer
chamber, an increase in the conductance of the bilayer was
usually detected within 10 min. In general, it was difficult to
obtain recordings of only a single channel when vesicles were
added to the Ba’*-containing solutions because of the fusion-
promoting effect of divalent cations.

Two types of single-channel activity were found. The first
was seen when Ba®* was present on the extracellular face of
the channel protein and was characterized by short-duration
openings. Fig. 2 A-C illustrates this activity from the cere-
bellar preparation at holding potentials of ~45, —30, and -15
mV. The voltage dependence of the open probability is
shown in Fig. 2F. The channel was closed at —60 mV and
began to exhibit openings as depolarizing potentials were
applied. The maximum open probability, 0.6-0.65, occurred
at holding potentials greater than 0 mV. The mean open time
was also found to be voltage-dependent and ranged from less
than 0.6 msec to 5 msec. The /-V relationship constructed
from six experiments is nonlinear as shown in Fig. 2E, where
each point represents the mean of the current at each voltage
step. Voltage steps above 0 mV generated unitary currents
100 low to be measured reliably (Figs. 2E and 4 F and G). A
conductance of 10-12 pS in Ba** and 6-8 pS in 100 mM Ca?*
was obtained from these data. The extrapolated reversal
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potential was between —90 and —120 mV, which, to the limit
of the accuracy of the measurements, is the theoretical value
for a Ba?* permeable channel.

A second type of channel-like activity was found when the
solutions were reversed so that the high-Ba®* solution was on
the cytoplasmic face of the channel. Typical recordings are
shown in Fig. 2D, which were made at holding potentials of
—45, —-30, and —15 mV. In this particular experiment, three
channels with identical conductances had fused with the
bilayer. An unexpected characteristic was the predominance
of openings longer than 1 sec. Also present are rapid openings
with durations of less than 100 msec. From these data we
estimated a unitary channel conductance of 20 pS.

The measured Ca?* currents represent contributions from
both the individual currents and the opening probabilities of
the channels. Thus, it should be possible to approximate the
macroscopic current by multiplying the single-channel cur-
rents by the opening probabilities at each potential as has
been done for the **fast’’ Ca’* channel (18). The voltage and
time dependence of the current obtained in this way is
comparable to the results from current clamp experiments in
the dendrites of Purkinje cells (8). However, in the absence
of Ca®*-current measurements for Purkinje cell dendrites,
only a qualitative statement can be offered. The effect of
known blockers of the neuronal Ca?* channels was deter-
mined for the reconstituted channels. Single channeis were
blocked by both Cd?* and Co** at concentrations of less than
100 M in a manner consistent with a fast-block mechanism
(18). The single channels were also blocked by the microliter
addition of a 1:10 dilution of FTX.

Cephalopod Ca?* Channels. A set of experiments similar to
those described for the Purkinje cell were carried out at the
squid giant synapse. Two experimental paradigms were
followed. Pre- and postsynaptic intracellular recordings were
obtained, and synaptic transmission was tested by electrical
activation of the presynaptic fiber. Presynaptic stimulation
generated a presynaptic action potential that served as a
trigger for transmitter release and the generation of a postsyn-
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Functional properties of channels isolated from guinea pig cerebellum by an FTX affinity gel. (A-C) Single-channel recording with

80 mM external Ba?* obtained for protein reconstituted in lipid vesicles and fused with lipid bilayer. Holding potentials: —45 mV (4). =30 mV
(B). and —15 mV (C). (D) Single-channel recordings obtained with 80 mM Ba>* on the cytoplasmic face of the channel. Holding potentials of
—45. ~30, and —15 mV are shown. In this particular experiment. three identical channels had fused with the bilayer. The long duration of the

open time seems to be an effect of the high amount of internal Ba**

. as it can be converted into the short-duration channel (A-C) when Ba®*

is removed from the cvtoplasmic side. (E) I-V curve in 80 mM Ba>* for the **fast’’ channel of A-C constructed from the single-channel events
obtained from six different experiments. Each point represents the mean current from 200 or more events at each voltage. (F) Plot of open
probability vs. applied voltage showing the voltage dependence of the channel. which reaches a maximum value of 0.6-0.65 above 0 mV. (G)
Values from E-F multiplied to give an approximation of the macroscopic current.
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FIG.3. Action of FTX on synaptic transmission at the squid giant synapse. (A-C) Effect of FTX on synaptic transmission evoked by presynaptic
action potentials. Pre- (first arrow) and postsynaptic (second arrow) action potentials were evoked after direct stimulation of the preterminal fiber
(A). Five minutes after the application of FTX, a total block of synaptic transmission was observed without affecting significantly the presynaptic
action potential (8). Superimposition of the records in A and B (C) shows the small reduction in the amplitude of the afterpotential hyperpolarization
after application of FTX. (D-F) Presynaptic voltage-clamp records and postsynaptic recording. Traces: upper, voltage step; middle, postsynaptic
response; lower, inward calcium current. Results are shown before (D) and 10 min after (E) the application of FTX. Note the block of the calcium
current and the postsynaptic response. Superimposition of records in D and E is shown in F.

aptic response (Fig. 3A). After administration of FTX in
submicromolar concentrations, synaptic transmission was
blocked within 5-8 min, and the presynaptic afterpotential
hyperpolarization was slightly reduced (Fig. 3B). In a second
set of experiments, the presynaptic terminal was voltage-
clamped, and the relation between the presynaptic Ca?*
current and transmitter release was studied as shown in Fig.
3D. Addition of FTX at similar concentrations to that used in
the experiment illustrated in Fig. 3E blocked the Ca?* current
within a few minutes. This was accompanied by a block of
transmitter release, as judged by the absence of a postsyn-
aptic response. The toxin fraction did not have a direct effect

on postsynaptic channels, since no reduction of the postsyn-
aptic response to pressure-injected glutamic acid was ob-
served after the synaptic transmission was blocked by the
toxin (not shown).

Isolation of Ca’* Channels from the Squid Optic Lobe.
Channel protein derived from the optic lobe was extracted
and studied in the black lipid membranes. In Fig. 4 examples
of the single-channel currents are illustrated. In the same
asymmetric solutions used for the cerebellum, two types of
channel-like activity were found. The first, shown at three
holding potentials in Fig. 4 A-C was characterized by
voltage-dependent openings with a mean duration of 1-3
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Fic. 4. Single-channel properties of protein from squid optic lobe. (A-C) Single-channel recordings at potentials of —10, —30. and —50 mV
were obtained with 80 mM BaZ* on the external face of the protein. {D) Opening probability of the channel reaches a2 maximum of 0.32-0.35
at 0 mV and above, exhibiting a clear voltage dependence (1 = 6). (E) Mean open time vs. potential shows the voitage dependence of the length
of time the channel remains open as the holding potential is varied (n = 6). (F and G) I-V curves obtained in 80 mM Ba?* (F) and 100 mM Ca?*
(G). The conductance of the channel is 20 pS in Ba2* and 8 pS in Ca?* (200+ events at each potential). (H) O, Current obtained by multiplying
values in D and G to approximate macroscopic behavior, ®, actual values for /c, in squid as previously published (9).
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msec (Fig. 4E). The unitary conductance of the channel was
18-20 pS in 80 mM Ba?* (Fig. 4F)and 5-8 pSin 100 mM Ca**
(Fig. 4G). The opening probability, which was also voltage-
dependent, reached a maximum of 0.35 at a membrane
potential of 0 mV. When the cytoplasmic face of the protein
was exposed to high-concentration Ba?* solutions, long open
times of the channel were induced, and replacement of the
Ba*’ ions on the cytoplasmic side with Cs* resulted in
conversion of the long openings to short openings. High
concentrations of internal Ca>* (100 mM) did not induce the
long open times. As both the probability of opening and the
single-channel current are dependent on voltage, multiplica-
tion of these two parameters would give the current-voltage
relationship for the macroscopic current. Such a plot for the
fast channel, as shown in Fig. 4H. is quite similar to the
macroscopic /c, recorded from the squid preterminal (19, 20).

Results similar to those determined for the cerebellar
channel were found in the channels from squid optic lobe.
Both long-duration and short-duration opening time were
recorded. The squid fast channel differed from the cerebellar
channel in two respects. First, the conductance of the squid
channel was higher. The I~V curve constructed from a series
of experiments on the short-duration channel is shown in Fig.
4 F and G. The unitary conductance was estimated to be 20
pS. A second difference between the two channels is that the
cerebellar channel has a 2-fold higher maximum probability
of opening. However, the voltage-dependence of the chan-
nels and their pharmacological characteristics are quite
similar.

DISCUSSION

The present paper indicates that FTX, a fraction of funnel-
web spider poison having a molecular mass of 200-400 Da,
blocks Ca®* channels both in mammalian Purkinje cells and
at the presynaptic terminal of the squid giant synapse.
Because this channel has unique pharmacological properties
and kinetics that are somewhat different from those described
for the L, N, and T channels (2, 3), we propose that it should
be referred to as the **P** channel, since it was first described
in Purkinje cells. Whether the P channel observed in Purkinje
cells and in the squid giant synapse are indeed the same is
difficult to say at this time. From an electrophysiological
point of view, the macroscopic Ca?* currents obtained from
presynaptic voltage clamp studies (18, 19) and those obtained
from black lipid membrane recordings of channels isolated
from cerebellum show a similar /-V relation. Because reliable
voltage-clamping of Purkinje cells so far has not been
technically feasible. we cannot compare the computed I-V
relation obtained from single Ca?*-channel recordings with
macroscopic /c,. However, the similarity between the kinet-
ics of those observed in squid and Purkinje cells suggests that
these two channels are similar.

A comparison of the P channel with previously described
Ca?* channels (2. 3) indicates clear differences. Indeed, the
electrophysiological properties of both the squid giant syn-
apse presynaptic spike as well as the action potential re-
corded from Purkinje cell dendrites are quite different from
the low-threshold calcium spike observed in central neurons
(20}, which corresponds to the activation of the T channels (2,
3). Neither can the P channel be considered to be similar to
the L channel. since the voltage-dependence of this channel
is far more negative (—60 mV) (19, 20) than that reported for
the L channel (2. 3). In addition. at least in the squid
presynaptic terminal, a degree of inactivation may be ob-
served. If anything, our channel may resembie the N channel.
However. the P channel is not blocked by w-conotoxin. In
short, we must conclude on pharmacologicai and electro-
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physiological criteria that there exists yet another Ca®*
channel. This P channel is, in our estimation, one of a large
variety of Ca®* channels that will probably be encountered in
the years to come.

In addition to the differences in pharmacology, single-
channel conductances, and voltage-dependence kinetics, it is
possible that the different channels have fundamentally
different properties from a biochemical point of view as well.
One of the interesting aspects of the present results relates to
the action of calmodulin kinase 11 (CAMkinase II) on Ca**
channels. This enzyme is known to phosphorylate the L-type
Ca?* channels, increasing their average open times, resulting
in an increased Ca’* current when these channels are
phosphorylated (21). In the squid giant synapse, presynaptic
injection of CAMkinase Il has been shown to increase
transmitter release as much as 7-fold without an observabie
effect on the Ca’* current (22), indicating that CAMkinase 11
may modulate transmitter release by phosphorylation of
synapsin [ at site 2 (23, 24), which would increase vesicular
availability at the presynaptic release site (22). Thus, specific
biochemical modulation of the different Ca?* channels may
be a fundamental variable in their role in nervous system
function.
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