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SCIENTIFIC REPORT: FOURTH INTERNATTONAL SYMPOSIUM ON SUBTYPES OF
MUSCARINIC RECEPTORS

8 Twenty-one papers of 20-minute duration were presented—> é%@ ZET
during the three day period of the Symposium. ~£1TGF these papers
and the abstracts of 76 posters have been published in the
Proceedings (attached) which appeared as a supplement to the
December, 1989 issue of Trends in Pharmacological Sciences (TIPS).
Over 200 names are associated with the authorship of the papers and
with that of the poster abstracts.

A total of 186 invited scientists registered and attended
the Symposium (names and addresses of pre-registrants are attached).
The attendance at each of the sessions was excellent and appeared to
include all registrants. The 10 minute discussion period between
papers was lively, provocative and informative. The posters were
available for viewing for the entire meeting and were manned each
afternoon because there was so much enthusissm for the work being

presented,

The Proceedings of the Symposium was sent to about 5,000
scientists, a number which included all subscribers to TIPS and all
active participants in the symposium.

Grant support from the U. S. Army Medical Research and the
Development Command has been acknowledged in the published Proceedings.

The comments of participants at the Symposium and those
received in response to the Proceedings indicate great interest in the
program in general and in the specific topics and papers of the
Symposium. It appears quite evident that the Fourth Symposium on
Subtypes of Muscarinic Receptors has stimulated and is stimulating
additional research which should, indeed, lead to the development of
new and better therapeutic agents as well as agents useful to the
U. S. Army Research and Development Command.

As another mark of the success of the Fourth Symposium, the

attendees request a Fifth Symposium to be held in two to three years.
Planning for another symposium was, therefore, initiated at the meeting.
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Nomenclature for muscarinic receptor subtypes
recommended by symposium ‘

Three subtypes of muscarinic receptor, M;, M, and M3, may be defined on the basis of the action
of antagonists. It should be noted that none of the antagonists in the table below is highly
selective for one receptor subtype over all other subtypes. Hence the pharmacological
characterization of a muscarinic receptor subtype should be based on its spectrum of affinties for
a number of antagonists rather than on the basis of its affinity for a single antagonist. Attention
! should be given when characterizing receptor subtypes to the possibility that more than one
H receptor subtype may be present in the tissue examined.

At the present time the sequences of five muscarinic receptor species (m1-m5) are known.
Some species vary slightly in their length, depending on the mammalian species from which they
were cloned. The sequence of a specific mammalian species may be denoted by an upper case

! prefix, e.g. Hm1 for the human m1 sequence. Other prefixes in current use are: R, rat; P, pig: M,
) . mouse; C, chicken; D, Drosophila.
It is likely, but not unambiguously proven, that the m1 sequence corresponds to that of the M,
R : receptor, m2 to the M, receptor and m3 to the M; receptor. There is a candidate M, receptor,
: found in the striatum and some cell lines (e.g. NG108-15), which inhibits adenylate cyclase. The
pharmacology of this receptor, as well as that of the expressed m4 and m5 species, whilst being
different from My, M; and Mj; receptors, is not sufficiently distinctive or well characterized to
allow an unambiguous assignment of a pharmacological M, (or Ms) receptor subtype.

Nomenclature committee: Nigel Birdsall (chairman), Noel Buckley, Henri Doods, Kazuhiko
Fukuda, Antonio Giachetti, Rudolf Hammer, Heinz Kilbinger, Gunter Lambrecht, Ernst
Mutschler, Neil Nathanson, Alen North and Roy Schwarz.

b it o i e e 1

ety e

Muscarinic receptor nomenclature

Pharmacological

characterization

Subtype M, M, Ma - -

Othernames used My A Ma,. cardiac Mz, Mz, B, Mo -
previousl, Mo, C glandular M,

SR

Selective antagonists pirenzepine,  AF-DX116,  p-fluorohexa- - -
(+)-telenzepine  himbacine, hydrosila-
methoctramine,  difemdol,
galiamine®  hexahydrosila-
difemdol

M;>Ma=M, M2>‘\A1?M3 M33M1>M2

1
R S It RSOGO RN Mgt R N

Molecular
characterization
Sequences mi m2 m3 m4 m5
Other narnes used mAChRI, M1 mACHRIL M2  mAChRIL M4 mAChRIV,
previously M3
Numbers of amino acids 460 466 589/590 478/479  531/532

“ not competitive
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Some considerations of receptor specificity

Sir Arnold S. V. Burgen

Since the amino acid sequences for several muscarinic and adrenergic receptors are known, an attempt was
made to correlate side chain hydrophobicity surrounding the aspartate anionic groups with binding
structure-activity relationships. No positive correintion was found, suggesting that secondary binding
effects of head group substituents are non-local. Displacement of aspartate ionization is unlikely to be due to

such neighbour effects.

The growth of structural information on drug receptors
begs the question whether it yet provides any insights
into problems of structure-activity relationships and
receptor specificity. The sequence data available on
several subtypes of the muscarinic, adrenergic, dopa-
mine and serotonin receptors show striking sequence
identities and homologies that suggest they belong toa
single family of proteins derived from a common
prototype.

Based on the distribution of hydropathy they are all
considered to have a similar structure to that deter-
mined for bacteriorhodopsin at low resolution by
electron microscopy. That is that they comprise seven
transmembrane o-helical segments coupled by seg-
ments on both extracellular and cytoplasmic faces,
about which useful conformational predictions cannot
be made at present. Within the presumed helical
regions the sequence homologies are especially strong.
These transmitters are cations and for all theo. 1ecep-
tors there is evidence that an important part of the
energy of interaction of the ligand with the receptor is
through ion-pairing with an anionic residue, i.e. an
aspartate or glutamate. Evidence has been adduced for
both muscarinic receptors and adrenoceptors that the
residues concerned are aspartates in the second and/or
third helices!-3,

Remarkably, two aspartates near the middle of these
helices have been conserved throughout the series of
receptors mentioned*. While one must be very cautious
in assuming that the seven-helix model is anything
other than a good model of the receptor structure, it
nevertheless encourages one to ask whether there is
anything about the environment of these two aspar-
tates that can explain some of the known structure-
activity relationships at muscarinic receptors and
adrenoczptors.

Among muscarinic agonjsts it is established for all
agonists in which the basic nitrogen is not part of a
cyclic structure, that the quaternary trimethylammon-
ium head provides the cptimum structure. For cyclic
structures the tertiary amine may be the most active.
This is illustrated with the acetylcholine seriesS in Table
1. Removal of methyl groups progressively reduces
activity and replacement by ethyl groups is also
disfavoured. This suggests that the optimal interaction

Darwin Cetlege, Cambridge CB3 9EU, UK.

is not of the salt bridge structure which is found in the
interior of some proteins, i.e.:

— COO- ++eve +NH; —

but that the ionic bond is reinforced by non-polar
interactions between the N-methyl groups and non-
polar residues in the receptor, thus:

Me

.
.
e,

/

e COO= ¢ s o o« ©+N

. Me .
Ph .+ ‘Me
— ~—

Me /
™~ Me

\

These interactions are presumably sterically interfered
with by the larger alkyl groups.

A different situation is found in the adrenoceptors®
(Table II). Here the quaternary derivative is very weak
and the optimum structure is monomethylated. This 15
only slightly favoured over the primary amine 1n the
a-receptor, but strongly favoured mn the B-receptor
which also accepts larger alkyl groups without much
luss of activity. Histamine H, receptors are not dis-
similar although the primary amine is by a small margin
the most active.

Since these groups attached to the cationic head will
be in the neighbourhood of the aspartate during
interaction with the receptors, it is not unreasonable to
suggest that the side chains of amino acids which in the
a-helix form the neighbours of the aspartate, v.ill be
groups immediately available for interaction with the
N-alkyl groups.

The hypothesis then suggests that the interaction of
acetylcholine with the muscarinic receptor might be

TABLE | Relative activity of acetyicholine homologues

CH.COOCH,CHARIMe, 1

———————{iMe,H 092 fiMeft 03
————————{iMeH, 0.002 NiMeEt, 0002
——————{H,  0.0001 NS, 0.0005

o ——
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TABLE H. Retative activity of homologues of noradrenaline at «-
and $-adrenoceptors

« g
(3.4-OH)-PhCHOH-CH,it/e, <0001 <0001
NHMe, 0025 00t
H,Me i 1
NiH, 05 2,005
NH,Et ce8 1
NH-is0-Pr 00001 0415

favoured by hydrophobic 2mino acid residues, where-
as in the adrenoceptor these residues will not be
required. Since an a-helix undergees a single turn for
every 3.6 residues, the neighbouvrs will be residues 3
and 4 places above and below the aspartate. Figure 1
shows the clusiers around these aspartates? in helix II
and helix II1.

Helix
AspHIl AspHiil

Leu Ala o Leu

lle Giy Ala Ser

Leu Ala T . Leu
m2 } [asp} lATp.

le Gly val Ser

Leu Ala Tip Thr

Met Gly Cys Val

Leu Ala Trp Thr
B2 Asp | Asp

Met Giy Cys Val

Leu Ale Trp Ala
a Asp Asp

Leu Ser Cys Cys

Leu Ala Tro Cys
o2 E .A—sp'

Val Ala Phe Cys

Fig. 1. Aspartate residues in helices Il and Hl with the
surrounaing cluster of amino acid side chains.

In helix II of the muscarinic receptors three of the
residues are strongly hydrophobic whilst the remain-
ing residue is a glycine which, lacking a side chain,
does not contribute. The residues are identical in all five
raceptor subtypes. However, the cluster in the f}-recep-
tor has a very similar pattern and hydropho-
bicity. In the ap-receptor all four residues are hydro-
phobic, but in «j-receptor one of the residues is a
hydrophilic serine. There is nothing here that correlates
witl. (22 ligand preferences.

The situation with helix III is rather cifferent, in that
two of the residues in the muscarinic receptor are Trp
and Ser which are weakly hydrophilic and there is a
difierence between m1, m3 and m5 on one hand and
m2 aud m4 on the other; a similar balance is found 1n
the B-receptors, while the a-receptors have only a
single hydrophilic residue. The immediate environ-
ment of the aspartates in helix Il does not help either in
disc-iminating between the two receptors. Our conclu-
sion is that the imporant hydrophobic interactions of
the N-methyls in the muscarinic receptor must not be
with the hydrophobic groups on helix If and 1.

There are two other aspartates in helix III that may be
relevant to the binding site. One of them is at the
presumed cytoplasmic end of the helix (H Illc, residue
122 in ml). Once more the arrangement of the
hydrophobic residues (Fig. 2) does not help in discrimi-
nating between simple charge irteractions and possible
interactions reinforced by nonpolar interactions. It is
interesting that once again these residues do discrimi-
nate between m1, m3 and m5, and m2 and m4 and
hese two sets of conserved residues seem likeiy to
have some role in determining the selectivity of the
subtypes.

The other aspartate is very close to the extracellular
end of helix III (H Ille; residue 99 in m1). In this case the
residues further into the helix are fully conserved in all
five receptor subtypes (Fig. 3), but the residues extend-
ing out of the helix are not conserved. The comparison
with the adrenoceptor is complicated by the replace-
ment of the aspartate by glutamate in f§;, B, and o, and
by the presence of an arginine in «;.

The residues about the f};, P, aspartate are more
hydrophilic and so to a lesser extent are those about ;.
The situation in «; means that the aspartate will be ion
paired with the arginine and would not provide a
satisfactory anionic partner for the catecholamine.

It is apparent that no simple rules relating ciscum-
aspartate residues to the problem of amine alkyl states
in the agonists can be deduced.

Perhaps there should be little surprise at this conclu-
sion because we know that even tetramethyl-
ammonium is an 2gonist and as such must be capable of
initiating a concerted conformational change in the
receptor and, therefore, must be interacting with at
least two subsites on different helices.

It should also be recalled that in muscarinic antag-
onists, the effects of alkylation are different from those
in agonists. For instance in bonzilic esters” while
demethylation reduces activity, ethyl replacement has
negligible effects (Table I1I). This implies less constraint
in the site in the conformation complementary to
antagonists.

It was originally found by C. R. Hiley (PhD thesis,
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Leu lle tle e - hydrophobic groups close enough to the carboxyl to
; mi m2 complete a Livdrophobic shell would not seem to atlow
. ms} Asp m4} Asp room for the interaction of a ligand. It is also well
Phe Ser Phe Cys known that free charged groups are not normally found
: in the interior of proteins, since they would be
i . energetically disfavoured. However, the high dielectric
i . constant of water, which is responsible for the strength

’ Ala fle Val lle of the carboxyl group in water, is related to the high
§ mobility of water dipoles. In many proteins, watcr
i . B Asp B> Asp molecules in crevices form structural networks, and

T

- Leu Ala Ala lle because their motion is partly frozen, the effective
; dielectric constant is substantially reduced below that
in liquid water® and this could account for the weaker
jonization of the aspartate. A further factor that must be
Ala lle Ala lle taken into account is that while the helices are singu-
. N (ol larly free of basic residues except near their cytoplasmic
! ; & | AP ] o2 Asp terminators, the aspartates in helices Il and T may be
¢ : fle Gly Trp Ser sufficiently close in the aqueous channel in which the
; ligand inserts to be mutually interactive, as they would
be in a polycarboxylic acid. The effect could be to shift
. the ionization of the carboxyls so that some might have
Fig 2. Residues around aspartate H lil.. a lower pK and others a higher pK than in an
unpert-irbed aspartate peptide.
University of Cambridge, 1974) that the anionic group
’ in the receptor had an apparent pK of 6.2. This is
) somewhat higher than would be expected for the free
f3-carboxyl of aspartate in a pepride.
It was suggested by Wheatley et al.1 that this was due th,(:(o}4)(;0(}«12(;;42{1Me3 1
to the environment of the carboxyl being hydrophobic. .
1t is doubtful if the adjacent residues on the helixin any MeH 0.10
of the aspartates could provide sufficient hydropho- Me,Et 1.8
bicity to accornt for this; furthermore, the apposition of MeEt, 23

Ety 1.8

TABLE IlI. Activity of benzilyl esters

Leu Ala Leu Ala

i m1 Asp m2 Asp
Leu Thr Val Pro

e

Our conclusion must be that it is premature to make
Leu Ser Leu Ala deductions about specificity from the structural infor-
mation so far available. Further clues will undoubtedly

m3 md Asp come from the genetic engineering of mutant and
Leu Asn val Ala hybrid receptors. But, even when full three-dimen-
, - sional structures of proteins are available, it is by no

means straightforward to interpret patterns of ligand
interaction, so we should keep our expectations in
Asp check.

Leu Ala

s,
3
(3.

Leu Ser References

1 Wheatley, M. et al. (1988) Trends Pharmacol. Sci. 9 (Suppl.
Thr Ser Thr Ser Subtypes Muscarmic Recept. 111), 19-24
: 2 Dixon, R. A. F. et al. (1987) EMBO |. 6, 3269-3275
. Bs Glu p2 Glu 3 Strader, C. D. et al. (1987) Proc. Natl Acad, Sci. USA 84,
Ph s Ph A 43844388
e er e sn 4 O'Dowd, B. F., Lefkowitz, R. J. and Caron, M. G. (1989)
Annu, Rev. Neurosri. 12, 67-83
Ala Ala Leu T Ala 5 Stehle, R. L., Melville, K. J. and Oldham, F. K. (1936)
o J. Pharmacol. 56, 473-480
o Asp &z Clu 6 Lands, A. M. and Tainter, M. L. (1953) Arch. Exp. Pathol.
Pharmacol, 219, 76-90
fle Arg Thr Trp 7 Ing, H. R., Dawes, G. S. and Wajda, I. (1945) ] Pharmacol.
- - - 85, 85-102
Fig. 3. Residues and aspartate H lile. 8 Kauzmann, W. (1959) Adv. Profein Chem. 14, 3441
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Selective effector coupling of muscarinic
acetylcholine receptor subtypes

Kazuhiko Fukuda, Tai Kubo, Akito Maeaa, Isamu Akiba, Hideaki
Bujo, Junichi Nakai, Masayoshi Mishina, Haruhiro Higashida*
Erwin Nehert, Alain Marty¥ and Shosaku Numa

Attempts have been made by means of recombmant DNA technology to understand the molecular basis of the

fuoctional heterogeneity of the muscarinic acetylcholine receptor (mAChR). Moleclarly defined mAChR
subtypes have been produced from the cloned DNAs in Xenopus eocyles and NG108-15 neurobiastoriia—
glioma hybrid cells as transient and stable expression systems, respectively, and agonist-induced cellular
responses have been examined. The results obtained provide evidence that mACHR subtypes are selectively
coupled with different effector systems, albeit not exclusively.

The muscarinic acetylcholine receptor (mAChR)
mediates a variety of cellular responses, including
inhibition of adenylate cyclase, breakdown of phospho-
inositides and modulation of potassium channels,
through the action of G proteins'. An importantissue is
to elucidate the molecular mechanisms underlying the
various biochemical and physiological effects. Pharma-
cologically distinguishable forms of the mAChR occur
in different tissues and have been classified into M;, M,
and Mj; subtypes on the basis of their difference in
apparent affinity for antagonists?®. An effective
approach to studying the fi 1ctional heterogeneity of
the mAChR has been provided by recombinant DNA
techniques. The primary structures of two mAChR
species, designated as ml and m2, have been eluci-
dated by cloning and sequence analysis of DNAs
complementary to the porcine cerebral and cardiac
mRNAs, respectively>7. The primary structures of two
additional mAChR species, designated as m3 and m4,
have subsequently been deduced from the nucleotide
sequences of the cloned cDNAs or genomic DNAs5-10,
A fifth mAChR species (m5) has further been identified
by DNA cloning!®12, The hydropathy profiles of the
five mAChRs are similar and suggest the presence of
seven transmembrane segments (I-VII) as in the case of
other G protein-coupled receptors. The present paper
deals with our attempts to understand the molecular
basis of the functional heterogeneity of the mAChR
using DNA expression systems.

Molecular basis for pharmacologicaily defined
mAChR subtypes

mRNAs specific for the four individual mAChR
species (ml1-m4) were synthesized by transcription in

L vartments of Medical Chemistry and Molecular Genelics, Kyoto
Unawversity Faculty of Medicine, Kyoto 606, Japan. * Departntent of
Biophysics, Neuroinformation Research Institute, Kanazawa Um-
versity School of Medicune, Kanazawa 920, Japan. * Max-Planck-
Institut fur bophysikalische Chemie, D-3400 Gottingen, FRG.
% Laboratoire de Neurohiologie, Ecole Normale Superieure, F-75230
Paris Cedex 05, France.

vitro of the respective ¢DNAs or genomic DNAs
{containing no introns in the protein-coding region)
linked with the bacteriophage SP6 promoter and were
injected into Xenopus oocytes to yield functional
mAChRs510.13.14, The ligand-binding properties of the
four mAChRs expressed in oocytes were examined
using cell extracts. The apparent Ky4 for (—)[PHJQNB,
estimated by Scatchard analysis, was similar for all the
mAChRs. The apparent K4 values for selective antag-
onists were obtained by measuring displacement of
(—-)[PHJQNB binding by increasing concentrations of
the antagonists. The results of these experinients (Table
I) indicate that m1, m2 and m3 correspond most closely
to the pharmacologically defined M,2, M,® and M;%.15 16
subtypes, respectively.

The tissue distribution of the mRNAs encoding m1,
m2, m3 and m4 was investigated by blot hybridization
aralysis with specific probes>4.517 (Fig. 1j. All four
mAChR mRNAs are present i cerebrum, whereas
only m2 mRNA is found in heart. Exocrine glands
contain both m1 and m3 mRNAs, whereas smooth
muscles contain both m2 and m3 mRNAs. Thus the
mAChHR heterogeneity in tissues with respect to antag-
onist binding can be accounted for by the presence of
individual molecularly distinct mAChR species or
various combinations of them.

Differential cellular responses mediated by mAChR
subtypes

With the aim of answering the question of whether
the different molecularly defined mAChR subtypes are
coupled with distinct effector systems, agonist-induced
responses mediated by the individual mAChR species
were investigated using Xcnopus oocytes and NG108-15
neuroblastoma-glioma hybrid ceils'® as transient and
stable expression systems, respectivelyS13.14.19.20,

Responses in Xenopus oocytes

Xenopus oocytes injected with the mRNA specific for
m1, m2, m3 or mé were examined for electrophysiologi-
cal responses induced by ACh under voltage clamp ata
holding potential of =70 mV. Figure 2 shows typical
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TABLE I. Apparent K,y of mAChR subtypes for antagomists

Ka(w)
mi m2 m3 m3 m4
Antagonist (porcine) (porcine) (porcine) (rat) (rat)
{—)[3H}QNB 84x10-1  13x10-'¢ 12x10-10 10x10-0 g95x10-"
Prenzepine 18x10-8 66x10-7 18x10-7 1.3 X 10~7 1.2x10-7
AF-DX 116 2.5% 10-6 7.3x10~7 23x10-6 3.1 % 10-6 23x 10-6
Hexahydrosiladifenidol 5.1 x 10-8 28x10~7 44%x10-9 4.0x10-¢ 2.0x%x10-8

Reprinted from Ref 10

ACh responses observed in oocytes injected with the
mRNA specific for each of the four mAChR subtypes.
Oocytes implanted with m1 or m3 exhibited an osciliat-
ory inward current (Fig. 24, C), whereas a typical ACh
response induced in oocytes implanted with m2 or m4
comprised an initial smooth inward current followed
by an oscillatory component (Fig. 2B, D). Application of
hyperpolarizing test pulses indicated that these inward
currents were accompanied by increased membrane
conductance. The oscillatory current evoked by activa-
tion of m2 or m4 varied in amplitude among the oocytes
tested and was undetected in some of them. The
latency of the ACh response in m2- or m4-implanted
oocytes was shorter than thal in m1- or m3-implanted
oocytes, the former being mostly attributable to the
dead-space time in the perfusion system (~ 7 s). The
current response in ml- or m3-implanted oocytes
occurred after an additional delay (2-3 s).

The reversal potential of the oscillatory current
induced by activation of each of the four mAChR
subtypes, obtained in Ringer’s solution, was around
~25 mV, which is close to the equilibrium potential of
Cl- in ZXenopus oocytes?!. This suggests that the
oscillatory current is carried mzinly by Cl~. In contrast,
the smooth current mediated by m2 or m4 was reversed
in polarity at a potential around 10 mV. This value does
not correspond to the equilibrium potential of any
single species of ions, indicating the involvement of
more than one ion species in the generation of the
smooth current. Reversal potential measurements in
different media performed with EGTA-loaded oocytes
(see below) suggest that the smooth current evoked by
activation of m2 or m4 is carried principally by Na* and
K*. Intracellular injection of the Ca2*-chelating agent
EGTA almost completely abolished the ACh-activated
current in m1- or m3-implanted oocytes, leaving only a
small long-lasting inward current. The osdillatory cur-
rent in m2- or mé-implanted oocytes similarly disap-
peared after this treatment, whereas the smooth
component was virtually unaffected. Thus our results
provide evidence that m1 and m3 mediate activation of
a Ca?+-dependent Cl- current, whereas m2 and m4
principally induce activation of Na* and K+ currents in
a Ca?*-independent manner. Most likely, the activa-
tion of the Cl- current mediated by m1 and m3 results
from phosphoinositide hydrolysis leading to Ca2*
release from intracellular stores,

Responses in NG108-15 cells

NG108-15 cells were transfected with ¢DNA or
genomic DNA encoding each of the four mAChR
subtypes, using an expression vector carrying the V40
early gene promoter and the neomycin-resistance

12345678
Orloin--r"

Fig. 1. Autoradiograms ©of blot hybridization analysis of
poly(A)*+ RANA from porcine (A~-C) and rat tissues (D) using
probes specific for the mANAs encoding porcine m1 (A),
porcine m2 (B), porcine m3(C) or rat m4 (D) A-C. Analysis of
poly(A)*+ RNA (15 ng each) from porcine cerebrum (lane 1),
lacrimal gland (lane 2), parotid gland (lane 3), small intesting
(lane 4), large nlestine (lane 5j, lrachea (lane 6), urmary
bladder (lane 7) and atrium (lane 8) The rat ANA species
hybridizable with the rat m3-specific probe showed a similar
tssue aistribution D Analysis of poly(A)* RNA (15 ug each)
from rat cerebrum (lane 1), submandibular gland (lane 2),
small intestine (lane 3), trachea (lane 4). unnary bladder (lane
5) and heart (lane 6) From Ref 17.
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Fig 2 ACh-activated currents in Xenopus oocytes injected
with the mRNA specific for porcine m1 (A), porcine m2 (B),
porcine m3 (C) »r rat méd (D). Whole-cell currents activated by
bath applcaticry of 1w (A, B, D) or 10 nm ACh (C) were
recorded under vollage clamp at a holding potential of —70
mV before (left) and after (nght) intracellular injection of EGTA.
Inward current s downward, The duration of ACh applicationis
inghoatod by bars without 1aRing witv auuun e veag-space
time n the perfusion system (~7 s) The ACh response in
oocyles injected with the rat m3-specific mANA was similar to
that in oocyles injected with the porcine m3-specific mANA.
From Ref. 13 (A, B) and Ref. 14 (C, D).

marker gene!?. The expression of each mAChR subtype
was confirmed by (—)[3H]JQNB binding assay and by
blot hybridization analysis of total cellular RNA using
mAChR subtype-specific probes. NG108-15 cells
endogenously contain the m¢ mRNAY19.

The transformed clones were tested for electrophys-
iological response to ACh under voltage clamp at a
holding potentia! of —30 mV. Cells transformed to
express m1 or m3 exhibited a similar response to ACh,
which comprised an initial outward current followed
by a sustained inward current. The initial outward
current was accompanied by an increase in nput
conductance, as measured by short voltage steps (Fig.
3A, B). The outward current was reversed to an inward
current on hyperpolarizing cells to =73 to =85 mV and
the current-voltage (I-V) relation was apparently linear
(Fig. 3C). The outward current response was reduced
or abolished by apamin (0.4 um) or (+)tubocurarine (0.2
mwm), but was resistant to tetraethylammonium (1 mm).
These resuits indicate that the initial outward current is
principally attributable to activation of a subclass of
Ca2*-dependent K+ currents.

Unlike the initial outward current, the secondary
inward current induced by ACh was usually accom-
panied by a decrease in input conductance and by a
reduction in the time-dependent inward current relax-
ation observed during hyperpolarizing voltage steps
(Fig. 3A, B). The steady-state -V curve that was
obtained while the sustained inward current was
present showed a reduction in the outward rectification
in a potential range less negative than approximately
=70 mV (tested up to —20 mV), where the M
current?23 s activated (Fig. 3C). These data indicate
that the secondary inward current resuits primarily
from inhibition of the M current, which 15 known to be
present in NG108-15 cells, some neuronal cells and
smooth muscle and to be modulated by different
neurotransmitters,

The initial outward current was observed in 88% and
81% of the ml- and m3-transformed cells tested,
respectively. The secondary inward current occurred in
59% and 64% of the ml- and m3-transformed cells
examined, respectively. In contrast, the percentages of
responsive cells among the m2- or m4-transformed cells
(12% for the outward current and 6% for the inward
current), despite their (—)[?PH]QNB binding activities
being comparable to those of the ml- or m3-trans-
formed cells, were not higher than those of nontrans-
fected or vector-transformed control cells (14% and 6%,
respectively).

The effect of carbamylcholine on the formation of
inositol phosphates was next examined using [3H]inos-
itol-labelled cells. In mi1- or m3-transformed cells, a
four- to seven-fold increase in the release of total
inositol phosphates occurred in response to carbamyl-
choline stimulation, s compared with control values
obtained without stimulation. But in m2- or m4-trans-
formed cells, as well as in nontransfected or vector-
transformed cells, no appreciable increase in inositol
phosphate telcass was obscived. Siudive will the
fluorescent indicator dye fura-2 showed that ml and
m3 expressed in NG108-15 cells, uniike m2 and m4,
mediate release of Ca2* from ¢ . racellular stores?.

These results indicate that the moleculasly defined
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m1 and m3 subtypes, but not the m2 and m4 subtypes,
efficiently mediate phosphoinositide hydrolysis,
release of Ca2+ from intracellular stores, activation of a
Ca?*-dependent K+ currert and inhibition of the M
current in NG108-15 cells. It is suggested that the m4
subtype mediates adenylate cyclase inhibition without
affecting phosphoinositide hydrolysis in NG108-15
cells25, Stable expression of the four mAChR subtypes
in other mammalian cell lines also shows that m1 and
m3 are coupled with stimulation of phosphoinositide
hydrolysis?e-28, whereas m2 and m#4 are linked mainly
with inhibition of adenylate cyclase?6-28.2%, Further-
more, tie fifth mAChR species (m5) has been shown
to be coupled with phosphoinositide hydrolysis ef-
ficiently?1-12, These findings, together with our DNA
expression studies using Xenopus oocytes, suggest that
mAChR subtypes are selectively coupled with different
effector systems, albeit not exclusively. The inhibition
of the M current mediated by m1 and m3 suggests that
these subtypes are involved in the cholinergic excita-
tion of vertebrate neurons evoked by muscarinic
activity.

Different agonist sensitivities of mAChR subtypes
Figures 4A and 4B show the effects of increasing
concentrations of agonist on the formation of total
{*H}inositol phosphates and on ntracellular Ca2*
ralease, respectively, in NG108-15 cells expressing m1
o+ m3. The EC50 value for m3-transformed cells was
aimost 10-fold smaller than that for ml-transformed
¢z Is. Figure 4C shows dose-response relationships for
ACh-activated peak inward currents obtained from
oocytes implanted with m1 or m3. To elicit a current of
sirmfar amplitude, m1 required a ~ 30-fold higher
concentration of ACh than did m3. These data reveal
that 3 has a sensitivity to agonist of about one order of
magnitude higher than that of ml in stimulating
phosphoinositide hydrolysis and intracellular Ca2*
release in NG108-15 cells and in mediating activation of
a Ca’ -dependent Cl~ current in Xenopus oocytes. In
the exveriment shown in Fig. 4D, the agonist binding
affinities of m1 and m3 were examined using oocyte
extracis. The apparent Ky for carbamylcholine of m3,
obtained by measuring displacement of (—)[PH]QNB
binding, vas abotit one order of magnitude lower than
that of ml. This result suggests that the higher
sensitivity to agonist of m3 is probably attributable, at
least paruly to its higher agonist-binding affinity.

Location of a region of mAChR involved in selective
effector coupling

In an attempt to localize the region of the mAChR
molecules responsible for selective coupling with dit-
ferent effector systems, chimaeric mAChR molecules
with differert combinations of ml and m2 were
produced in Xenopus oocytes by expression f the
corresponding ¢cDNAs and were compared with
respect to ACh-induced current responses and antag-
onist-binding properties®. Figure 5A shows the ACh-
induced current recponges at —70 mV membrane
potential observed in oocytes implanted with the
different chimaeric mAChRs and with the parental m1
and m2 before and after intracellular injection of EGTA.
The ACh-activated inward current mediated by the
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Fig 3 ACh response in m1 translormed NG108-15 cells A

Whole-cell currents activated by applying 3ulof a0 1 mm ACh
solution at the time indicated by the arrow were recorded
under voltage clamp at a holding potential of —30 mV. Inward
current 1s downward. Repetitive downward deflections are
current transients produced by hyperpolanzing steps of 20mV
for 400 ms apphed every 3 s to measure inptt conductance

An interval of ~5 min separates the trace into two parts, and
the trace is interrupted by bnef periods (~1 s) of faster
recorcing. The recorder saturated durng the outward current
response. B Expanced records of current transients obtamed
at e times indicated n A a, before applying ACh, b, dunng
the ACn-induced outward current, ¢, durng the subsequent
inward current, o after parhal recovery C. Effect of unanging
clamp holding potentai o tho ACh inGuced outward current

ACh-activated currents were recorded under voltage clamp at
different holding potentials D 1-V relationships obtained
Lelore applying ACh (Mied circles) and duning the ACh-
induced sustained inward current (open circles). The current
was measured as the displacement from the oniginal holding
current at the end of ncrementing 400 mis voltage steps from a
holding potential of —30 mV. From Ref, i9.
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Fig 4 Different agonist sensihvities and binding affinties of m1
<nd m3 A Dose-response curves for the formation of total
{3HJinositol phosphates in transformed NG108-15 cells with
porcine in1 (open creles) or porcine m3 (filled circles) Data are
expressed as perceniage of a maximum response obtained
with 1 mwm carbamylcholine Each point represents the
mean=SD of 3 or 4 experments B Dose—response curves for
ACh-induced intracellular Ca2+ release in transformed NG 108-
15 cells with porcine m1 (open circles) or porcine m3 (filled
circles). Each pomnt represents the mean+SE of 7-25 measure-

chimaeric mAChR MC2, MC8 or MC19 was osculatory
in nature and was almost completely abolished by
intracellular injection of EGTA. On the other hand, a
typical ACh response mediated by the chimaeric
mAChR MC4 or MC9 comprised an initial smooth
inward current which was virtually unaffected by
intracellular injection of EGTA, followed by an oscilla-
tory component which disappeared after this treat-
ment. Thus, MC2, MC8 and MCI10, in which the
putative cytoplasmic portion between the proposed
transmembrane segments V and VI is derived from m1,
mediate an ACh response similar to that mediated by
m15.13, In contrast, MC4 and MC9, which share this
portion with m2, elicit an ACh response similar to that
maucea by mdr,

Figure 5B shows the antagonist-binding properties of
the chimaeric mAChRs in comparison with those of m1
and m2. MC9 exhibited a high affinity for pirenzepine
(K4= 24 nM) similar to that of m1 (K= 10-18 nM) and a

_.
&8 @ o o
o & o &

(-)[*H]QNB bound (%)
N
[=1

(=]

10° 10° 10" 100 107 10"
[Carbamyicholine] (M)

ments C Dose-response curves for ACh-activated peal
inward currents i1 Xenopus oocytes injected with the mRNA
specific for porcine m1 (open circles) or porcine m3 (filled
circles). Each point represents the imean+SD of measurements
on 10 oocyles at —70 mV membrane poiential D Effect of
carbamyicholine on (-)[°HJQNB binding n extracts from
Xenopus ococytes ijected with the mRANA specific for porcine
m1 (oper: circles) cr porcine m3 (filled circles) Dalta are from 3
expenments From Ref. 14 (A, C, D) and Ref 20 (B)

low affinity for AF-DX 116 (K4= 4.1 um) similar to that
of m1 (Ky= 1.8-2.9 um). In contrast, MC10 showed a
low affinity for pirenzepine (Ky= 0.76 pm) similar to
that of m2 (K4= 0.50-0.75 um) and a high affinity for
AF-DX 116 (Kg= 0.57 puM) simular to that of m2 (Ky=
0.36-0.79 pm). These results indicate that the region
comprising mostly the putative cytoplasmic portion
between the proposed transmembrane segments Vand
VI is not involved in binding to the selective antag
onists. On the other hand, MC4 and MC8 showed
intermediate affinity for pirenzepine (Kq= 0.072-0.16
M) and an intermediate or hugh affinity for AF-DX 116
(Kq= 0.73~1.1 uM). These results may indicate that both
a region containing the putative transmembiane seg-
ments -V and a region contamning the putative trans-
membrane segments VI and VII are involved in
antagonist binding,.

Our results 12ad to the conclusion that the region of
the .AaChR molecules compnsing ihe carboxy-ter-

vwmrasms

o ——

kN "'is‘;‘gg" o

R

PR AA PRI s
A




|

< T W WA YT SN SR A S8 T 0 e

VRO SR Bt e

Subtypes of muscarinic receptors 1V

minal third of the proposed transmembrane segment V
and the following putative cytoplasmic portion before
the proposed transmembrane segment VI contains a
determinant of selective coupling with different effec-
tor systems. The amino acid sequence of the putative
cytoplasmic portion between the proposed trans-
membrane segments V and VI is divergent among the
mAChR subtypes5-1231, However, some sequence
homology is noted in this portion between m1 and m3
as well as between m2 and m4, particularly in the
vicinity of segments V and VI. m1 and m3 are coupled
with the same effector systers as are m2 and m4. Thus
it seems reasonable to assume that a region adjacent to
the carboxy-terminus of segment V and a region
adjacent to the amino-terminus of segment V1 are
responsible for selective coupling of mAChR subtypeg
with different effector systems, probably through
interaction with distinct G proteins.

Recent studies with chimaeras between the §,- and
az-adrenergic receptors have shown that the specificity
for coupling with the stimulatory G protein lies within a
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Fig 5 Fusctional properties of chimaenc mACHRs wumposed of
porcine m1 and m2 sequences A Uiagrammatic represent-
o of the stetrzs of chinagsne WACHRS (leli fallj aind AT
rasponses in Xenopus oacytes injected wilh the raspective
chimaenc mRNAs (nght hall) Sequences of m1 ano m2 are
indicated by filled ard open boxes. respectively, and the
putative iransmembr ne segments I-Vil are aligned. Whole-cell
currents activated by balh application of 1 puw ACh were

region extending fror the amino-terminus of segment
V to the carboxy-terminus of segment VI32, Furthe:-
more, a single amino acid substitution in the portion
between segments V and VI of rhodopsin has been
shown to prevent activation of transducin33, Thus, the
conclusion that a region mostly comprising the putative
cytoplasmic portion between segments V and VI is
involved in selective effector coupling may be generally
valid for G protein-coupled receptors.

Conclusions

Cloning and sequence analysis of cDNAs or genomic
DNAs have revealed the existence of multiple mAChR
gene products. The antagonist-binding properties of
the individual inAChR species expresscd from the
cloned DNAs, together with the differential tissue
distribution of the mRNAs encoding them, indicate
that the mAChR heterogenety in tissues with respect
to antagonist binding can be accounted for by the
presence of distinct mAChR species by themselves orin
various combinations. The agonist-induced responses
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recorded under voltage clamp at — 70 mY membrane potentiat
in Ringer's solution before {left traces) and alter intracellular
myectiun of EGTA (nght traces) Inward current is downwary.
The duration of ACh application 1s indicated by bars without
taking into account the dead-space ime n the perfusion system
(- 6a) O Lifecis of ppeniepine (a) and AF-UA 116 (L) on
(~ )[3HJONB binoing in extracts from Xenopus oocyles injected
with the mANA specific for mi1 {open circles), m2 (open
tnangles), MC4 (liied cnamonds), MC8 (filled squares), MC9
(filled cucles) or MCIQ (hlled tnanigles) Data are from 3~5
experiments, From Ref, 30
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in Xenopus oocytes and NGI08-15 neuroblastoma-
glioma hybrid cells expressing the individual mAChR
species provide evidence that the molecularly defined
mAChR subtypes are selectively coupled with different
effector systems, albeit not exclusively. m1 and m3 are
coupled with the same effector systems, but they have
different sensitivities to and different binding affinuties
for agonist. Functional analysis of chimaeric receptors
with different combinations of m1 and m2 indicates
that a region mostly comprising the putaiive cytoplas-
mic portion between the proposed transmembrane
segments V and V[ contains a determinant of selective
coupling with different effector systems.
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New subtypes of muscarinic acetylcholine
receptors

Tom I. Bonner

Human and rat genes andfor cDNAs for five different mACHRs have been cloned. The m1, m2 and m3
receptors corresgond most closely to the pharmacologically defined My, M, and M; receptors and are
expressed in both brain and peripheral tissues. The md and m5 receptors are previously unrecognized
pharmacological subtypes whose mRNAs are found predonunantly i brain. Other less relates! but
uncharacterized genes could represent additional subtypes. The propertics of the five receptors and their genes
are reviewed and their implications for fiture research are discussed.

Five different .nuscarinic receptors have been cloned
from both r=t and human?-, three of which have also
been cloned from pig5-8 and one from mouse?, The first
two were cloned from pig brain (m1) and heart (m2)
using probes based on the amino sequence of purified
receptor protein®7 and the remainder have been
isolated by low stringency hybndization using DNA
sequences derived from either ml or m2 clones as
probes. All the muscarinic receptors have the structure
composed of seven transmembrane regions usually
connected by short extracellular or cytoplasmic seg-
ments that we have come to expect for G protein-
coupled receptors. One exception is that the muscarinic
receptors have a large third cytoplasmic loop of 157-203
amino acids whereas most other receptors of this class
have much shorter third cytoplasmic domains. Com-
parison of the amino acid sequences of the different
subtypes of muscarinic receptor indicates that there 15
little conservation in the amino terminal extracellular
domain except for the presence of two or three
potential glycosylation sites and that this lack of
conservation extends to the middle of the first trans-
membrane domain. The other major region of sequence
difference is the third cytorl smic doinain where there
is little, if any, sequence identity among all the
receptors although the firsi and last 2¢ amino acids are
partially conserved among some of the subtypes in a
manner which correlates witl their second messenger
preferences. The remainder o the molecule shows a
high degree of sequence conservation with approxi-
mately 50% sequence identity (145 amino acids) con-
centrated primarily in the transmembrane domains and
including approximately 40 amino acids which are
highly conserved among all the cloned G protein-
coupled receptors. This pattern of sequence conserva-
tion on an intermediate evolutionary time scale is also
reflected on a shorter time scale in the comparison of
individual subtypes among mammalian species and is
consistent with the hypothesis that the ligand binding
site is formed by the transmembrane domains.

Gene structure and chromosomal distnnibution

Gtrikinolv the aonoe far mucrarinie socontars as wer n
5] Yo --

as several other, but siot all, G protein-coupled recep-
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tors lack introns in their coding sequences. This
observation, first made by comparing rat m1 and m3
and pig m2 cDNAs to their genes!.7, has made possible
the easy cloning of the complete coding sequences of
the md and m5 receptors from genomic libraries,
However, unlike the Pp-adrenergic receptor which
appears to have no introns, comparison of ¢cDNA
sequences with gene sequences for the m1, m2, m3 and
mb5 receptors indicates that, while there are no introns
in the 3’ untranslated sequences, there is at least one
intron Jocated less than 100 bases 5’ of the initiation
codon. Although there has been no direct confirma-
tion, there is a probable splice site in the m4 gene
located 29 bases 5’ of its initiation codon. The biological
significance of the lack of introns in the coding
sequence i5 unclear but some correlation may become
apparent as the genes of more receptors of this ciass are
characterized.

We have examined the structure of the m1 gene in
more detail by comparing the sequences of the rat and
human ml genes to that of the porcine m1 cDNA
sequence since it is approximately the same size as the
3.0 k> mRNA observed in rats. Such a ccmparison
identifies a cluster, extending over 2 kb, of three exons
of 90-170 bases each in both the human and rat genes
which is separated from the coding exon by anintron of
approximately 10 kb. The human exons have 65-91%
sequence 1dentity with the porcine ¢DNA and are
immediately preceded by about 300 bases of sequence
which is well conserved (80%) in the rat gene.
Although this region has yet to be identified as the
promoter region by mapping the 5" end of the mRNA,
we assume that it will prove to be so. Peralta ¢f al.
indicate that there are similar additional exons in m2
gene?. However, in the case of both the m2 and m3
genes the reported cDNA sequences are 1-3 kb shorter
than the 5-6 kb and 4.5 kb mRNA sizes observed in rat.
Therefore the characterization of the promoter regions
may involve considerable effort. For the m4 gene for
which the available cDNA sequerices are 600-700 bases
shorter than the 3.3 kb mRNA size in rats, we have
begun io Jook for the promoter region by mapping
Conisenad segions, ab judged by Crosy hybridieation,
between the rat and human genes and have found such
a -egion approximately 10 kb 5 of the coding exon for
which sequence analysis and mRNA protection assays
should provide an identification. A direct measure-
ment of the size of the m5 mRINA has not been reported
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but the recent cloning of a 3’ truncated rat m5 cDNA
establishes that there are at least 516 bases of 5’
untranslated sequence not found n the coding exon!®.
Coupled with our sequence of the 3’ untranslated
regions of the m5 genes, we can estimate that the
mRNA must be at least 3 kb.

In addition to the usual reasons for wanting to know
the chromosomal localization of a family of human
genes, such as whether they are clustered on a
chromosome or dispersed throughout the genome,
there is a special reason for wanting to know the
chromosomal location of the mAChR genes relating to
the cholinergic hypothesis of depression!!. According
to this popular hypothesis, a hypersensitive cholinergic
system could represent a predispusing factor for
depression. Since predisposing genes for manic de-
pression have been mapped tv chromosomes 11 and X
in different pedigrees, knowing the location of the
mACHR genes would allow one to consider whether
they are senious candidate genes for either pedigree.
From analysis of somatic cell hybrids as well as
chromosomal in-gitu hybndization rve have found that
the mZ, m3 and m5 genes map o the tips of chromo-
somes 7(7q35-36), 1(1q41-44) and 15(15q26), respec-
tively (T.I Bonner, ¥.S. Modi and S.J. O’Brien, un-
published results). The m1 and m4 genes both map to
chromosome 11 with ml being Jucated near the
centromere and md being somewhere on the short arm.
Since the predisposing gene in the Amish pedigree
maps near the H-ras and insulin genes at the tip of the
short arm of chromosome 11, the m4 gene could be
marginally considered a candidate gene. Clearly better
mapping data are required before jt can be considered a
serious candidate.

Are there more mAckR genes?
Analysis of genomic blots cans provide clues to-such
questions and in the case of the muscarinic receptors is
implified by the fact that the genes fack introns in their
cading sequences. {deally one would like to use a probe
contzining as much sequence as possible wlich is
highly conserved among mAChR genes with as little as
possible of sequence which is not. As we originally
reported, using such a probe containing trans-
membrane tegions 2-5 of the rat m1 ¢DNA undes
hybridization conditions which should detect genes
with about 75% sequence identity. one can detect 5-6
different bands in human DNA and 9-10in rat. In each
case a single band was ascribable to the m1, m2, m3and
m4 genes!, This obscrvation provided the motivation
that led to the cloning of the m5 genes. Since the
existence of more bands in rat than in human suggested
that they might be evolutionariy new and thus
possibly pseudogenes and because the human genes
are of greater interest, we have focused on the human
bands. As we reported, the m5 genc accounts for only
one band in Pstl digests of human DNA implying that
there is at lsact ane more related human gene?, The
strength of the hybridizatiun signal suggested that it
might be more closely related to the m1 gene than some
of the other mAChR genes are and thus quite possibly
another mAChR gene. However, using a nearly iden-
tical probe from the rat m3 ¢cDNA, we detect only the

five known genes so that the character of the sixth gene
is unclear. Perhaps it is a pseudogene of the ml
receptor. Such genomic blot analysis does not exclude
the possibility that there may be another muscarinic
receptor gene which is less related han the m1-m5
genes are to cach other. but at thic point there is no
evidence on which to base an expectation (1.at there will
be more subtypes.

Why are there so many receptor subtynrzs™

This is becoming a common guesti..: 35 cloning of
receptors reveals the existence of unanticipated mul-
tiple subtypes for a variety of other receptors such as
thyroid hormone receptor~, neural nicotinic acetylchol-
ine receptors and GABA, receptors. In general one
would expect that the subtypes would differ in their
functional properties or in their regulation. The regula-
tory differences could be either at the transcriptional
level through different proinoters leading to tissue or
developmental specificity, or at the post-transcriptional
level through differenc - in sequence which serve as
the sites of regulation th »ugh mechanisms such as
phosphorylation. Ar example combining both func-
tional and regulatory factors is the muscuiar nicotinic
receptor which has an embryonic form which differs
from the adult form in its channel properties. For the
muscarinic receptors there is no evidence for a develop-
mentally specific subtype but there is some degree of
tissue specificity and there are at least two tunctionally
distinct classes.

Distribution of receptor mRNAs

Northern blot analysis and in-situ hybridization to
various tissues has provided considerabie data on the
tissue speaificity of subtype expression. Northern blots
of peripheral tissues!? indicate that the heart expresses
only m2 mRNA but that glandular tissues such as
lacrimal, parotid and submandibular glands express
both mI and m3 mRNAs. Smooth muscle tissues such
as intestines, trachea and urinary bladder express both
m2 and m3 mRNA. The high resolution of in-situ
hybridization’3'4 indicates that mi, m3 and m4
mRNAs are abundantly and broadly expressed in rat
brain. Their disiributions are largely overlapping but
there are differences in their relative abundance ir
areas such as hippocampus, striatum and dentate
gyrus. Lxcept for high fevels in a few areas such as the
diagonal band and the medial septum, m2 mRNA 1s
expressed widely but at much lower levelstd. It has only
recently become apparent thet m5 mRNA is expressed
in brain'0 since its abundance is quite low, Although
the results could be biased by sensitivity problems, it
appears that mS mRNA is expressed generally in the
same regions as mi, m3 and m4 mRNAs but with a
mere restricted distribution. The mRNA distributions
cannot be siraply equated with receptor distributions
since the mRNAs are localized in cell bodies whereas
for neurons the receptors reside on the neuronal
projections. Eventually subtype-speciiic antibodies
should allow mapping of the actual receptur distribu-
tions. For the present, however, it app2ars that tissues
containing only a single subtype of receptor will be
racc.
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Inhibitlon constant (riM)

1 10 100 1000
1 i i
Birenzenine 1 -——-—-———--(4)—g-53 —2
AF-DX 116 2 —Gr—3 —1 —5
Hexahydrodifenidol 1=34 5 2
Hexahydrosiiadifenidol 2 8 =5 2
G )
Hexocyctium 3—j—5—-Ao —— ——u?
Sliahexocyclium 3—1i—a 2
Mothoctrsmine 2 el f4)y5 —G 4
i i G 1.{4) 2

Dicyclomine (3)(5) 2

1 | T N | I i1 _1 l 1 i M| ' i 1

2 4 6 8

Fig 1 Grapheal representation of antagomist 5inding properties of muscanmic receptor sublypes@ The numbers 1-5 represent
the five cloned subtypes, G represeriis parallel data on meinbranes from ral subsaxilary gland Values i parentheses are
approximations since the Hill coefficients for these data points differed significantly fromumly The infubition constant of AF-DX 116
for the m2 receptof has been corrected for a miscalculation in the conversion of IC50 to K,

Functional responses of cloned seceptor subtypes

Most of what we know about the functional proper-
ties of the individuai subtypes comes from expressing
the clones in cells, such as Xenopus oocytes or various
mammalian cell lines, which do not express endogen-
ous muscarinic receptors. Since the action of the
receptor depends on various components of the second
messenger systems as well as their targets, such cells
may not contain all the components necessary to
elaborate all the potential responses. Nevertheless,
such ceils offer two major advantages which have
allowed a functional distinction to be made amung the
five receptors. First, the cells which have not had the
clones introduced for expression provide an unambigu-
ous control for the specificity of the response. Second,
by expressing each of the receptors m the same host
cell, one assures, at least if the receptors are expressed
at comparable levels, that the receptors all have the
same cellular environment so that differences in
responses are intrinsic o the subtypes. As recently
summarized!3-17, the functional responses of the sub-
types divide them infe two classes with the odd
numbered subtypes in one class and the even num-
bered in the other, a scpatation which is also evident in
the overali sequence relatedness of the subtypes.

The m{, m3 and m5 receptors stimulate the metabol-
15m of invsiuipiiosphates generally through a pertussis
toxin-insensitive G protein and also stimulate the
1elease of arachidonic acid. The release of arachidonic
acid is independent of the inositolphosphate stimula-
tion since phorbol esters inhibit the inositolphosphate
response but stiraulate the arachidonic a<id response’s,

This class of receptors has alsc been observed to cause
an increase in cAMP levels. The latter ettect has
recenily been shown for the mi receptor to be a
secondary cffect of inositolphosphate stimulation
which results 1 release of intracellular calcium and
stimuiation of calmodulin-dependent adenylaie cyclase
{C.C. Pelder, R.Y. Kanterman, A.L. Ma and J. Axelrod,
J- Biol. Chem., in press). Release of intraceliutar calcium
is also responsible for the opening of Ca2+-dependent
potassium channels in transfected mammalian cells.

The m2 and m4 receptors in the same cells ca''se a
decrease of cAMP through a pertussis toxin-sensitive G
protein. While they have not shown any electro-
physiological response in transfected mammalian cells,
these receptors do cause the stimulation of calcum-
independent currants in Xenopus oscytes.

These mutually exclusive responses parallel the
results pbserved with the endogenous receptors of the
132N1 and NG-108 <elf lines'? which express m3 and
m4 mRNAs, respectively. How ever, there is evidence
that the m2 and m4 reccptois weakly stimulate an
inositolphosphate response at icast when there are
high numbers of receptors per cell. A likely explanation
is that the receptore are not absolutely selective in their
coupling to G proteins and that at high levels of
receptor enough of a less favorably coupled G protein
interacts with the receptor to mediate a response.

Ligand binding properties of the receptor subtypes
Since most tissues can be expected to contain more

than one mAChR subtype, the only practical way to

sort out the subtype specificities of various ligands may
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be to use the cell lines expressing individual cloned
receptors. A number of sclective muscarinic antag-
onusts have beer( tested on such cell lines?® and the
results are sumnarized in Fig. 1. From these resuits it
should be clear that the mnl, m2 and m3 clones
correspond most closely lo the M;, My and M;
pharmacvlogical subiygss while the mt and m5 have
profiles different from the previously described phar-
macological subtypes. Cunously, introduction of a
silicon atom into hexahydrodifenidol shifts affinities of
ml and m4 relative to all the others ev.n though mi
and md are relatively dissimilar in their sequences.
Moreover, introduction of the silicon atom into hexo-
cyclium has httie offect, sinfting m3 and m4 slightly
relative to others

It is also clear that these anta~onists differentiate m2
to varying degrees from all .ne other subtypes. In
general, however, there is relativelv little selectivity
among the subtypes which may simply be a reflection
of the high degree of relatedriess among the five
receptors. Nevertheless some pairs, such as m2 and
m4, which are closely related in sequence show
substantial differences in inhibition constants for some
antagorusts.

The agonist binding properties have so far received
less attention, at least in part because their affinities
depend on coupling to G proteins. Even though it is
clear that the recepiors can all be coupled to G proteins
in the artificial environments that have been used to
express the cloned receptors, it is not obvious that in
their normal environment they could not coupie toa G
protein such as Gp, which 1s presumably absent in these
cells, to produce a different agenist affinity.

Functional domains of the receptors

Our models for the structure ¢f the binding sites of
muscarinic receptors come primarily from the extrapol-
ation of results with the f-adrenergic recepior and
rhodopsin which indicate that the birding site s
located within the transmembrane domains, Since the
m2 and mé receptors differ in their transmembrane
domains by only 17 amino acids (with 11 of those
differences in the first or sixth tronsmembrane regions)
and have affinities for pirenzepine which differ by
about twentyfold, we have sought in cur initial
attempls to define the ligand binding site to localize the
site responasible for this difference (R. Lahti, N.J.
Buckley, A.CC. Young, M R. Brann and T.I. Bonner,
unpubiished results). To do this we have examined
chimeras of human m2 and rat m4 receptors using
conserved Pyull and Smal sites located at the beginming
of the fourth transreerabrane region and immedately
before the sixih transmembrane region as the points of
fusion. These two points divide the molecules roughly
into thirds containing 9, 3, and 5 amino acid changes in
the transmembrane regions. Substitution of either the
last third or the last two thirds of the m4 receptor into
the m2 receptor leads to a four- or fiveioid increase in
the athmty for pirenzepine winle substitution of he
middle third has little or no effect. Although the small
differences in affinity are difficult to measure accu-
ral 'y, these results seem to indicate that there are
regions in the first and last thirds of the molecule which
have roughly equal effects on the pirenzepine affinity.

it will therefore be difficult to use this approach to
localize even specific transmembrane regions involved
in determining antagonist affimty without a more
selective ligand.

There is now evidence based on chumeric receptors
for both the adrenergic and muscarinic receptors that
the third cytoplasmic domain of the receptors is
sufficient to determine the second messenger coup-
ling2:.22, If one compares the sequences of this domain
of the muscarinic receptors with those of other recep-
tors which are known to couple to inositolphosphate
metabolism or cyclase inhibition there 15 no cbvious
pattern of sequence conservation. However among the
muscarinic receptors the first and last 15-20 amino
acids of this domain, while not well conserved among
all the receptors, do have greater than 50% sequence
identity either among the odd numbered receptors
which couple preferentially to inositolphosphate
metabolism or between the even numbered ones which
couple preferentially to inhibition of adenylate cyclase.
Since the analogous regions of the B;-adrenergic recep-
tor have been shown by deletion analysis to be
necessary for second messenger coupling?, it seems
likely that one or the other or both of these short
seginients may confer second messenger specificity. To
test this hypothesis we have begun to examine chim-
eras of the human m2 and rat m3 receptors by
determination of their invsitolphosphate response
when transiently expressed in COS cells?, In this
system, as has been seen before for high levels of
receptor expression in CHO cells?, the m2 receptor
gives a modest inositolphosj nate response with an
EDS0 at least tenfold greater than the m3 receptor.
Substitution of the m3 third cytoplasruic domain wito
the m2 receptor converts the response to one compar-
able to that of the m3 receptor. Furthermore substitu-
tion of the first 17 amino acids from the m3 domain mnto
the mZ receptor produces an inositolphosphate
response comparable in magnitude to that of the m3
receptor but requiring a tenfold higher agonist dose
These results need to be extended to include substitu-
tions of the last 20 amino acids of the third cytoplasmic
domain and assays of cCAMP responses to assure that
the appropriate reciprocal effects are seen. However,
based on the present resutts, it appears that the first 17
amino acids confer specificity of couphng but that
something else, such as the last 20 amino acids, is
necessary for efficient transmussion cf conformational
change from ligand binding site to G protein. Given the
nearly universal conservation of the beginning of the
second cytopiasmic domain among all G protein-
coupled receptors, it is probable that this domain also
plays a role in G protein coupling, perhaps as a site of
more general interaction with all G proteins.

Questions for the future

Which G proteins do the receptors couple to?

Does a shugie 1ewepior couple 1o maore then one G
protein depending on cellular environment? Is there a
hierarchy of G-protein affinities? These are not trivial
experiments to do since the systems used to date to
express the cloned subtypes all contain G proteins
capable of coupling to the receptors.

A St ————— s — v

e
varen




afiBapnetiin

T LM B e T4 it L Y o e

iy

Subtypes of muscarmic receptors IV

B D g

Are the odd numbered and the even numbered
receptors really functionally homogeneous?

The cloned receptors have so far been tested in only
rather unnatural host cells which may very well lack the
ability to provide some of the responses available to the
receptors in the cells in which they are normally
expressed. A clear example of this situation is provided
by the use of NG-108 cells, which normally express m4
receptors, for expression of cloned m1-m4 receptors?s,
The m1 and m3 receptors but not m2 and m4 receptors
were shown to inhibit the M-current, a response not
available in A9 fibroblasts. More such cells will have to
be used to explore the full repertoire ,f muscaric
responses to see if the receptors are as functiorally
interchangeable as they now appear to be.

Are the receptors differently regulated at the
transcriptional or post-translational levels?

The tools are now available to examine mRNA
changes during development or as a result of various
manipulations of animals or cell lines to see whether
there are regulatory differences other than those which
specify in which cells the receptors are expressed At
the post-transcriptional level, it is commonly thought
that the activity of the receptors could be regulated by
phesphorylation. A likely place for the phosphoryl-
ation sites would be in the third cytoplasmic domain
most of which is quite different for the different
subtypes. Differential phosphorylation might therefore
allow for substantal differences in desensitization
properties of the subtypes.
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Functional diversity of muscarinic receptor
subtypes in cellular signal transduction and
growth

Avi Ashkenazi, Ernest G. Peralta*, John W. Winslow,
Janakiraman Ramachandrant and Daniel J. Capon

The regulation of cellular signal transduction and growth by four human muscaruuc acetylcholine receptor
1:i1AChR) subtypes has been studied comparatively. The four mAChRs fall into two functional sub-groups,
based on their primary effects on second messenger formation, two of tie receptors strongly mihibit adenylyl
cyclase activity, whereas the other two strongly shmulate Pl hydrolysis. Studies on mACR regulasion of
two cellular events involved in cellular growth regulation, the transcription of proto-oncogene c-fos and
DNA synthess, indicate that these events are efficiently activated by those mAChRs which couple primarily

to phospholipase C.

The pharmacological complexity of mAChRs has long
indicated not only the existence of multiple recepter
subtypes, but also that each subtype 1> distinct in the
cellular and physiological actions of acctylcholine
which it carries cut!. The molecular cloning of five
mAChR genes of humans and other mammals, by our
group and others?-8, has demonstrated the molecular
basis of mAChR subtype diversity and has allowed the
systematic study of their functions in ceils normally
lacking mAChRs, but apparently possessing many of
the cellular signal transduction systems with which
these receptors can interact. Here we review our efforts
to date to characterize the distinct properties of four
human mAChRs, with particular attention to their
specific roles in cellular signal transduction and
growth. We refer to these four human mAChR sub-
types by our original designation, as well as the
nomenclature used in this supplement, to avoid any
confusion [hence M1 = m1, M2 = m2, M3 = md and
M4 =m3).

The four human muscarinjc receptor subtypes dif-
ferentially regulate levels of cyclic AMP and inositol
phosphates

Regulation of adenylyl cyclase and phospholipase C
by mAChRs has been well documented!. Experiments
with tissue homogenates and cell lines have suggested
that these second-messenger-generating enzymes are
regulated differentially by different mAChR subtypes!,
however e complex pattern of mAChR subtype
expression in different cells and tissues®-19 has limited
the interpretation of such studies. To systematically
address ihis question, we have developed mammalian
cell lines stably expressing each mAChR gene product

Departments of Molecular and Developmental Biology, Genentech,
Inc., 460 Point San Brunoe Blud., South Sar: Francsce, CA 94080,
USA *Present address. Department of Brochennstry and Molecutar
Biology, Harvard Umwersity, 7 Dty Ave., Cambridge, MA
02138, USA *Present addyess. Neurex Corporation, 3760 Haven
Ave., Menlo Park, CA 94023, USA

by transfecting cell lines essentially lacking endogen-
ous mAChRs. We first demonstrated the feasibility ot
this approach with the porcine atrial mAChR gene,
recombinant m2 (PM2) receptors, expressed in Chinese
hamster ovary (CHO, cells, were shown to bind
muscarin'c ligands with affinities comparable to por-
cine atrial mAChRs, couple to endogenous G proteins,
and thus regulate the activity of both adenylyI cvclase
and phiospholipase C in these cells!' We have since
investigated ihe ability of four human mAChR sub-
lypes to regulate second messenger formation
transfected human kidney cell lines expressing com-
parable levels of each receptor'?. Figure 1 summarize.
the effect of each mAChR subtype on cAMP levels
(shown as a carbachol dose-response) and phosphoino-
sitide (PI) hydrolysis (shown as the kinetics of accumu-
lation of inositol phosphates at saturating agonist
concentration). These findings indicate greater func-
tional similarity between the Hm1 (HM1) and Hm3
(HM4) receptors, and Hm2 (HM2) and Hmd4 (HM3)
receptors. In Hm2- (HM2)- and Hin4- (HM3)-express-
ing cells, carbachol efficiently inhibits adenylyl cyclase
actwvity (forskohn-stimulated ¢cAMP accumulation is
decreased by 65-75%), but weakly, although signfi-
cantly, activates PI hydrolysis. In contrast, carbachol
strongly stimulates PI hydrolysis, but does not inhibit
adenylyl cyclase activity m Hmi- (HM1)- and Hm3-
(HM4d)-expressing cells, instead, cAMP levels increase
substantially over forskohn-induced levels (7.3-10-
fold) at high carbachol concentrations. The elevated
cAMP leveis thus observed may result trom ‘cross talk’
between PI hydrolysis and cAMP formation, it is
known that the PI hydrolysis products inusitol tns-
phosphate (IP3) and diacylglycerol can increase the
leveis of cytosolic calcium and of protein kinasc C
activity and hence activate adenylyl cyclase!?-¢, It 1s
therefore possible that adenylyl cyclase is activated by
the Hm1 (HM1) and Hm3 (HM4) receptors indirectly as
a result of therr efficient stimulation ot PI hydrolysis.
This notion is supported by the observation that the
carbachol EC50 values for the stimulation of cAMP
levels and PI hydrolysis are comparable!2.

We conclude from these studies that mAChR sub-
types indeed differ in therr ability to regulate sccond
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messenger formation. A given mAChR subtype can
regulate more than one effector enzyme, but can be
more efficient in activating one response than another,
both in the number of receptors per cell and in the
agonist concentration required to give an effect. We
suggest that the specific response of a given cell to
acetylcholine will depend on the particutar mAChR
subtypes present and their relative abundance, as well
as on the concentration of acetylcholine. It is of interest
to note that the subtypes we find to be functionally
similar are also more similar in amino acid sequence,
particularly in the cytoplasmic loop connecting the fifth
and sixth transmembrane segments of the receptor®

Distinct G proteins selectively couple different
mAChHR subtypes to PI hydrolysis in the same cell

At least two types of G protein capable of coupling
receptors to phospholipase C (termed G;) have
been described. These G, types can be distinguished by
their sensitivity to ADP-ribosylation by pertussis toxin
(PTX), which leads to their uncoupling from recep-
tors¥?. Previous work has shown that PI hydrolysis
mediated by mAChRs in different celis and tissues is
cither PTX-sensitivell}® or PTX-insensitive!®-2!. The
differential ability of mAChR subtypes to stimulate PI
hydrolysis in the same cell prompted us to ask
whether different Gp proteins are responsible for
the selective coupling of different mAChRs to pl.os-
pholipase C. We have addressed this possibility in two
ways: first, we have examined the PTX sensitivity of PI
hydrolysis in CHO ceils, mediated by the four human

mAChRs and other receptors endogenous to these
cells; second, we have examined whether the PI
hydrolysis responses mediated by different receptors
expressed in the same cell are additive.

Figure 2 shows the effects of PTX on the accumula-
tion of IP; resulting from activation of PI hydrolysis by
Hm1 (HM1), Pm2 (PM2), or Hm3 (HM4) mAChRs, or
two endogenous G protein-coupled receptors in CHO
cells, the cholecystokimn (CCK) and thrombin recep-
tors (top panels). Three patterns of PTX sensitivity were
observed: the response mediated by CCK receptors is
not inhibited by PTX (panel A), the Hm1 (HM1) and
Hm3 (HM4) receptor responses display partial sensitiv-
ity (panels B and C), and the Pm2 (PM2) and thrombin
receptor responses are completely inhibited by PTX
(panels D and E). These results are most easily
explained by a model in which CHO cells possess two
types of G, protein: a PTX-insensitive G, which
mediates the coupling of CCK receptors to pf’lospholl-
pase C, and a PTX-sensitive G,, which mediates the
coupling of thrombin and Pm2 (PM2) receptors to
phospholipase C. The response mediated by Hml
(HM1) and Hm3 (HM4) may thus te mediated by both
Gy proteins, or alternatively, by yet another Gy, which
is only partially attenuated by PTX.

Such a model predicts that the PI hydrolysis
responses mediated by different pathways (1.e. differ-
ent Gys) will be additive under conditions in which a
given pathway can be saturated. Our system afforded
us the opportunity to test this, as we are able to
construct cell lines in which the response mediated by a
given mAChR can indeed be saturated, by creating cell
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Fig 1 Differential regulation of CAMP formation and P hydrolysis by human mAChRs in transfected human kidney cell lines. The
results depicted are from cell ines expressing 1 4 X 105 Hm1 (HM1), 2 0 X 105Hm3 (HM4), 1.2 X 105 Hm2 (HM2)and 1 7 X 105+m4
(HM3) receptors per cell, or control untransfected ceélls (300 encingennie mACKhRs por colit Adoryhid cyclass depondent
accurnuiation of cAMP (top panels) was measured in the presence of the phosphodiesterase inhibitcr, IBMX (0 2 mwm ) and the direct
adenylyl cyclase activator, forskolin (10pw) Basal and forskolin-stimulated levels of cAMP were 2 4-4 1 pmoly 108 cells and 57-270
nmol/108 cells, respectively Pl hydrolysis (boltom panels) was analyzed in cells labeled with [JH]myo-mnositol, by measuring the
accumulation of labeled inositol monophosphate ([3H]IP;) (boxes), nosttol bisphosphate ([3HJIP,) (tnangles) and inosito!
tnisphosphate ([3H]IPs) (circles) in the presence of 10 mm LICI, which inhibits dephosphorylation of 1P, (Ref 13) This figure 1$
reproduced with permission from Ref. 12, where complele details on the methodology are given
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Fig 2 Evidence for distinct G,-coupled pathways of Pl hydrolysis in CHO cells Tup panels Effect of pertussts toxin on the activation
of PI hydrolysis by various receptors in CHO cells Cells labeled with [3H]myo-inositol were treated with pertussis toxin (6 hours,
37°C) and treated with agonist to elicit maximal stimulation of Pl hydrolysis (shown as IP; accumulation) Cells are (panels A.E)
untransfected cells, (panels B-D) transfected cells expressing (B8) 3 8 X 105 Hm1 (HM1) receptors per cell, (C) 1 9 X 105 Hm3
(HM4) receptors per cell, (D) 1 0 X 106 Pm2 (PM2) receptors per cell Agonists are' (A) CCK (10 Uiml), (B--D) carbachol (1 mv), (E)

thrambun (1 Liml) 100% levels in cpm/106 colls wore 1200245

YO8 Jauv
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Bottom panels. Additivity of the Pl hydrolysis response medhated by different receptors co-expressed in the same cell Cells
expressing levels of Pm2 (PMZ2) (F) or Hm1 (HM1) (G) receptors sufficient to saturate the Pl hydrolysis response to carbachol (1 76 X
108 and 6 0 X 105 receplors per cell, respectively) were labeled with [3H]myo-inosito! and treated with various concentrations of
carbachol, either alone, or in the presence of saturating concentrations of thrombin (1 Uiml) or CCK (10 U/ml) Pl hyarolysts, shown
as the accumulation of 1P, +1P,+IP5, was determined after 30 min of incubation with agonists in the presence of 10 mw LiCl, to
mimmize differences in accumulation due to kinetic vaniation This figure 1s raproduced with permission from Ref 22

lines with high receptor expression levels through gene
amplification’?-22. Thus, the respense mediated by a
given receptor would be additive to the response
mediated by another, assuming the latter response
were saturated and coupled by another G, pathway.
This is illustrated in Fig. 2 (bottom panels), for cells
expressing spare Pm2 (PM2) receptors (panel F), the PI
hydrolysis response to carbachol is not additive with
the thrombin-mediated response, but is fully additive
with the CCK response, indicating that Pm2 (PM2) and
thrombin receptors share a common G, pathway,
whereas CCK receptors use a separate G, pathway. In
contrast, in cells expressing spare Hm1 (HM1) recep-
tors (panel G), the maximal PI response to carbachol is
not increased by the presence of either thrombin or
CCK, indicating that Hm1 (HM1) receptors are coupled
to Pl hydrolysis by using both of the distinct pathways
used by CCK and thrombin receptors. These results
provide strong support for the mudel suggesied eatdier
for the coupling of PI hydrolysis by two G, proteins.
Thus, in a given cell, individual mAChR sugtypes can
employ distinct Gy, proteins to regulate PI hydrolysis;
these G, proteins are employed selectively by endogen-
ous receptors of CHO cells as well. Significantly, the PI

—

hydrolysis response mediated by receptors coupled
primarily by the PTX-insensitive G, (Hm1 (HM1), Hm3
(HM4), CCK]}is greater than the response stimulated by
receptors coupled by the PTX-sensitive G, [Pm2 (PM2),
thrombin] (see Fig. 2 legend). Thus, the principal
purpose of selective Gp coupling of PI hydrolysis in a
given cell may be to establish different levels of the
response in an agonist-specific fashion.

Differential regulation of c-fos mRNA expression by
mAChR subtypes

Several neurotransmitter receptors, including
mAChHRs, have been shown to induce transcription of
the proto-oncogene c-fos24, The ¢-fos gene productisa
nuclear phosphoprotein which may be involved in the
control of cell growth and differentiation, by coupling
transient changes in extracellular conditions to long-
term cellular alterations?5, and is thought to be affected
vy VL hydrolysis. 1o determine whether c-fos mRNA is
induced differentially by mAChR subtypes, we com-
pared the response mediated in transfected CHO cells
by Hml1 (HM1) and Hm2 (HM2), which regulate PI
hydrolysis by the two distinct pathways described
above (Fig. 3). An analysis of c-fos mRNA levels by
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RNA blot hybridization revealed that carbachol induces
a significant increase in ¢-fos transcription in both Hm1-
(HM1)- and Hm2- (HM2)-expressing cells. Each
response is mAChR-dependent, as it is completely
blocked by atropine, and each displays the transient
kinetics- typical of c-fos mRNA induction by many
agents?, An important difference between the Hm1
(HM1) and Hm2 (HM2) response is apparent in that
c-fos transcription induced by Hm1 (HMI) is substan-
tially greater and more prolonged, even at a much
lower level (20-fold less) of Hml (HMI1) receptor
number per cell. Furthermore, the effect of PTX on c-fos
transcription is also different; the induction by Hm1
(HM1) is only slightly inhibited, whereas the induction
by Hm2 (HM2) is completely abolished by the toxin.
Thus, the differential induction of c-fos mRNA by Hm1
(HM1) and Hm2 (HM2) strikingly resembles their
differentjal activation of PI hydrolysis, both in the
magnitude of response and its sensitivity to PTX.

Differential regulation of DNA synthesis in brain-
derived cells by mAChR subtypes

Several observations by other investigators have led
us to hypothesize that mAChRs may regulate DNA
synthesis in brain-derived cells. First, PI hydrolysis,
which certain mAChRs stimulate very efficiently, has
been implicated in the regulation of growth of other
cell types by other growth factors and neurotransmit-
ters 13.14.26, Second, added acetylcholine can stimulate
PI hydrolysis in developing brain; this stimulation
peaks in the perinatal period?. Finally, carbachol can
stimulate PJ hydrolysis in primary culiwes of astro-
cytes from perinatal brain®; astrocytes are a major
subset of brain cells which proliferate perinatally?.

To test this hypothesis, we examined the effect of
carbachol on DNA synthesis in primary astrocyte
cultures (greater than 90% GFAP-positive cells), taken
from fat brain at various times during embryonic and
neonatal development®. As shown in Fig. 4, following
serum-deprivation of such cultures, carbachol elicits a
significant increase in DNA synthesis, observed by
increased incorporation of [3H]thymidine, which peaks
at the day of birth (panel A). This effect 15 substantial
(75% of the level induced by fetal calf serum), and is
blocked by atropine, indicating its dependence on
mAChRs (panel B). Oxotremorine, a mAChR agonist
which does not stimulate PI hydrolysis31.32, does not
affect DNA synthesis; noradrenaline stimulates DNA
synthesis by approximately 30%, whereas angiotensin
II has no effect (panel B). An analysis of in¢: sidual,
single-cell-derived astrocyte cultures revealed that
some clones respond well to carbachol, whereas others
respond poorly®. Given the dependence of this
response on mAChRs, and our previous finding that
glial and neuronal cell lines express specific subsets of
mAChR subtype mRNAs!0, we reasoned that differ-
ences in mAChR expression might explain the variable
response to carbachol. To investigate this, we analyzed
the effects of carbachiol on DINA synthess 1in several
brain-derived glial and neuronal cell lines which we
found to express distinct patterns of mAChR subtype
mRNA (panel C). Carbachol stimulated DNA synthesis
approximately four-fold in 1321N1 astrocytoma cells,
which express m3 (M4) mAChRs®, and SK-N-SH

neuroblastoma cells, which express m3 (M4) and m2
(M2) mAChRs!9; in contrast, carbachol did not stimu-
late DNA synthesis in NG108-15 neuroblastoma X
glioma and N1E-115 neuroblastoma cells, which
express only m4 (M3) receptors>10, Thus, the ability of
these brain-derived cell lines to initiate DNA replication
in response to carbachol appears to be due to expres-
sion of specific mAChRs [i.e. m3 (M4), but not md
(M3)], but could also result from other differences
between the cells.

To evaluate these possibilities, we examined the
ability of carbachol to stimulate DNA synthesis 1n a
single cell type (CHO cells), expressing each of the four
human mAChRs individually® (Fig. 4, panels D-G).
DNA syrth2sis is stimulated by carbachol significantly
in cells expressing each of the four receptor subtypes,
however, the rasponse is much greater in cells express-
ing Hm1 (HM1) or Hm3 (HM4) than cells expressing
Hm2 (HM2) or Hm4 (HM3). In each case, the response
increases with receptor number, but the number of
Hm2 (HM2) and Hm4 (HM3) receptors required to give
an effect comparable to that mediated by Hm1 (HMT1) or
Hm3 (HM4) receptors is markedly higher. These results
indicate that mAChR subtypes indeed differ in their
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Fig 3. Differential induction of ¢-fos mANA levels by mAChR
subtypes in transfected CHO cells CHO cell lines express-
ing Hm1 (HM1) or Hm2 (HMZ2) (5 X 104 and 1 X 106 receptors
per cell, respectively) were treated with carbachol (1 mw) for 0,
15, 30, 60, or 120 min (lert hand panels), or for 30 min with
either carbachol, carbachol and 10 pum atropine (Atr), or
carbachol after a 6 hour treatment with 100 ng/mi pertussis
towin (PTX) (nghit hand paneis). Toial FINA was 1solated,
electrophoresed on agarose gels (15 ng per lane), biot
transferred to nylon filters, and hybridized with a [%2P]-labeled
v-fos cDNA probe The size of the c-fos transcrnpt detected 1s
2 2 kb, relative to nbosornal ANA. Rehybridization of the blot
with an «-actin probe demonstrated that comparable amounts
of total ANA were present in each lang (not shown),

—— —

i

Sarhen - my

o B k| o




TiPS — December 1989 supplement i ’

mennna—
—

w0 | C.

200 !

il
0 il

] 6 5 4 3 2
-log [Carbachol) (M)

oo} D. E. F. G. (199

: ; (50)
200
(26) {1000) N
o =0 et hio—o=3—R3% w
; 0] {16} {14)

{PH]Thymidine incorporation (% increase)

L A Y 'y L A ’17 A A A, A A ’l A A i A i i A 3. n A n
o’ 6 5 4 3 2 '] 6 5 4 3 2 [] 6 5 4 3 2 [ I 5 4 3 2 N
-log {Carbachol] (M)

s Fig 4. DNA synthesis is activated by carbachol in primary astrocytes, in brain-denved cell lines, and in transfected CHO cells
expressing MAChRs Panel A. Pnmary astrocyte cullures, denved from rat brain at embryonic day (E) 14 lo postnatal day (P) 15,
were deprived of serum for 48 hours, incubated with carbachol (1 mm) and [3H]thymidine (2 wCymi) for 24 hours, and [3H]thymidine
incorporation measured Fanel B Prnmary astrocytes denved from EZ1 rats were deprived of serum and incubated as above with
etther (1) no added agonist, (2) 1 mm carbachol, (3) 1 mm carbachol and 10 um atropine, (4) 1 mu oxolremorine, (5) 10%
fetal calf serum, (6) 100 pm noradrenaline, (7) 10 um angiotensin Il. Panel C Dose-response analysis of carbachol stimulation of
DNA synthesis in pnmary astrocyte cultures (filled tnangles), 1321N1 human astrocytoma cells (open circles), SK-N-SH human
neuroblastoma cells (open boxes), NG108-15 mouse neuroblastorna X rat ghoma hybrid cells (filled circles), NIE-115 mouse
neuroblastoma cells (open tnangles). Panels D-G. ranstected CHU cell lines expressing vanous leveis of {Jj Hini, (E) Hing, (F)
Hm4, (G) Hm3 mAChRs (numbers denote 10-3 X receptors per cell) were depnved of serum and analyzed for dose response of
carbachol-stimulated DNA synthesis. This figure 1s reproduced with permission from Ref. 30, where complete methodological
details are given.
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ability to support carbachol-stimulated DNA synthesis
in a given cell. Notably, carbachol stimulates both PI
hydrolysis and DNA synthesis more efficiently in Hm1-
(HM1)- and Hm3- (HM4)-expressing cells than in Hm2-
(HM2) and Hm4- (HM3)-expressing cells, suggesting
that PI hydrolysis is involved in the transduction of the
mitogenic signal mediated by mAChRs. This possibility
is supported by several additional observations. First,
the carbachol EC50 values for DNA synthesis and
PI hydrolysis in CHO cells expressing recombinant
mAChRs, brain-derived cell lines, and primary astro-
cytes are comparable, and quite different from the
carbachol EC50 values for inhibition of adenylyl cyclase
seen for Hm2 (HM2) and Hm4 (HM3) receptors in CHO
cells?, Second, in CHO cells expressing Hm1 (FIM1),
Hm2 (HM2), or Hm3 (HM4) receptors, PTX inhibits
carbachol-stimulated DNA synthesis and PI hydrolysis
to a similar extent?230. Finally, DNA synthesis in
primary astrocytes is not stimulated by oxotremorine, a
muscarinic agonist which does not stimulate PI
hydrolysis3!.32, These results thus indicate that mAChR
activation of PI hudrolueic rather than inhibition of
adenylyl cyclase, is involved in mitogenic signaling by
carbachol.

The age-dependent activation of DNA synthesis by
carbachol in neonatal astrocyte cultures indicates that
acetylcholine may regulate astroglial cell growth during

brain development. Thus, the expression of certain
mAChR subtypes in specific astrocytes may function to
coordinate the proliferation of these cells with the
development of cholinergic neurons.

Conclusion

By studying the properties of recombinant mAChRs
expressed individually 1n heterologous cells, we have
begun to dissect the cellular functions of mAChR
subtypes. As summarized in Fig. 5, we have shown
that mAChR subtypes selectively regulate the forma-
tion of different second messenger molecules (e.g.
c¢AMP or IP; and diacylglycerol). Thus, Hm1 (HM1)
and Hm3 (HM4) are primanly coupled to the activation
of phospholipase C, whereas Hm2 (HM2) and Hm4
(HM3) are primarily coupled to the inhibition of
adenylyl cyclase. Hm2 (HM2) and Hm4 (HM3) are also
linked to the activation of phospholipase C. However,
this coupling is rauch less efficient than that mediated
by Hm1 (HM1) and Hm3 (HM4). In addition, carbachol
strongly stimulates cAMP formation in Hm1- (HM1)-
and Hm3. (HM4)-exnrecsing cells, In view of previous
evidence for ‘cross talk’ between the phospholipase C
and adenylyl cyclase systems!+-16, the similarity in
carbachol EC50 values for cAMP elevation and activa-
tion of PI hydrolysis by Hm1 (HM1) and Hm3 (HIM4)
appears to indicate that cAMP elevation by these
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subtypes may result from their efficient coupling to PI
hydrolysis, However, it is also possible that the
observed cAMP elevation results from a direct coupling
of adenylyl cyc.ise by a stimulatory G protein similar to

»

We have shown that mAChR subtypes, as well as
other G protein-coupled receptors (such as CCK and
thrombin receptors), are selectively coupled to Pl
hydrolysis by distinct G protein pathways (designated
Gp and Gp* in Fig. 5) in the same cell. These pathways
appear to differ in the magnitude of the PI hydrolysis
response; the PTX-insensitive G, found in CHO cells is
associated with a substantially greater activation of Pl
hydrolysis than the PTX-sensitive G, found in the same
cells. In the regulation of adenylyl cyclase, specificity
results from the selective coupling of different recep-
tors (or recentor subtypes) to either stimulatory (G} or
whibitory (G,) G proteins. The present findings indi-
cate that specific regulation of phospholipase C activity
may be achieved by selective coupling of different
receptors (or receptor subtypes) by multiple stimula-
tory G proteins (G, Gp*), which activate different
levels of PI hydrolyss. It Is interesting to speculate that
selective coupling of these G, proteins to the multiple
phospholipase C gene products recently identified by
molecular cloning®3-3% may in turn explain the different
magnitudes of PI hydrolysis generated by each G,
pathway.

We have also shown that mAChR subtypes differ
significantly in their ability to mediate indr~tton of c-fos

transcription .ind DNA synthesis. Beca.. ' vdroly-
sis appears to bt linked to these cellular ev, ~had
anticipated that mAChR subtypes which a wgly
coupled to phospholipase C would be imy n
HMI (m1) HM2 (m2)
HM4 (m3) HM3 (m4)

(inhibiory)

g
N/ K

PLC s ATP

c~fos induction
DNA synthesf{s

Fig. § Summary of functional differsnces of hunan MACHH
subtypes in cellular signal transduction and growth G, and
G,* PTX-insensitive and -sensitive G proteins, respectively,
which couple stimulatory receplors to phospholipase C (PLC)
G,: G protein which couples intubitory receplors to eCanylyl
cyclase (AC). DAG diacylglycerol PKC. piolein kinase C.

L —

their induciion by carbachol. This prediction was
confirmed in both cases, and evidence was obtained
which indicates that PI hydtolysis may indeed be a
major mechanism by whuch carbachol induces c-fos
transcription and DNA synthesis. Note that the regula-
tion of second messenger formation and DNA synthe-
sis by recombinant mAChRs in heterologous cell
models and by mAChRs expressed in brain-derived cell
lines is essentially identical (Ref. 30 and refs cted
therein), thus confirming the physiological relevance of
the approach we have undertaken.

Muscarinic receptor subtypes provide a striking

example of how structural diversity in a signal trans- -

duction componert can be used to achieve functional
specificity in cellular signaling and growth. As the
pattern of mAChR subtype expression is highly cell-
specific and multiple subtypes are often expressed in a
single cell’®, even greater diversity in the response of
individual cells to acetylcholine is ptedicted. It is
important to emphasize that the usefulness of the
approach we have described will depend upon the
particular components of the signal transduction ap-
paratus expressed in the recipient cell type used for
in vivo ‘complementation analysis’ Further functional
differences between apparently similar subtypes are to
be expected, for example, in their ability to regulate ion
channels, and the appropriate choice of recipient cells
containing such components, or the co-expression of
such components by DNA-mediated gene transfer, will
be necessary to complete the analysis of functional
differences between mAChRs which we have de-
scribed here.
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Localization and structure of the muscarinic
receptor ligand binding site

E.C. Hulme, C.AM. Curtis, M. Wheatley*, A. Aitken and

A.C. Harris

A conserved aspartic acid residue in transmembrane helix 3 of the muscarinic acetylcholine receptors is
important in binding the headgroup of muscarinic ligands. This acidic amino acid probably points into a
relatively hydrophilic cavity whose walls are formed by the amphipathic transmembrane helices of the
receptor. Amino acid side chains within this cavity contribute to ligand binding,

From the structural as well as the pharmacological
viewpoilii, amongst the most interesting and fun-
damental questions which may be asked about a family
of receptors such as the muscannic receptors
(mAChRs) are the following: Where is the ligand
binding site lucated? What are the key interactions
which mediate ligand binding? How does the binding
of agonists differ from that of antagonists? What are the
important structural features of the receptor which
enable and transmit the agonist-induced confor-
mational change?

The mAChRs belong to the category of G protemn-
coupled catioric amine receptors, whose ligands, both
agonists and antagonists, incorporate a basic nitrogen
atom. About 20 distinct members of the G protein-
coupled receptor superfamily have now been cloned
and sequenced, including five subtypes of mAChRs
(Refs 1-3). These molecules are all thought to conform
to a generic structure consisting of seven trans-
membrane helices, joined by intra- and extracellular
loops of varying lengths, and with a glycosylated
extracellular N-terminal sequence and an intracetular
C-terminal taill. The muscarinic receptors contain
several conserved aspartic acid residues, particularly
Asp71, Asp99, Aspl05 and Aspl22 (m1 mAChR
sequence, using the nomenclature recommended on p.
V) which are potential participants in binding the
cationic headgroups of muscarinic antagonists and

aonniste
gonias.

Division of Physical Biochemistry and Laboratory of Prolemn
Structure, National Institute for Medical Research, Mill Hill,
London NW7 1AA, UK and *Dept of Biochemistry, University of
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Two approaches are in current u<e to try to identify
amino acids in receptor sequences which interact
directly with ligand functional groups. The first 1< to
mutate the suspected residues, and ther to study the
binding and functional properties of the mutant recep-
tor. The second is to design ligand molecules which
incorporate chemically-reactive functional groups, to
allow them to bind and react, and then to identify the
modified amino acids.

Both approaches have their strengths and weak-
nesses. Briefly, these are that mutation of an amino acid
may alter the three-dimensional structure of the recep-
tor in what amounts to an allosteric tashion. A large
effect on ligand binding therefore dces not necessarily
imply a direct binding interaction between the modi-
fied amino acid and the ligand. In contrast, whilst the
use of chemically-reactive ligand analogues enables
one to work on the native, un-mutagenized receptor,
reaction may also occur with ammo acid side chains
outside the binding site. Fortunately, the two
approaches are complementary, and where they con-
verge in pinpointing a residue, we may reasonably
believe that residue to be important,

We have taken the chemical approach to trying to
identify important residues in the muscarinic binding
site. Thanks to a tradition of molecular pharmacology
dating back four decades io the work of Nickerson on
irreversible blockers of the adrenergic receptors. a
suitable chemical tool has been at our disposai for a
number of years in the form of [Pldpropylbenzilyl-
chohne mustard {(PHJPBCM).

Muscarinic receptors are labelled with great spec:-
ficity by nanomolar concentrations of [PH]PrBCM*>.
The benzilylcholine mustards have two great advan-
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tages when compared with many other receptor
affinity labels, First, the active aziridinium forms are
isosteric with the known potent antagonists benzilyl-
choline and propylbenzilylcholine, and second the
reactive moiety is a direct analogue of the onium
headgroup of the reversible ligands. Because of this, it
is expected that the headgroup of the irreversible and
reversible ligands should be bound identically in the
initial reversible phase of binding. The reaction
mechanism involves a nucleophilic attack by an amino
acid sidechain of the receptor sequence on the azirid-
inium moiety. Localization of the modified residue
within the receptor sequence should therefore provide
accurate positional information about the location of
the onium headgroup in the binding site.

Peptide mapping and sequencing
The PHIPrBCM-receptor bond can be broken by
nucleophiles

It has been shown previously that the link formed
between [*H|PrBCM and the purified mAChR from rat
forebrain may be cleaved by hydroxylamine under
denaturing conditions®. This is consistent with the
alkylating agent forming an ester link with acidic
residue(s) in the binding site. Other forms of linkage
which might be considered possible a priori, particu-
larly thioether bonds with cysteine residues, are not
intrinsically vulnerable to nucleophilic attack.

Cleavage of the mACHR sequence with a lysine-
specific protease

The above observation provided circumstantial
evidence for medification of an acidic residue. Tu
Incalize the modified residues within the sequence,
mAChRs were purified from rat forebrain and striatum,

labelled with [3H}JPrBCM and digested with a lysine-

specific endoprotease, Lys-C, which cleaves on the
C-terminal side of lysine residues. The conditions
employed were such that the enzyme appeared to
cleave at clusters of basic residues, incorporating one or
more lysines.

Two major classes of peptide were obtained, one o
high molecular weight (greater than 27 kDa) and one of
low molecular weight (less than 10 kDa). Virtually all of
the [PHJPrBCM label was associated with the high
molecular weight peptides. In particular, two peptides
of molecular weight 28 kDa and 34 kDa were identified,
both of which were resistant to further digestion.

These peptides retained the carbohydrate residues
which are characteristic of the mAChRs, and must
therefore have extended to the N-terminus of the
sequence. After deglycosylation, the molecular weights
of the peptides were estimated to be 22 kDa and 14 kDa
respectively, indicating the presence of ca. 200 and 130
amino acid residues, respectively. It was proposed that
the peptides originate from  different co-punfied
mAChR subty pes in the rat forebrain preparation, the
longer one being generated by cleavage at Lys236in the
md sequence, and the shorter by cleavage at Lys136 in
the m1 sequence (Fig. 1). mRNAS for both subtypes are
expressed at comparatively high levels in rat forebrain2.
By both pharmacological and functional cniteria, it
seems safe to assume that m1 and md4 mAChR proteins
are present in forebrain membranes, and are likely to be
present in the purified pieparation.

Subcleavage and sequencing

To obtain sequenceable peptides, the 34 kDa and 28
kiDa peptides were partially separated from one
another by high-resolution gel filtration and sub-
cleaved with cyanogen bromide, an agent which,
under the conditions used, cleaves speatfically on the
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Fig 1 Location of important features within the first 250 residuas of the rat m1 and md mACHR caquences The nrahablo tie.0

Cieavage siies are markea (L) Note that these occur where there are clusters of basic residues as at Lys 136(m1)orLys 236 (m4).
Potential CNBr cleavage sites are marked (C) Aspartic acid residues are indicated by %, and where they are the major site of
alkylation by [SHJPrBCM they are indicated by sk N-glycosylation stes, a putative disullide bond, end the position of the

transmembrane heiices are also shown
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TABLE | Predicted and actual sequencing release patterns

Site of [3H]- Sequencing Release

mAChR Site of PrBCM predicted found
subtype cleavage labelling cycleno. cycieno.
mi Met88 Asp99 11 11

mi Met88 Asp105 17 17

m1 Met79 Asp9g 20 20

m4 Met85 Asp105 20

mi Met79 Asp105 26 2%

mé Met85 Asp111 26 N
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C-terminal side of methionine residues. CNBr cleavage
sites are marked in Fig. 1.

The fractions enriched in the 28 kDa peptide yielded
primarily a PH]PrBCM-labelled CNBr :leavage product
of 2.7 kDa molecular weight, corresionding to ca. 25
amino acids. From fractions enriched in the 34 kDa
peptide, an additional [3H]PrBCM-labelled CNBr
cleavage product of 3.9 kDa, or ca. 35 amino acids was
obtained. The probable origin of these peptides is by
cleavage at Met88 and Met114 in the m1 sequence, and
at Met85 and Met120 in the md sequence, respectively.
Both of these sequences contain two Asp residues,
namely Asp99 and Aspl05 (m1 sequence) or Aspl05
and Asplll {m¢ sequence), both of which are candi-
dates for [PH]PrBCM alkylation.

To identify the labelling site, the cleavage products
were subjected to puised hiquid-phase sequencing.
From CNBr cleavages of fractions enriched in the 34
kDa peptide, there was clear, unequivocal Edman
degradation-specific release of 3H after 26 sequencing
cycles (Hulme, E.C., Curtis, C.A.M., Wheatley, M.,

Harris, A.C.M. and Aitken, A., unpublished). From
cleavages of tractions enriched tn the 28 kDa peptide,
there was also release after 26 cycles, but also statistic-
ally-sigaificant release after 11, 17 and 20 cycles in some
experiments. However, in general, these subsidiary
sites of release have proved less reproducible than
release after 26 cycles of Edman degradation. These
results are summarized in Table 1.

Release after 26 cycles supports PHJFrBChM lavciling
of Asp105 (m1) or Asplil (m4) with cieavage at the
conserved Met residue 71 (m1) or 77 (m4). It should be
noted that cleavage of the ml sequence at the non-
conserved residue Met88 proceeds less readily than
cleavage at Met79, particularly in the larger-scale
cleavages necessary for sequencing work. This con-
served Asp residue thus seems to be the primary site of
labelling. However, the cbservation of release after 11
or 20 sequencing cycles 1s compatible with the presence
of a proportion of the label at :he second Asp residue
(Asp99, ml sequence). So far, there has saly been
evidence for this n fractions derived from cleavage of
the 28 kDa precursor peptide, which is believed to
onginate from the m1 sequence.

Structural implications

The primary site of [PH]PrBCM labelling, namely
Asp105 (m1)/Asplll (m4) is located within trans-
membrane helix 3 of the mAChR sequences (Fig. 1).
The presence of an acidic residue at this position s
charactenstic of the cationic amine receptor

sequences’-”. Mulation of the corresponding residue in
the fi-adrenergic receptor to Asn greatly reduced the
affinity of the mutant receptor for both agonists and
antagonists!. The evidence thus strongly supports a
role for this Asp residue in binding the headgroup of
muscarinic ligands and other cationic amines.

Fig 2 A nelical wheel model of the mi mAChR @ Polential hydrogen bonding residues # Non-polar residues A line through the

symbol indicales non-conservation in the i 1-m8§ sequences,
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The tentative evidence for labelling of the more
superficially-located Asp residue in the mt sejuence is
harder to interpret. There is no reason to suppose that
this residue plave a2 major part in the equilibrium
binding of ligands. iHowever, because of its proximity
to the binding site Asp, and its location at the mouth of
the binding site, it may have a secondary role, possibly
participating in the transition state of ligand binding,

It is interesting to note that there is a second amino
acid residue which appears {o be characteristic of
cationic amine receptors’”. This is Tyrd08 (ml
sequence) This residue corresponds to the retinal
attachment lysine in the rhodopsin family of proteins®.
It always occurs in conjunction with the trans-
membrane 3 binding site Asp residue, but is not found
in G protein-coupled receptors which are not cationic
amine receptors?. The co-conservation of the trans-
membrane 3 Asp and the {ransmembrane 7 Tyr may
indicate a structural association, e.g. a hydrogen bond
and justify between them. The existence of such a
structurally-important hydrogen bond would have
major implications for the interpretation of site-direc-
ted mutagenesis studies on this class of receptors.

A helical wheel model of the mAChRs

The transmembrane regions of the mAChRs vary in
their hydrophobicity. Transmembrane 7 contains a
particularly high proportion of hydrophilic amino
acids. Plotting the sequences of the transmembrane
regions on helical nets shows that transmembrane 3
and transmembrane 7 are both strongly amphiphilic,
with a face consisting of hydrogen bonding residues
(Tyr, Ser, Thr, Asn, Trp, Asp) running the entire length
of the helix. The remaincer of the helix surface is
uniformly hydrophobic Hydrophilic patches can be
identified on other helices. e.g. transmembrane 6 and
transmembrane 1. In transmembrane 6, a cluster of
hydrophilic residues around the proline induces a
marked fluctuation in the hydropathicity plot.

If the transmembrane sequences of the mAChRs are
drawn on helical wheel projections, it is possible to
arrange them so that most of the conserved residues are

on the inside of the structure (or at helix boundaries),
whilst most of the non-conserved residues are on the
outside , facing the lipid bilayer (Fig 2) It1s then found
that the majority {ca. 30 out of 47) of the potential
hydrogen-bonding side chans face one another around
a central pore-like cavity. Several of the apparently
outward-facing hydrogen-bonding residues ave at or
near helix boundaries, where they may be able to
interact with the aqueous phase.

The transmembrane 7 Tyr and the transmembrane 3
Asp can be bought into close proximity, in accord with
the hypothesis that the two residues may interact in the
cationic amine receptor sequences. There are scarcely
any non-conserved residues in the central pore-like
region. If this model is valid the mAChRs enclose a
highly-conserved, hydrophilic cavity, which seems to
be involved in hgand binding. Most of the variation in
the transmembrane regions occurs in hydrophobic
portions of the structure facing the lipid bilayer, where
they are r.ot subject to the necessities of interhelix
hydrogen bonding, or packing constraints. In many
respects, this form of protein organization is the
obverse of that of soluble globular proteins, in which
the hydrophilic residues tend to be on the surface,
whilst the hydrophobic amino acids are close-packed
together in the core.
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E Genetic approaches to the determination of
structure—function relationships of
G protein-coupled receptors

Catherine D. Strader, Irving S. Sigal and Richard A.F. Dixon

The B-adrenergic receptor (BAR), whuch has been extensively characierized pharmacologically, serves as a
useful model system for the analysis ¢f the structure—function relationships of G protem-coupled receptors.
Genetic and biochemical analysis has revealed that the ligand binding domam of the receptor involves residues
within the hydrophobic transmembrane core of the protein. Molecular substifution experiments suggest that
adrenergic agonists and antagottists are anchored to the receptor through an ionic inferaction between
Aspl13 in the third hydrophobic region of the receptor and the protonated amire group of the ligand. In
addition, catecholamine agonists are bound Hirough hydrogen bonding interactions belween two serine
residues in the fifth hydrophobic domain of the receptor and the catechiol hydroxyl groups of the ligand.
Agonist-mediated activatio.. of the G protem G, requires residues within the cytoplasmic loop hinking the fifth
and sixth transmembrane kelices which are predicted to form amphpatine o-helices. The strong structural
similarities among G protemn-coupled receptors imply that the information gainted from genetic analysis of the
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BAR should be applicable to other hormone and neurotransmitter receptors of this class.

Many hormones and neurotransmutters, both peptides
and small molecules, mediate their intracellular effects
through interactons with granine nucleotide binding
regulatory protein (G-protein) linked receptors?. The
binding of hormone agonists to cell surface receptors
leads to the formation of a high-affinity complex
between the ligand-bound receptor and one of a family
of related G proteins. The formation of this ternary
hormone-receptor-G protein complex results in the
release of GDP from the guanine nucleotide binding
site of the G protein, allowing GIP to bind. The
GTP-bound form of the G protein is the activated form,
which dissociates from the receptor and interacts with
specific effector enzymes, modulating the levels of
intracellular second messengers. At least 50 different G
protein-coupled receptor systems have been identified
to date. In addition, at least 10 different G proteins link
cell surface receptors to a variety of effector pathways,
including adenyiy! and guanylyl cyclase, K+ and Ca2+
channels, phosphodiesterases, and phospholipases A
and C. Thus, the signal transduction pathway involv-
ing G protein-coupled receptors represents one of the
major mechanisms of transmembrane signaling in
ceflular systems.

Receptor structure

The recent cloning of the genes encoding several of
these receptors, G proteins, and effector enzymes has
revealed structural similarities within each of these
classes of proteins, presumably reflecting their com-
mon mechanisms of action (for review, see Ref. 2). All
of the G protein-coupled receptors whose primary
sequences have been determined by this method are
characterized by the appearance of 7 stretches of 20-25

Departments of Brochemistry and Molecular Biology, Merck Sharp,
and Dohme Research Laboratorics, Ralteay, N.J. and West Pomt,
PA, USA.

hydrophobic amino acid residues which would be
predicted to form transmembrane a-helices. Most of
the sequence conservation among these receptors
resides within these putative 7 transmembrane
domains, which are separated by 8 more divergent
hydrophilic regions, predicted to form alternating
extracellular and intracellular loops. A model for the
transmembrane orientation of the 3-adrenergic recep-
tor (BAR) is shown in Fig. 1. This model for the
structure of the PAR is based on analogies with
structural data for bacteriorhodopsin, which has a
similar hydropathy profile3. Similar transmembrane
topographies have been predicted for all of the G
protein-linked receptors whose sequences are currently
known. The extramembraneous exposure of many, but
not all, of the hydrophihc loops of the receptor has been
confirmed by biochemical or immunological tech-
niques. In addition, the N-terminal hydrophilic
domains of these receptors contain consensus glycosy-
lation sites, which have been demonstrated to be
glycosylated in the BAR? and rhodopsin®, suggesting
that the N-termimi of these protemns are exposed
extracellularly. The predicted transmembrane top-
ography would then dictate an alternating cytoplasmic
and extracellular exposure for the remamng hydro-
philic loops, leaving the cytoplasmic tail of the receptor
exposed tracellularly. It is important to emphasize
that the structure of the receptor which 1s presented in
Fig. 1 depicts a working model for the BAR, with the
actual secondary and tertiary structure of the protein
remaining to be determined. However, as detailed
below, such a model has proven useful in transferring
information obtained for one G protemn-hnked receptor
to other related systems,

Ligand binding domain
Because of the wealth of structure-activity informa-
tion available for -adrenergic ligands, the BAR, which
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couples to the G protemn G, to activate adenylyl cyclase,
represents a useful model system for the determination
of structure~function relationships of G protein-
coupled receptors. In order to determine which regions
of the receptor protemn are required for ligand binding
to occur, deletions were made in the BAR gene to
remove each of the hydrophilic and hydrophobic
dumaiies of the pretein independently. The resulting
mutant receptors were expressed in mammalian cells
and their biochemical and pharmacoiogical properties
determineds. The ability of the mutant receptors to be
fully glycosylated and inserted into the cell membrane
was assessed by the appearance of the protein as a
broad band with an apparent molecular weight of
67 kDa on SDS-polyacrylamide gels, detected by
protein immunoblotting using an antibody specific for
the BARS. In contrast, nonglycosylated receptor
migrated as a sharp immunoreactive band at 47 kDa.
Failure of a mutant receptor to be normally glycosylated
or membrane associated was taken as diagnostic of an
adverse affect of the mutation on the tertiary structure
of the receptor. By these criteria, deletions of any of the
7 hydrophobic regions of the BAR, either alone or in
pairs, or of regions which would be predicted to form
junctions between the membrane-spanning helices and
the extramembraneous loops, resulted in a failure of
the protein to fold properly and be inserted intc the
membrane®?, These data suggested that the hydro-
phobic putative transmembrane domains are critical for
the structural integrity of the receptor protein. On the
other hand, most of the hydrophilic regions of the

eceptor could be deleted without adversely affecting
either the appearance of the $AR in the membrane or
the ligand binding properties of the receptor. These
experiments demonstrated that most of the extramem-
braneous hydrophilic regions of the protein are not
required for ligand binding to occur, indicating that the
higand binding domain of the receptor is located within
its hydrophobic transmembrane core®?. This result is of
interest in light of data indicating that the binding site
of retinal in rhodopsin, which couples to the G protein
transducin, is also located within the hydrophobic core
of the protein®. Retinal interacts with opsin through the
formation of a Schiff base with the side chain of Lys296
in the seventh hydrophobic domain. Furthermore,
biophysical studies suggest that the bound chromo-
phore in rhodopsin is buried approximately 30% into
the membrane bilayer. The localization of the binding
sites of both the BAR and thodopsin to the hydrophobic
regions of these proteins supports the hypothesis that
the similar structural features of these two proteins
reflect similarities in function and suggests the possibil-
ity of extrapolating structural data from one G protein-
coupled receptor system to another.

In order to define the specific molecular interactions
involved in anchoring the ligand to its binding site in
the receptor, a series of site-specific mutations was
introduced into the BAR gene, resulting in substitu-
tions of single amino acid residues within the receptor.
The sites of the mutations were selected by analysis of
pharmacophore maps of B-adrenergic lipande ac out-
hned 1n Jig. 2. The endogenous agonists for the BAR
are catecholamines, characterized by a protonated
amine group which 1s separated from a catechol ring by

a B-hydroxyethyl chain®, The identity of the substituent
on the amine distinguishes the endogenous ligands
epinephrine and norepinephrine, defining the two
subtypes of the PBAR [BjAR: Ky(epinephrine) =
Ka(norepinephrine); BAR: Ky(epinephrine) < Ky(nor-
epinephrine)]. The protonated amine and the
B-hydroxyl group of the ligand are important for both
agonist and antagonist binding to the receptor, where-
as the catechol moiety is characteristic of agonists.
Furthermore, antagonists are characterized by an
increased hydrophobicity of the aromatic ring structure
and an mcieased distance between the aromatic ring
and the amune group. This is usually achieved by the
substitution of a phenoxymethylene moiety for the
phenyl ring of the agonists. Thus, specific molecular
requirements for ligand binding to the BAR include an
interaction with the protonated amine, hydrogen
bonding interactions with the B-hydroxyl and catechol
hydroxyl groups, and agonist- or antagonist-specific
aromatic interactions with the ring systems (Fig. 2).
Because some of the structural features of adrenergic
ligands are shared by ligands which recognize other G
protein-coupled receptors, one might expect that
amino acid residues in the receptor which interact with
certain functional groups on the ligands would be
selectively conserved with other G protein-coupled
receptors which bind similar ligands. By this reasoning,
the amino acid residue(s) in the BAR which interact
with the protonated amine group of the ligand would
be predicted to be conserved with other G protein-
linked receptors which bind protonated amine ligands,
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Fig. 1 Model for the transmembrane topology of the BAR The
horizontal ines represent the imits of the membrane biayer,
with the extracellular space at the top of the page Amino acid
residues represented by squares could be deleted from the
receptor without affecting hgand binding or protemn folding.
Asp113, Ser204, and Ser207 are encircled in bold. The
wylingers outiing the regiuns in the third intracellular loop which
are required for G protemn couphng Reprinted with permission
of the American Journal of Respiratory Cell and Molecular
Biology, 1989, Vol 1, No. 2
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such as the a-adrenergic (¢/AR), muscarinic acetylchol-
ine (MAChR), 5-HT, and dopamine receptors, but not
with the receptors whose ligands are not protonated
amines. Similarly, the rcsxdue(s) involved i binding to
the B-hydroxy! group wouid be expected to be speaific
for the ®AR and BAR, whereas, residue(s) which
interact with the catechol ring of adrenergic agonists
might be conserved among the aAR, PAR, and the
dopammie receptor. The structure-function analysis of
the BAR in our laboratory has focused on the identifica-
tion of specific amino acid residues in the receptor
responsible for these molecular interactions with the
ligand.

In order to identify amino acid residues involved 1n
anchoring the protonated amine group of the higand to
the receptor, mutations were intreduced into the SAR
gene to replace acidic amino acids located within the
hydrophobic domain of the receptor with neutral
residues!0-31, Three such acidic tesidues, Asp79,
Glu107, and Asp113 in the hamster BAR, are conserved
among adrenergic receptors, making them candidate
counter-ions for the protonated amine moiety of the
ligand. Mutations were introduced at these positions,
producing [Ala7?]BAR, [Alal?]BAR and [Asn!3}§AR,
which were expressed in mammalian cells!0. Examin-
ation of the hgand binding properties of these mutant
receptors revealed an absojute requirement for Asp113
in the third putative transmembrane domain of the
receptor in order for normal ligand binding to occur.
Substitution of Asp113 with an Asn residue resulted in
a 10 000-fold decrease in the affinity of the receptor for
adrenergic agonists!'!. Substitution of a Glu residue at
this position caused a 100-300-fold decrease n the
affimty of activation by adrenergic agonists, suggesting
that both the negative charge at position 113 and the
positioning of that charge within the receptor structure
are important in determining the affinity of the receptor
for the higand. The affinity of the receptor for adrener-
gic antagonists was also decreased dramatically by the

aARBAR, DAR,
[ aARBAR I MAR, S5HT-R
H Bond
donor/accept
lonor/acceptor >

aAR

BAR H-bond NH:
DAR [ donor

(SHT R) acceptor

=Nd

Fig. 2 Map of ligand-receptor interactions in the binding site
of the BAR. A catecholamine higand 1s shown in a hypotheatical
binding site intercalated among the transmembrane helices of
the receptor Cach of thé laige semliuive repieseins d
transmermbrane helix of the receptor, inscribed with the type of
binding interaction expected. Other G protein-coupled recep-
tors which would be expecled to have similar interactions with
their specific ligands are designated in boxes next to each
helix.

substitution of a Glu or an Asn residue for Aspl13,
indicating that this residue is involved in the binding of
both agonists and antagonists to the fAR.

Interestingly, sevetal adrenergic antagonists, such as
alprenolol and pindolol, displayed partial agomst
activity at [Glu'B]BAR, stimulating adenylyl cyclase
activation by this mutant receptor to levels of 10-35%
maximal'2. These ligands were full antagonists at the
wild-type BAR and at [Asn!3)BAR. Thus, the substitu-
tion of a Glu for Aspl13, altering the distance between
the negative charge anci the protein backbone, allowed
the PAR to assume its active conformation upon
binding antagonist ligands which normally do not
activate the wild-type receptor. These results argue for
the existence of overlapping binding sites for adrener-
gic agonists and antagonists and suggest that the
position of the negative charge at position 113 is
important in determining the orientation of the ligand
in the binding pocket of the receptor. In contrast to the
absolute requirement for the acidic residue at position
113, substitution of Asp79 with Ala reduced the affinuty
of the receptor for agonists by tenfold without affecting
antagomist binding, and subshtution of Glul07 with
Ala had no effect on ligand binding to the BARI0, Thus,
it appears that adrenergic agonists and antagonists
interact with the receptor at position 113, probably
through the formation of an jon pair between the
carboxylate side of Asp113 and the protonated amine
greup of the ligand. This assignment is supported by
the observation that an Asp residue at the position
analogous to that of Asp113 in the fAR is present in all
known G protein-coupled receptors which bind proto-
nated amine ligands, including the «AR, BAR,
MACHhR, dopamine receptor, and 5-HT receptor, but is
not present in those receptors whose ligands are not
protonated amines, such as the opsins, substance K,
and angiotensin receptors!l.

A similar strategy of combined genetic and biochem
ical analysis has led to the identification of two Ser
residues in the fifth hydrophobic domain of the BAR
which are required for the normal binding and activa-
tion by catecholamine agonists!3, Substitution of either
Ser204 or Ser207 with Ala residues decreased the
affinity and efficacy of agonists at the receptor, without
affecting antagonist binding properties. The magnitude
of the decrease in binding activity of these mutant
receptors was consistent with the removal of a
hydrogen bond by these mutations, suggesting that
these Ser residues may be involved in stabilizing one or
more of the hydroxyl moieties of the ligand in the
binding pocket of the receptor (Fig. 2). The decreases n
agonist affinity for these mutant receptors were addi-
tive with the decreases in affinity observed upon
removal of the p-hydroxyl group from the ligands.
Coupled with the absence of an effect of these mu-
tations on antagonist binding, this observation argues
that these Ser residues are not involved in interactions
with the B-hydroxyl moiety. .~ effects of replace-
ments of Ser?204 and Ser207 on Aoanict affinity and
efficacy were selectively mimicked by the removal of
the meta or the para hydroxyl group, respectively, from
the catechol ring of the ligand!*. These data are
consistent with the involvement of the hydroxy! side
chains of these Ser residues in hydrogen bonding
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Fig 3 Model for the higand binding site of the AR The view of
the receptor 1s from the extracelluwar face of the plasma
membrane, with the positioning of the helices according to the
model in Ref 3 Transmemarane helices Ih-VI are shown, with
the location: St restdues postulated to interact with the igand
drawn in the figure Reprinted with permission of the Amencan
Journal of Respiratory Cell and Melecular Biclogy, 1989, Vo! 1,
No. 2

interactions with the catechol hydroxyl groups of the
catecholamine ligand. One hydrogen bond would be
foumed between the side chamn of Ser204 and the meta
hydroxyl group of the ligand, with a second hydrogen
bond linking the para hydroxyl group of the ligand to
the hydroxyl side chain of Ser207. Further support for
these assignments arises from the observation that Sex
residues analogous to Ser204 and Ser207 are present in
the fifth transmemb:- ne helices of all known G protemn-
coupled receptors wh a bind catecholamine ligands,
including the «AR, BAR, and dopamine receptor, but
are absent from those. receptors which do nut interact
with catechol rings, such as the MAChR, opsins, and
substance K receptort3

Taken together, these data support the model for the
ligand binding site of the BAR which is shown in Fig. 3
(Ref. 2). The ligand binding pocket 1esides within the
hydrophobic core of the protein, with contnbutions
from aminn acids Jocated on various transtnembrane
helices. According to this model, the protonated amine
group of the ligand forms an ion pair with the
carboxylate side chain of Aspl13 in transmembrane
helix 3, whereas the catecho! ring is anchored by
hydrogen bonding irteractions between the catechol
hvdroxyvl groups aud the hvdroxy! side chains of Ser204
and Ser207 in transmembrane helix 5. Other molecular
interactions, yet to be defined, are postulated for
attachung the other functional groups of the higand
within the binding pocket of the receptor. The mode!
shown in Fig. 3 represents a functional, rather than a

rigorous structural, model for receptor-ligand inter-
actions. The sites of interaction which are shown in the
model would impose conformational coanstraints on the
orientation of the ligand in the binding site of the
receptor. Structural analysis of the ligand-bound form
of the AR will be necessary to1dentity these conforma-
tional constraints and to refine further our understand-
irg of the structure of the ligand binding site of the
receptor.

Molecular replacement analysis has been less suc-
cessful in identifying specific interactions of the recep-
tor with the substituent on the amine group of the
ligand. As mentioned above, this substituent provides
the molecular basis for the selectivity of the f§; and f};
receptor subtypes for the endogenous agomsts
epinephrine, which has a methyl group at this position,
and norepinephrine, which has a hydrogen atom
attached to the amine. Pharmacological analysis of
chimeric receptors having increasingly long N-terminal
portions of the f3; receptor attached to the complemen-
tary C-terminal portions of the ;AR demonstrated
that, as helix 4 of the receptor was changed from f; to
32, the affinities of the agonists for the receptor became
more characternstic of the f;ARM. Subsequent molec-
ular replacements of individual helices demonstrated
that this alteration n subtype specificity could be
achieved by substituting helices 4 and 5 of the $,AR
with the analogous regions of the f§; AR5, In contrast,
smaller helical replacements or single amino acid
substitutions in the receptor failed to affect subtype
specifiaty’>. These data indicate that the subtype-
speaific differences in catecholamine agonist binding
cannot be attributed to a single molecular interaction
between the ligand and any amino acid residue which
15 divergent between the 3, and 3, receptors. Rather,
this recognition site appears to arise from a conforma-
tion of the receptor which 1s influenced by sequences
within transmembrane helices 4 and 51

Interactions with G proteins

The binding of agonsts to the BAR promotes its
interaction with G;, leading to the activation of
adenylyl cyclase. Antagonists do not promote this
functional nteraction with the G protein. Deletion
mutagenesis and molecular replacements have been
used to identify the site(s) of interaction between the
receptor and the G protein. Such studies have indicated
that most of the putative extracellular hydrophilic
domains of the BAR can be deleted without affecting G
protein coupling. A large deletion within the region
predicted to form the third intracellular loop of the
receptor, however, results in a complete loss of G
protein coupling and adenylyl cyclase stimulation by
the mutant receptor’® This result is in agreement with
experiments showing that proteolytic cleavage within
the analogous third intiacellular loop of rhodopsin
disrupts 1its ability to couple to transducin®. Smaller
deletions ot 10-12 amuno acids within this internal loop
of the BAR revealed that the 8 residues at the
N-terminus of this loop cannot be deleted without
abolishing the couphing of the receptor to the G-
adenylyl cyclase system’”. In addition, a deletion of 12
anmuno acd residues at the C-terminus of this loop
sigruficantly attenuates the coupling of the receptor to
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G.. In contrast, deletions within the central portion of
the third intracellular loop do not affect the coupling of
the BAR to G,. Therefore, the regions at the N- and
C-terminal portions of the third intraceilular loop of the
receptor appear to be required for normal coupling to G
proteins!?. Most of the C-terminal tail of the BAR was
determined to be dispensible for G protein coupling,
although the region of the C-terminus immediately
adjacent to the seventh transmembrane domain was
critical for protein processing and could not be ana-
lyzed by this techmque!é, Replacement of the N-
terminal region of the third intracellular loop of the
BAR with the analogous sequence of the m1 muscarinic
receptor, which couples to G, to stmulate phospho-
lipase C, falled to restore G protein coupling to the
mutant receptor!8. In contrast, molecular replacements
of the C-terminal region or of the second intracellular
loop of the BAR with the analogous regions of the m1
muscarinic receptor resulted in hybrid receptors which
bound adrenergic ligands and coupled normaliy to
adenylyl cyclase activation, suggesting that these
regions are not responsible for directing the specificity
of G protein coupling. Consistent with these results,
molecular replacement studies on hybrid ml-m2
muscarinic receptor revealed that the specificity for G
protein recognition correlated with the source of the
third intracellular loop’®. Genetic analysis utilizing
single amino acid substitutions in this region will be
necessary to define further the molecular basis for G
protein specificity.

The regions at the N- and C-termini of the third
intracellular loop of the BAR which are implicated in
the coupling of the receptor to G, would be predicted
by secondary structure prediction algorithms to form
amphipathic a-helices!s. This structural feature is of
interest in light of the observation that the amphipathic

eptide mastoparan 15 able to activate the G protein,
G,o20. Although this hydrophilic loop represents one of
the most divergent regions of the primary sequence of
G protein-coupled receptors, all of these receptors
would be predicted to have amphipathic helices at this
position2, These observations suggest that the mechan-
ism of coupling between receptors and G proteins may
involve interactions with these amphipathic domains.
According to the structural model proposed for the
BAR, these amphipathic regions would be predicted to
form cytoplasmic a-helical extensions of the fifth and
sixth transmembrane helices of the receptor (Fig. 1).
This location of a region involved in G protein coupling
adjacent to the fifth hydrophobic domain of the BAR
suggests a mechanism by which agonist binding to the
receptor might stimulate G protein coupling!®. The
interaction of the ligand with the serine residues in
transmembrane helix 5 could cause a conformational
change in this helix, which could be transmitted to the

amphipathic region at the Lottom of hehx 5, allowing
the receptor to interact with G,. Antagonsts, which do
not interact with the Ser residues in transmembrane
helix 5, would not be expected to cause this conforma-
tional change and, hence, would not promote G protemn
activation.

The nature of the conformational ctanges which
accompany agonist binding to the receptor, and
detailed investigation of this hypothesis for receptor
activation, will await biophysical analysis of both the
receptor and the G protein. The demonstrated signifi-
cance of the third intracellular loop in the coupling of
several different receptors 0 G proteins, and the
involvement of Ser residues 1n the fifth hydrophobic
domain of the BAR in agonist binding and activation,
predicts that similar agomst-specific interactions
mvolving residues in the fifth transmembrane domains
of other G protein-coupled receptors will extst. The
identification of these and other binding interactions
should provide msights into the molecular basis for the
ligand recognition and G protein activation functions of
these receptors and lead to the development of new
classes of therapeutic agents which act to potentiate or
to disrupt these transmembrane signaling processes.
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The modes of binding of ligands to cardiac
muscarinic receptors

Nigel ].M. Birdsall, Shing-Chi Chan, Phike Eveleigh, Edward C.

Hulme and *Keith W. Miller

lormzable groups on the cardiac M, muscarinic receptor which regulate the binding of ligands have been
examined by studying the pH dependence of the igand affimuty constants. The presence of three titratable
residues (approximale pK values, 5.4, 6.8 and 7.5) whose protonation modulates antagomst bmding has
been demonstrated, Cardoselective antagonists are selectively affected by the protonation state of the pK 6.8
residue, whereas the binding of antagonists having differing selectivities is more strongly iffected by
protonation of the pK 5.4 residue on cardiac receptors. Methoctramine is capable of binding to both the pK 5.4
and 6.8 residues simultancously. Protonation of the residue of lughest pK produces a conformational change
at the receptor which can affect both agonist and antagonist binding. It 1s now possible to demonstrate
differences both in the way ligands bind to a given receptor subtype and i the way a given ligand binds to

different subtypes.

For many years the dogma has been that a large
contribution of the binding energy of muscarinic
ligands to their receptor comes from the interaction of a
positively charged group with a negatively charged
amino acid residue on the receptorl. The sequence
determination of five molecular species of muscarinic
receptors (for reviews see Refs 2 and 3) and the ability to
mutagenize these receptors now allows the possibility
of identifying the negatively charged residue or resi-
dues 1n order to begin to build a picture of the binding
site and discover differences in the structures of the
subtypes which may be exploited ir the binding of
selective ligands.

The problem has been approached by using the
aziridinium ion of [*H]propylbenzilylcholine mustard
to label covalently specific residues on purified cortical
muscarinic receptors*5. This paper presents the pre-
Iimynary results of a complementary study in which the
effects of the protonation state of the receptor on the
binding of muscarinic ligands has been examined.

General approach

It was decided to investigate initially the binding of
ligands to rat cardiac muscarinic receptors. The binding
properties of these receptors have been intensively
~“aracterized (see for example Refs 7-11) and reflect a
r vpulation of predominantly M; receptors. In subse-
quent studies we have examined the M; muscarinic
receptors m rat cerebral cortex, the receptors in rat
lactimal glands (mainly M3} and muscarinic receptors
on CHO cells which have been stably transfected with
muscarinic receptor genes.

The buffer system used was a borate/citrate/phos-
phate system!2 which has a constant 10nic strength over
the pH range 3-11, thereby minimizing the variation of
affinity constants with jonic strength?3.

Division of Physical Biochennstry, National Institute for Medical
Rescarch, Mill Hill, London NW7 1AA, UK and *Department of
Anesthesta, Massachusetts General Hospital, Boston, MA 02114,
UsA.

The hgands chosen to investigate exhibit a range of
selectivities for My, M, and Mj receptors as well as
varying in the nature of the mtrogen moiety (quater-
nary, tertiary or secondary) n their structures

The binding of competitive antagonists to M,
receptors

The radioligand used in most of our binding assays
was [PH]N-methylscopolamine ([HJNMS). Receptor
specific binding to M, receptors (i.e. that component of
binding of [PHINMS which was inhibited by 10 m
3-quinuclidinylbanzilate, QNB) was detectable over the
pH range 4.5-9. The binding was relatively stable at
30°C in the time range of 10 min to 1 h but a loss of
specific binding was observed at the longer incubation
times and lower pHs. Saturation curves for [JH)NMS as
a function of pH were constructed. Above pH 5 the
estimated number of binding sites was independent of
pH. The affinity constant (K,) of [PHINMS was
independent of pH above pH 7 but decreased at lower
pHs to such an extent that it could no longer be
measured accurately below pH 4.5 (Fig. 1).

The gradient of the log-log plot in Figure 1 ap-
proaches unity at lower pHs This finding is com-
patible with one residue on the receptor being proto-
nated in the pH range 5-7 and inhibiting the binding of
[PHINMS. Indeed, the data in Figure 1 are fitted well
by a theoretical curve in which the ionizable group on
the receptor has a pK of 5.9. Thus a proton is behaving
as a competitive antagonist! In studies on the brain
receptors where the receptor density, stability and the
[PHINMS affinity constant are all greater than for the
heart receptors, it has been possible to demonstrate
the apparent competitive action of protons down to
pH 3 The changes in [H]NMS affinity constant with
pH are alen reversihle

When the binding of pirenzepine was examined in
competition experiments with BHJNMS, the log K,-pH
curve was bell-shaped (Fig. 2). The form of this curve
resulted from the deprotonation of pirenzepine at high
pH and the protonation of the receptor at low pH both
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Fig 1 The pH dependence of the afiinity constant (K;) for the
binding of [3H]N-methylscopolamine to rat cardiac mus-
carinic recepltors.

resulting in decreased binding of pirenzepine. The data
are compatible with a model in which pirenzepine has a
pK of 8.2-8.3 and the receptor has a pK ot 6.1. The
former value is in agreement with pK estimates
obtained by electrometric titration!t. The pK vaiue
calculated for the receptor agrees reasonably well with
that calculated using NMS as the ligand. From these
limited data one might conclude (erroneously as it
turns out) that a single protonable group with a pK of
~6 regulates antagonist binding to cardiac receptors.

A surprising finding emerged when the pH depen-
dence of the binding of a number of other antagonists
was examined. The apparent pK calculated for the
receptor depended on the nature of the bgand. This is
illustrated for AF-DX 116 and benzhexol (Fig. 3). The
log K, for AF-DX 116 shows a much greater pH
dependence (50-fold) than that of benzhexol (4-fold)
over the pH range 5-8. Although both these antagon-
ists are tertiary amines, the pK values for protonation of
the relevant N atoms are expected to be well above 9.
Hence, over the whole pH range illustrated, they
behave as positively charged ligands (cf [HINMS,
Fig. 1).

The apparent pK values for the receptor, calculated

T T T T T
5 L] 7 8 9

"

pis

Fig 2 The pH dependence of the affinity constant (K,) for the
binding of pirenzepine to rat cardiac muscannic receptors.
The estimated pK value ot pirenzepine (8 3) and the apparent
pK value of the receptor (6.1) are indicated by the arrows

=

from the benzhexol and AF-DX 116 are 5.6 and 6.8. This
means that at least fwo jonizable groups on the receptor
must be capable of regulating antagorust binding, and
that benzhexol and AF-DX 116 bind in a suffictently
different manner to catdiac muscarinic receptors so that
protonation of different amino acid residues on the
receptor can differentially affect the binding of one
ligand or the other. When the binding of a number of
antagonists is compared it is found that they form two
groups; those antagonists which give an apparent pK
for the receptor of 5.5-6.1 and those grouping in the pH
range 6.5-6.8. It seems that the range of apparent pK
values withm a group are real and not due to
experimental error. Hence 1t is not possible to draw the
simple conclusion that antagonists, depending on their
structure, are capable of interacting exclusively with
one or the other of two ionizable groups.

A most impoertant feature of the division of the
binding behaviour of antagonists into two groups 1s
that only caraioselective antagonists give high appar-
ent pK values. Conversely, no cardioselective antag-
onists have been found in the group of antagonists
giving low apparent pK values. Despite the relatively
small number of antagonists examine (15) it seems as
if cardioselectivity may be associated with the mter-
action with the 1onizing group of lugher pK

The binding of gallamine to M; receptors

The finding of the existence and importance of two
ionizing groups for the binding of antagonists sugges-
ted that our previous demonstration of two binding
sites for ligands on muscarinic receptors’> might be
related. The latter finding was based mitially on the
ability to demonstrate the formation of ternary com
plexes between the receptor aind two ligands, e.g.
[PH]NMS and gallamine.

The interaction between gallamine and muscarinic
receptors is characterized by two affinity constants, the
binding of gallamine to the unliganded receptor (K,)
and to the liganded receptor (K;). The ratio of these
affinity constants (K,/K5) 15 the heterotropic cooperativ-
ity between the binding of gallamine and the other
higand to the receptor.

When the pH dependence of the binding of gallam-
ine was examined we found that, as would be predicted
for a cardioselective antagonist, 1ts interaction with the
unliganded cardiac receptor (K;) gave a high apparent
pK of 6.7. However this apparent pK changed to 6.2
when the pH dependence of gallamine binding to the
receptor-PPHJNMS complex (Ky) was calculated. There-
fore the binding of NMS to the cardiac receptor changes
the apparent pK of the residue that regulates gallamine
binding as well as decreasing the gallamine affinity
constant.

The binding of mehoctramine to M, receptors
Methoctramune is a cardioselective muscarinic antag-
onust whose tetramine structure is quite unusuall6.?,
Honce e intoraction wnth muararinie recoptors might
be expected to be different from those of other
antagonists. The pH dependence of methoctramine
binding shows this to be true. At hugh pH (8-9), the
affinity is approximately constant and rises 4-fold as the
pH decreases to 7, whereupon there 15 a very profound
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decrease in affinity as the pH decreases further. Thus
decrease is such that, at pH 4, methoctramine binds
~ 10000 times weaker than at pH 7. Atlow pH (4-5) the
gradient of the log K,~pH curve is 2, indicating that
methoctramine is binding simultaneously to two ioniz-
able groups with pKs above 5. A more detailed analysis
suggests that these pK values are approximately 5 4
and 6.8, corresponding to the extreme values found for
the antagonists described earlier. In addition, methoc-
tramine binding appears to be allosterically regulated
by yet another itratable residue with a pK of approxi-
mately 7.5. This pK value is nol a protonation pK of
methoctramine as equivalent pH studies of methoc-
tramine binding to M, and Mj; receptors do not show
evidence of this pK. Furthermore, polyamines sep-
arated by more than four methylene groups do not
have pKs which are lowered considerably by protona-
tion of adjacent amino groups. Hence protonation of
the residue on the receptor with a pK of 7.5 results in an
merease in methoctramine binding which must result
from a conformational change of the receptor.

Discussion

Previous studies of the pH dependence of ligand
binding to muscarinic receptors!® 1 have focused on
the examination of the eftect of protonation of the
ligand on its affinity for the receptor. In our studies we
have concentrated on protonation events at the recep-
tor. These have not previously been examined in detail
for any G-protein coupled receptor.

On cardiac muscarinic receptors, there appear to be
two residues of pK values approximately 5.4 and 6.8,
the protonation of which decrease antagonist binding.
A few antagonists seem to be specifically affected by
protonation of either one or the other residue but many
antagonists give apparent pK values which are in
between 5 4 and 6.8. There are two possible interpreta-
tions of these findings. Firstly, the positively charged
nitrogen of the ligand may have the choice of whetlier1t
interacts with the pK 5.4 or pK 6.8 residue on the
receptor This is formally equivalent to the ligand
interacting inibially with one residue on the receptor
and the complex isomenizing such that the ligand now
interacts with the other residue. The extent of isomeriz-
ation would depend on the nature of the ligand and
give an apvarent pK which is a weighted average of 5.4
and 6 8. 5 me suggestive evidence for this mechanism
comes from the complex binding kinetics of antagonists
and the fact that [3H]propylbenzilylcholine mustard
labels two different aspartate residues in m1 receptors*.

An alternative explanation is that the ligand binds
only to the pK 54 residue and this binding is
allosterically inhibited by protonation of the pK 6.8
residue, the extent of the allosteric effect depending on
the structure of the ligand. The dramatic effects on
antagonist binding of the mutation of aburied aspartate
residue in the putative third transmembrane segment
of B-adrenoceptors?6-2! and m1 receptors (C. Fraser,

pore commun ) and the minor offeets of the mutation
of the other conserved acidic residuzs point to the
importance of a single acidic residue for the binding of
ant nists (or maybe the intrinsic structure of the
recepror). Careful experimentation may allow a discri-

mination between these two models.

56 Benzrexol

AF-DX 116

log K,
.

6~

pH

Fig 3 The pH dependence of the alfimty constant for the
binding of benzhexol (closed circles) and AF-DX 116 (open
circles) to rat cardiac muscarninic receptors The apparent pK
values of the receptor are indicated by the arrows

There 1s no identification as yet of the residues
having the pK values of approximately 5.4 and 6.8. The
wo aspartate residues on the putative extracellular side
of the third transmembrane segment are clear candi-
dates on the basis of (1) their conservation in the
sequences of the different muscarinic receptor sub-
types and in several monoamine G-pretein coupled
receptors, (2) the effects of their mutagenesis to
asparagine residues and (3) the protein labelling
studies using [3H]propylbenzilylcholine mustard+>. In
this context, 1t 1s relevant to note that as early as 1974
C.R Hiley (PhD thesis, University of Cambnidge, 1974)
found that the alkylation of brain muscarinic receptors
by [*H]propylbenzilylcholine mustard was regulated
by a group with an apparent pK of 6.3. Clearly the
aspartate residues would have to be mn somewhat
unusual environments for their pKs to be raised to such
high values. Experiments in progress with mutagen-
ized recepiors may help with the identification of these
residues.

The nature of the residue of even higher pK (~7.5) *s
also not known. Though originally detected in studies
with methoctramine on M, receptors, we have subse-
quently tound this residue to be important in allosteric-
ally regulating agorust binding to M, receptors and the
binding of some other antagonists to M, receptors
(unpublished results). Candidate residues include the
other conserved aspartate residues in the second and
third transmembrane segments and the apparently
important conserved tyrosine residue in the seventh
transmembrane segment®. Clearly protonation of this
residue of the receptor at physiological pHs produces a
conformational change in the receptor which can affect
both agonist and antagonist binding.

Finally, it 1s of considerable interest that there
appears o bu a linkage bithvedn cardivselediiniy of o
ligand and its interaction with the pK 6.8 residue of M,
receptors. This indicates an element of commonrality in
the way that cardioselective ligands bind, which is
different from the way that other ligands bind to these
receptors. Our recent studies on My and M; receptors
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have shown that ligands exhibit a different pK profile of
binding io these receptors from that shown for M,
receptors. Itis thus possible to demonstrate differences
in the way a given ligand binds to the different receptor
subtypes.

This approach, which shouid be of general applica-
tion to drug-receptor interactions, may be useful in the
design of new therapeutic agents.
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Diverse functions of muscarinic acetylcholine
receptor subtypes

James Lechleiter, Ernest Peralta® and David Clapham

Muscarinic acetylcholine receptor subtypes m1, m3 and m5 couple strongly to phosphatidylimosttol turnover
and hence to intracellular Ca¥* coi.centration via pertussis toxin (PTX) sensitive and msensitive G proteins.
The m2 and m4 muscarinic receptor subtypes strongly hibit adenylyl cyclase production via PTX sensitive
G protens. Additionally, the cardiac My receptor is closely coupled to a K* current (Ix acy,). To characterize
this functional diversity more completely, we measured the ACh-induced Ca2* responses of cells transfected
with the muscarinic receptor subtypes ml, m2, m3 and m4. As expected, cells transfected with m1 or m3
receptors exhibited large dose-dependent increases in Ca2+ m response to ACh application. Unexpectedly,
cells transfected with m2 or m4 receptors also exhubited increases in Ca?* i response to agomst application.
The m2- or m4-coupled responses were smaller in amplitude, required higher concentrations of agomst and
were ntuch more sensitive to PTX treatment when compared to m1- or m3-coupled responses. We discuss this
remarkable diversity of function int terms of the receptor sublype’s coupling to G protens.

Muscarinic acetylcholine receptors (mAChR) are part of
a large family of receptors which transduce their cell
signals through GTP-binding proteins. G protein-
linked receptors comprise a class of proteins with
analogous structure and sequence. Theoretically, all
these receptors are made up of seven transmembrane
spanning segments. Five different mAChRs have now
been identified by molecular cloning. Functionally.
they may be separated into two categories: m1, m3 and

Depts of Pharmacology and Physiology, Mayv Foundation, Rodies-
ter, MN, USA, and “Dept of Brochemistry and Molecular Brology,
Harvard University, Boston, MA, USA.

mb5 receptors which couple strongly to phosphatidyl-
inositol (PI) hydrolysis, and m2 and m4 receptors which
inhubit adenylyl cyclase activity but couple poorly to PI
tarnover. Pl turnover creates inositol trisphosphate
(IP3) which in turn leads to Ca?* release from ntra-
cellular stores.
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Coupling of muscarinic
intracellular Ca2+

We have examined muscarinic receptor-induced
Cu?+ increases in single cells 1sing confocal microscopy
and the Ca2+ dye FLUO-3 AM (Molecular Probes). For
these experiments, human embryonic kidney (HEK}
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Fig. 1. ACh-induced increase in intracellular Ca2+ in HEK cells
transfected with Hm2 receptors. (a) Fluorescent image of
FLUO-3 AM loaded kidney cells at resting Ca2+ levels. Bottom
image: Time course of a single line scan of the ACh-induced
change in Ca2+ of the three fluorescent cells indicated above
From left to right, 3072 single line scans were taken sequentially
for 190 seconds. The white vertical line in the top image marks
the location of the single line that was repeatedly scanned by the
laser. Note that the line scan crosses three different cells and
that the single line image of each cell is visible in the bottom
1mage at one quarter the magnification. ACh (10 pm) was added
to the bath at the time indicated by the white arrow in the bottom
image Increasing fluorescence intensity indicates increasing
concentrations of Ca2+. Cells were loaded with the Ca2+
indicator dye FLUO-3 AM (5 um) in the presence of Pluronic
F-127 surfactant (5 ul/ml) for 1 hour at 837°C, 95% O,, 5% CO,
using Dulbecco's modified essential medium (DMEM) Expert-
ments were performed at room temperature in 120 mm NaCl,
<« 5mm KCI 1 mv CaCly, 2 mra MgClp and 101w HEPES at pH
7 4. Cells were excitod at 488 nm and fluorescence detected
with standarc FITC filtess All images are averages of 5 frames
collected on the MRC Biorad Confocal Microscope. (b) Fluores-
cence intensily along the top cell indicated by the black arrow in
(a). The intensily profile for this single celi parallels the Ca?+
response observed for the cell population shown in (¢c) (c)
ACh-induced increase in intracellular Ca2+ in HEK cells
transfected with m2 receptors (125 000/cell) as measured by

cells were stably transfected with human (H) mus-
carinic receptors. As observed with other Pl-linked
receptors, cells transfected with m1 or m3 receptors
produce a rapid agonist-induced Ca2* peak within 15
seconds with calcium returning to near resting levels in
2-3 minutes. Surprisingly, an ACk-induced Ca?*
mcrease was observed even in cells expressing m2 or
mé4 receptors which couple poorly to PI turnover.
Figure 1 shows a typical ACh-induced Ca?* increase for
HEK cells transfected with m2 receptors. The Ca?*
response 1n these cells was examined by sequentially
imaging only a single line across the tield of view
thereby obtaming higher time resolution (20 ms). All
three cells in the field of view were exposed to 10 um
ACh simultaneously. The Ca2* profiles are similar to
m1- and m3-induced responses in that a Ca2+ increase
occurs rapidly and subsequently decays to near resting
levels after several minutes. in this expertment, the
Ca2+ regnonces difforod from coll ta coll in hnth
magmtude and duration. The cell to cell variability in
Ca?* responses was present for all mAChR subtypes
and could represent a variability in receptor numbers or
in any of the components involved prior to Ca2+
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flow cytometry. The average celiular fluorescence ratio for each
second was plotted with a flow rate of 700 cells per second The
fluorescence intensity ratio of the Ca2+ dye indicator INCO-1
AM was used to monitor intracellular Ca2+ ACh (10 um) was
added to the cells at 20 seconds as indicated by the black
arrow Cells were loaded with INDO-1 AM (5 um) as described
for FLUO-3 AM except that for the first 30 minutes of incubation,
the pH was lowered to 7.0. The Ca2?+ dye solution was then
diluted 1 1 with DMEM at pH 7 4. Cells were excited at 351 nm
and fluorescence detected at 390 and 500 ~m All measure-
ments were taken with a Becton Cickinson Facstar flow
Cytometer

release. The cell exhibiting the smallest Ca2+ response
also showed the broadest initial Ca?* spike and the
largest time lag after addition of ACh. Conversely, the
largest Ca2* response exhibited a much sharper Ca?*
spike and a shorter lag time. The intensity prof:le of the
most responsive single cell is shown in Fig. 1b. The
shortest time lag observed for cells transfected with
either m1, m2, m3 or m4 receptors, in response to ACh
apphcatlon, was 5-6 seconds. On occasion, the
increased Ca2* concentration did not decline steadily
but began to oscillate with periods of tens of seconds.
The osallations were present at almost all concentra-
tions of ACh for m2 transfected HEK cells but were
seen only at submaximal concentrations for m1 and m3
transfected cells.

An average represe.tation of the speed and magni-
tude of mAChR Ca2* responses can be obtained for the
entire cell population using a flow cytometer and the
Ca2t r:hmno dve, INDOQLT AM IMnIorul:\r Probec)
With this techn-que it 1s possxble to measure the
average Ca?* response of thousands of cells per
second. Figure 1c shows the average ACh-induced (10
um) response of m2 transfected HEK cells. The agonist-
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Fig. 2 Dose-respunse curves for the peak intraceliular Ca2+
increases of MAChR sublypes Peak Ca2+ was measured with
a flow cytometer as described in Fig 1 Open circles show the
ACh-induced responses of control celis Closed circles show
the ACh-induced cellular responses after PTX treatment (100
ng/mi) for 14-20 hours Each set of data points weie fit with a
nonhinear regression program to the formula

[peak Ca2+ response] = ([ACh]X B, JAECS0 + [ACh))

where Bnax 1S taken as the maximum Ca2+ response at
saturating agomist concentrations ard LC50 is the agonist
concentration at 50% response All Ca2+ measurements were
made at room temperature and in physiclogical saline as
described in Fig 1 (approximately 100000 receptors/cell)

induced CaZ+ increase of the entire cell population is
similar to the singie cell profile presented in Fig. 1b. The
Ca?* profiles collected in this manner, however, never
clearly exhibited the oscillations observed in single cell
imaging, perhaps due to the difficulty in synchronizing
the Ca?* responses of an entire cell population. The
basic m2 Ca? profile observed in flow cytometry
measutements consisted of a primary Ca?* spike
followed by a secondary, smaller and slower Ca2+
increase which usually returned to resting Jevels within
3 minutes of agonust application. A plateau phase was
rarely observed. This profile remained virtually un-
changed even at higher concentrations of ACh. On the
other hand, in cells transfected with m1 or m3 recep-
tors, Ca?* continually declined over the first 2-3
minutes and reached a plateau phase after several
minutes. Only at submaximal concentrations of agonist
was it possible to separate the Ca2* profile into two
spikes for m1 and m3 receptor responses. Apparently,
at higher concentrations of ACh in ml or r3 trans-
fected cells, the secondary Ca?* increase or Ca2*
‘shoulder’ becomes so prominent that any distinction
between the two Ca2* increases becomes obscured.
Consequently, the initial decay in Ca?* for m1 or m3
resvonses appears much slower. These differences in
A _h-induced Ca?* profiles could not be attributed to
differences in the expression of receptor numbers (see
Fig. 3 legend). Additionally, we observed that the
plateau phase in m1 or m3 transfected cells appeared to
be exclusively dependent on extracellular Ca2*. Expos-

ing the cells to zero extracellular Ca2+ (nominal Ca2*
and 10 mm EGTA) for less than 30 seconds prior to
agonist application resulted in a reduced peak Ca2+ and
a more rapid decline to resting Ca2+ concentrations for
all muscarinic receptor subtypes.

We obtained ACh dose-response curves for peak
Ca2+ responses for each of the muscarinic subtypes
(Fig. 2). For these data, each mAChR subtype was
transfected into chinese hamster ovary (CHO) cells. As
reported by Peralta et al.! for P turnover, we found that
m1 and m3 receptors exhibited the greatest sensitivity
to ACh with comparable EC50s for peak [Ca?*] of
170-240 nm while m2 and m4 receptors had EC50s for
peak Ca2* of 1 um and 14 ;1M respectively (see also Ref.
2). The PTX (100 ng/ml) sensitivity of the receptor
subtype responses provides an additional means by
which to compare mAChR receptor subtypes. The m!
and m3 receptor responses were the least sensitive to
PTX treatment with their peak Ca?* levels never
reduced below 5% of control. The m2 and m4 receptor
responses, on the other hand, were much more
sensitive to PTX treatment; the CaZ* response was
completely abolished for CHO cells transfected with
m2 receptors (Fig. 2). These data are comparable to
those reported by Ashkenazi et al.3 for the PTX
sensitivity of PI turnover. However, intracellular regu-
latory pathways are complex and it may be that PI
turnover 1s not the only second messenger system
capable of stimulating increases in intracelluler Ca2*
(Fig. 3).

Coupling of muscarinic receptor to a cardiac K+
current.

The G protein link between the cardiac M, receptor
and the atrial muscarinic receptor gated K+ channel,
Ix Acn. is controversial. By ditect application of GTP to
the intracellular surface of inside-out patches of atral
membrane, Kurachi ¢t al.? demonstrated the GTP
dependence of this channel. Direct application of
individual purified G protein subunits (for review see
Ref. 5) yielded contradictory resul’s. Our lab¢ found
that By (0.2-1 nm) activated the K+ channel while
Codina et al.7 found that «yq (called ax and «y3; 1 pM)
activated the channel. Later, we also found that both
g (an &) and «, (10 pM) could activate the Ik acn
channel but with a much lower success rate (30-50% of
intact patches) than By activation of Ix acn (>90% of
patches; Ref. 8). Since By was effective only at 20-100-
fold higher concentrations than a subun:ts (>200 pM fy
vs >10 pM « in our hands), some have argued that « is

TABLE 1. By activation controls

1 By solubilized in Luorol or CHAPS activates Ik agn
2 Lubro! or CHAPS detergent alone do not activate Iy xcn
3 Doned 1 doSs 1ol GULVELE ik aun

4 Preincubation of By with «-GDP prevents By-dependent
activation of I acn

See Refs 12, 14 and 15
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fig 3 Model depicting receptor-couplea G pr.teins and their subsequent second messenger cascades The left receptor coug'zs
to Gp, which activates phospholipase C (PLC) FLC catalyses the sphting of PIP, into diacylglycerol (DAG) and mositol
tnisphosphate (IF;) DAG activates protein kinase C (PKC) in a phosphatidyisenine (PS) and Ca?+-dependent mannier PKC can then
phosphorylate a target protein, such as an ion channel. IP; stimulates the endoplasmic reticulum to release Ca?+ The enzyme
phospnolipase A; (PLA;) 1s also shown linked to a G protein-coupled receplor (nght) T'us cascade preduces arachmdonic acid

(also produced by diacylglycerol ipase (DGL) frorm DAG) and 1s metabolized to other messengers as shown (from Ref 18).

the physiological activator of the channel. This argu-
ment is misleading since it assumes equal solubility of
subunits and access to the activation site on the
channel.

By Activation of Ix.ac

Can the fly activation of Ix aci, described by our
laboratory® and Kurachi’'s?, be attributed to factors
other than the presence of $y? In brief, it seems unlikely
(Table I). Our preparations of fy contained less than
0.01% a-subunits (0.1 pM « in 1 nm By subunits), so iy
achvation could not be attributed to « contamination
Early controls by our laboratory demonstrated that
boiled By and buffer (including CHAPS, the detergent
used to suspend the hydrophobic By) failed to activate

the channel. In contrast, Kirsch et al.10 reported that
CHAPS alone activated Ix ach. This report was puzz-
ling since experiments by both Kurachi’s (n>35) and
our (n>50) laboratory have not shown CHAPS-depen-
dent activation (Fig. 4). One preparation of transducin
Py, a similar protein, also failed to activate the channel
even when suspended in CHAPS® (Fig. 4). Further-
more, preincubation with a twofold excess of ay-GDP
or a fourfold excess of azy-GDP prevented fy-depen-
dent activation, presumably by binding free By. Finally,
addition of «y;-GDP to patches preactivated by fiy
turned off Tk Ach, consistent with our « preincubation
experiments. We were therefore left with the conclu-
sion that the application of By, independent of «
subunits, is fully capable of activating Ix ach

=4

50,;M CHAPS 100xM CHAFS

X
b IO;LM:HAPS — @

WW‘ .
4
i

10nM By

200 M CHAPS  21uM CHAPS

'

WASH

PEAYS
Jpni
Imin

Fig 4 Detergent (CHAPS) does not activate Ix ac, alone An mside-out patch from neonatal rat alna was exposed 0 vainous
concentrations of CHAPS with no increase in activity Apphcation of by (10 nwm) with 21 um CHAPS rapidly activated the channel

(from Ref. 8)
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Since application of «GTPYS foilowed by By (and vice
versa) did not increase channel activity further, we
concluded that both « and Py activated the same
population of channels. Why would the cell use two
messengers to modulate one population of channels?
An explanation for the puzzle was provided by Kurachi
and co-workers who showed that Ix ocy, Was activated
by arachidonic acid!!. Since Jelsema and Axelrod!? had
previously shown that transducin By activated phos-
pholipase Az (PLA,) in retinal rods, it was logical to test
the hypothesis that By, acting through PLA, stimula-
tion, generated arachidomic acid and its metabolites
which 1n turn activated the channel. Bar-Sagi ef al.1?
had found an antibody that blocked the generation of
lysophospholipids in fibroblasts by inhibiting the func-
tion of porcine pancreatic PLA;. The blockade of fy (2
nM) activation by the anti-PLA; antibody provided the
strongest evidence for By activation of Ix sch via PLA,.
Products of the 5-hpoxygenase pathway are most likely
involved mn activation of the channel™. The fact that
nordihydroguaiaretic acid and antibody to PLA; did
not block muscarinic-induced GTP-dependent activa-
tion!* suggests that « can mediate muscarinic-depen-
dent activity. Whether By also contributes to muscarinic
activation or whether the fy pathway is used by other
receptors is an open question. More decisive evidence
for an activator role for 8y has been demonstrated in
yeast!5. Two more general questions are raised by this
work. First, do G proteins produce two second mes-
sengers, one (By) which migrates in the membrane to
reach very hydrophobic regions of effectors and a
second («) which interfaces the membrane to more
loosely bound or cytoskeletal components of trans-
membrane proteins? Second, does By serve as the
activator for PLA in ali the systems in which G proteins
are thought to interact with PLA; (e.g. chemotaxis in
neutrophils, mitogenesis in NIH3T3 fibroblasts, exo-
cytosis in mast cells; reviewed by Bournel¢ and
Burch!?)? Testing these hypotheses will require more
specific methods than simple reconstitution,

Summary

Of the muscannic receptors, ml and m3 clearly are
linked to PI turnover, apparently via both PTX-sensi-
tive and PTX-insensitive G proteins. The m2 receplor
activates Ix Ach in cardiac atrial and some neuronal cells
and inhibits adenylyi cyclase via PTX-sensitive G
proteins in many cells. m2 and m4 weakly stimulate P
turnover via PTX-sensitive pathways, but only at

agonist concentrations tenfold higher than those
needed to stimulate PI by m1 and m3 receptors. Thus,
although there are general rules for musrarinic effector
coupling, interesting questions remain for future
research. Does the weak activation of PI turnover by m2
or m4 receptors mean a loss of specific interaction at the
level of the G protein/effector or at the receptor-G
protein interface? Can receptors release two activator
messengers, « and $y, and if so, s By generaily linked
to activation of phospholipase A,?
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G protein-dependent reguiation of
phospholipase C

C. Peter Downes

A wide variety of receptors for hormones, neurotransnutters wnd growth factors control cell function via the
GTP-dependent activation of phosphomositide specific phospholipase C (PIC). At least two distinct GTP
dependent proteins (G proteins) have been implicated m coupling different receptor populations to the
activation of PIC and five immunologically distinct isozymes of PIC have been purified to homogeneity,
prompting speculation about the potential for multiple modes of orgarzation of the participants in Hus signal
transduction pathway. The mechanism of hormone and G protem-dependent regulaticn of PIC has been
studied in detad using [PHlinositol labelled turkey erythrocyte membranes and these experiments have
provided strong support for the involvement of a heterotrimeric G protem. Further progress requires the
development of reconstitution assays in which the regulation of 1solated PICs by defined G protems can be

demonstraled.

The hydrolysis of phosphatidylinositol 4,5-bisphos-
phate (PIP;) following receptor-dependent activation
of phosphomositide-specific phospholipase C (PIC)
simultaneously generates two powerful intracellular
signal molecules: inositol 1,4,5-tnsphosphate (IPs),
which stimulates Ca?* release from intracellular stores;
and diacylglycerol, which activates protein kinase C
(Ref. 1). Activation of PIC by hormones, neurotrans-
mitters and growth factors 1s, in many ways, analogous
to the hormonal regulation of adenylyl cyclase, but the
molecular and mechanistic details of the foermer are
incompletely understood and there is evidence of
heterogeneity amongst each of the components of the
signal transduction pathway. For example, many
receptors (including some of those recognized bv
muscarinic agonists) are coupled to PIC by G proteins.
Based on their differential sensitivity to inhibition by
the islet-activating protein of Bordatella pertussis (pertus-
sis toxm) at least two distinct G proteins (Gps) have
been implicated in the activation of PIC by agonists? 3.
Protein tyrosine kinase receptors for mitogens, such as
epidermal and platelet derived growth factors, are
structurally distinct from the G protein-linked recep-
tors whose sequences have been deduced, yet, when
activated they stimulate PIC in some cells, but appar-
ently not in others*¢. Recent evidence suggests that
one form of PIC may be an important substrate for the
tyrosine kinase activity of the EGF receptor implicating
this covalent modification, rather than a G protein,
the activation of PIC that is observed in intact cells in
response to the growth factor?. Lastly, it is now
apparent that mammalian tissues contain at least 5
immunologically distirict forms of PIC7, Whether any of
these isozymes can be regulated by G protein-coupled
receptors has not yet been established.

How then are the complex, heterogencous com-
ponents of the signal transduction pathway leading to
PIP, hydrolysis organized within individual cell types?
In this article T will discuss two organizational models
wwhich have cvalved from analysis of the sopunses of

intact cells to the activation of G protein-coupled

Smith Khine o Frendi Research Lid., The Frythe, Welwyn,
Hertfordshire AL6 9AR, UK

receptors. As discussed below, a number of ambi-
guities anse in the mterpretation of experiments utihz-
ing intact cells. There is an urgent requirement for
reliable, broken cell assays of receptor-dependent
activation of PIC in which the mechanism, speaficity
and stoichiometry of the interactions between indivi-
dual, identified components can be eluadated. Pro-
gress made towards this end, using turkey erythrocyte
membranes, will also be described.

Organization of signal transduction elements
Convergent coupling mechanisms

The parotid salivary glands of the rat are served by
three receptor populations which regulate K+ efflux
and water secretion via the activation of PIC and
generation of an intracellular Ca2* signal. Inositol
phospholipid turnover responses stimulated by maxi-
mally effective concentrations of aj-adrenergic and
muscarinic cholinergic agonists or substance I’ are not
additive, which suggests that each receptor is coupled
to a common set of signal transduction elements, and
the involvement of a pertussis toxin-insensitive G
protein has been implicated by studies demonstrating
guanine nucleotide dependency of agonist responses
in permeabilized cell preparations®.

This system appears, therefore, to be characterized
by the convergence of three receptor populations upon
a single G protem and, presumably, a single species of
PIC (see Fig. 1). But why are there three receptors that
produce identical cellular responses? The truth is that
the responses to each receptor are neither quanti-
tatively nor qualitatively identical.

Parotid glands also have B-adrenergic receptors
which activate adenylyl uyclase and cause an amylase-
rich secretion, so naturally occuting adrenergic ago-
nists (adrenaline/noradrenaline), depending on their
concentration, will activate overlapping receptor popu-
lations thus affecting the composition of the saliva. By
contrast acetylcholine and substance P appear to act
only through 1iC oupied receprors in parotid gland.
The muscarinic receptors do not desensitize appreci-
ably even during prolonged stimulation with maxi-
mally effective agonist doses, and substantially elev-
ated levels of intracellular Ca2+ are maintained for up to
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Mi/M5 «, - adrenergic  substance P
R, R, R,

: Gp Rat parotid gland
acinar cells

PIC

CCK mi/m3 m2/thrombin
R, R, R,

Gp, Gp,

Stably transfected
CHO celi hnes

PIC

Fig 1. Molecular diversity amongst receptors, G proteins and
PIC species could support multiple modes ot receptor—
effector coupling. Receplor {R) dependent regulation of PIC
s activity in rat parotid glands 1s charactenized by the con-
vergence of muscarinic chohnergic (My/Ms), ay adrenergic
\ and substance P receplors upon a pertussis to .in-insensitive
G protein and, presumably, a single molecular species of PIC
By contrast CHO cslls possess endogenous receplors for
thrombin and CCK which regulate PIC via parallel pathways
involving distinct pertussis toxin-sensitive (G,p) and insensi-
tive (Gps) G proteins When they are expressed in these cells,
m2 receplors activate PIC via G, whilst m1 and m3 receplors
are capabile of divergent coupling through both G, and Gp,.
generating pertussis toxin-sensitive and insensitive com-
ponents of the response to muscannic agorusts'! Whether
- these two G protemns regulale the same or different molecular
' - species of PIC 1s not known at present
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30 minutes in a Ca2* containing medium. By contrast
substance P receptors desensitize dramatically within
about 1 minute of being exposed to the peptide?. The
response to substance P, therefore, is characterized by
rapid initial formation of IP; and a Ca?* signal which
exceeds that evoked by muscarinic agonists such as
carbachol. The maintained response to carbachol,
however, greatly exceeds that in response to prolonged
exposure to the peptide. Thus, despite their convergent
nature, these three receptor populations provide the
salivary glands with surpnisingly diverse patterns of
responsiveness.

Parallolidivergent coupling mechanisms
Receptor-dependent hydrolysis of mnositol phospho-
lipids in some cells, notably those of haematoposetic
origin such as neutrophils, macrophages and the
promyelocytic leukemia cell line, HL60, can be blocked
by prior treatment of the cells with pertussis toxin?. In

many other cells the response is not blocked by the
toxin at concentrations well in excess of those required
for ADP-nbosylation of endogenous pertussis toxin
substrates'®. These observations suggest that at least
two forms of GP exist, but that these parallel pathways
for the activation of PIC are primarily segregated
between different cells and tissues.

More recently pertussis toxin-sensitive and -insensi-
tive forms of G, have been shown to occur in a
homogeneous cell line!!. Chinese hamster ovary
(CHO) cells possess receptors for thrombin and CCK,
both of which stimulate inositol phosphohpid hydroly-
sis. Pertussis toxin treatment completely blocked
responses to thrombin, but had no effect on the
response to CCK. These cells, whuch lack endogenous
muscarinic receptors, were se'acted by Ashkenazi et
al.l! to examine the signal transduction pathways
employed by individual muscarinic receptor subtypes
following the stable expression of cDNAs encoding m1,
m2 or m3 receptors!Z. In the transfected cell hnes m2
receptors are efficiently coupled to whibition of
adenylyl cyclase, but apparently more weakly coupled
to PIC via a pertussis toxin-sensitive form of G,. By
contrast, activation of ml and m3 receptors evokes
substantial hydrolysis of inusitol phospholipids pri-
marly via a toxin-insensitive G, but at least partially
via the toxin-sensitive G protein. The latter, toxin-
sensitive response, was prominent only in cells
expressing high levels of muscarinic receptors.

The above studies establish the principle of paraliel
signalling in a single celt type and also demonstrate that
individual receptors may simultaneously activate dis-
tinct forms of G, or G proteins regulating adenylyl
cyclase and PIC, respectively (termed divergent signat-
ling in Fig. 1). Perhaps a more accurate interpretation of
these data 1s that the spealficity of a receptor for distinct
G proteins 1n a particular celi is a aantitative, rather
than a qualitative property of that receptor. For
companison it s worth noting that endogerous m4
receptors (which are structurally closely related to m2
receptors) are coupled exclusively to adenylyi cyclase
inhibition in NG108-15 cells whilst endogenous m3
receptors in 132IN1 cells are exclusively coupled to
activation of PIC via a pertussis toxin-insensitive G
proten!®.13 Itjs, therefore, not clear whether divergent
coupling mechanisms occur commonly or whether
they reflect unusual stoichiometries of signal trans-
duction elements that may occur in transfected celis!2.

The molecular and mechanistic basis of PIC regulation
The analysis of receptor coupling pathways in CHO
cells described above relies upon quantitative assess-
ment of the PIC activity in intact cells. This is not readily
achieved because of problems such as mcomplete
mhibition of inositol phosphate dephosphorylation by
Iithium and varable rates of receptor desensitization.
Moreover, the intact cell studies leave open the
question of whether distinct G proteins couple to the
same or different species of PIC. Clearly, a more
complete understanding of the molecuiar basis of TiC
regulation requires the use of broken cell assay pro-
cedures and the definitive identification of the G
protein and PIC species which participate in the
agonist-dependent hydrolysis of PIP,.
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G protein-dependent regulation of PIC

Definitive evidence that a G protein participates in
agonist stimulated PIP, hydrolysis was provided by
Cockroft and Gomperts!? and by Litosch ef al.!5, whe
found that guanine nucleotide analogues speafically
stimulated the breakdown of endogenous phosphoino-
sitides in membranes of human neutrophils and
blowfly salivary glands, respectively. Sirular observa-
tions have since been made in a large number of
membrane preparations and :nclude the important
conclusion that agonist responses in these broken cell
systems are largely, although not always entirely,
guanine nucleotide dependent (see e.g. Ref. 16 for a
study mvolving muscarinic receptors).

It has generally been assumed that Ggs are structu-
rally and functionally analogous to the ¢ proteins that
regulate adenylyl cyclase (G and G) and cGMP
phosphodiesterase (transducin). These proteins, which
have been purified to homogeneity and characterized
in functional reconstitution assays, are heterotrimers.
Their « subunits possess a guanine nucleotide binding
site, a high affinity GTPase and are the substrates for
ADP-ribosylation by bacterial toxmns. They bind GDP in
the resting state and the agomst-receptor complex
functions by promoting the exchange of GDP for GTP’
and the dissociation of agrp from the fiy complex. In the
majority of definitive studies «ep has been shown to
be the active G protein species responsible for effector
regulation. Its inactivation is achieved by the intrinsic
GTPase, which converts bound GTP to GDP, followed
by reassociation with the By complex!?.

In most of the reported studies agonist-stimulated
inositol phospholipid hydrolysis in membrane prepara-
tions is very much reduced by comparison with the
responses of intact cells. By contrast, turkey eryth-
rocyte membranes prepared from [3Hlinositol-labelled
cells respond to guanine nucleotides with prolonged
accumulation of mositol phosphatest®. The cells are
endowed with P,, purinoceptors which 1emain ef-
ficiently coupled to PIC in the membrane preparation
and membrane responses to the specific P»; agonist
2-thiomethyl ATP are absolutely dependent on the
presence of guanine nucleotides!®.2, These mem-
branes have, therefore, been used to carry out a
detailed analysis of the mechanism of P, and G
protein-dependent activation of PIC.

The activation of turkey erythrocyte PIC by non-
hydroiysable analogues of GTP, such as GTPyS, fol-
lows first order kinetics and the rate of activation 1s
dramatically accelerated by purinergic agonists?, This
suggests that agonist-occupied Pa, receptors function
by accelerating a guanine nucleotide exchange reac-
tion, presumably on G,,. Further analogy with known G
proteins is suggested by the observations that non-
hydrolysable GTP analogues consistently generate a
hugher level of PIC activity than does GTP itself and that
the effects of GTP analogues are reversed by GDP or
GDPfS. Inactivation of turkey erythrocyte PIC by the
addition of excess GDPPS to membranes that had been
proactivated with differont GTP analoguus avvedaind
that inactivation was very rapid when GTP itsclf was
used to activate, but was extremely slow for non-
hydrolysable andlogues, particwlacly so for GTPyS.
Taken together these results suggest that an intrinsic

GTPase participates in the inactivation of G,,.

The By subunits of the known G proteins are virtually
identical to one another and their functions have been
the subject of much recent debate. However, the
heterotrimenic structure appears to be essential for
optumal association of G proteins with achivated recep-
tors and subunit reassociation apparently is involved in
G protein inactivation'’. The latter is indicated by
experiments showing that reconstitution of purified fy
subunits with membrane preparations causes inhi-
bition of hormone and/or guanine nucleotide stim-
ulated adenylyl cyclase. Simmlarly, By subunits injected
into Xenopus oocytes have recently been reported to
inhubit a muscarinic receptor-stimulated chloride cur-
rent?!, a response attributable to the activation of PIC
leading to IPs-stimulated Ca2+ release. Reconstitution
of By subunits, purifted from a vanety of sources, with
turkey erythrocyte membranes, at concentrations that
substantially inhibited adenylyl cyclase also inhibited
fluoroaluminate stimulated PIC22, By contrast, the
same concentrations of By subunits markedly poten-
tiated the activation of PIC by GTP in the presence of a
purinergic agonist. These results demonstrate that G,
1in these membranes 1s capable of interacting with the
fy subunits of conventional G proteins.

Fluoroaluminate 1s thought to act independently of
receptors by imitating the GTP-hganded state of the G
protein We have proposed that iy subumts intubit PIC
by combining with fluoroalurmunate-activated ;.
Although there are other possible interpretations of
these results, potentiation of hormone-shimulated
PIC could occur if much of the G, in turkey erythrocyte
membranes exists as free o subunits. Combination of

Pi
QGDP PY
PIC = (XGTP QaDPRY
BY GTP
QGTPBRY \
GOP AR

Figure 2 The activationiinachvation cycle of lurkey erythrocyte
G, ltis proposed that turkey erythrocyte Gy, 1s a conventional,
heterotnmenc G protein much of which may exist as GDP-
iganded free o subunits in the resting state. Combination of
a,up With endogenous or reconstituted by subunits generates
the heterotnmenc form which 1s necessary for hormonal
activation Agomist accumwed Pa rarentors (AR) acralorate
exchange of GDP for GTP, and dissociation of the GTP-
higanded heterotnimer leads to the formation of agre, the
presumed active G protein species responsible for activation
of PIC Hydrolysis of bound GTP by an endogenous GTPase
completes the cycle by reforming agpp
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these with the reconstituled fy subunits would
increase the effective concentration of heterotrimeric G
protein which we propose is necessary for effective
interaction with activated P, receptors?2, A model of
the regulation of turkey erytﬁrocyte PIC, based on the
above findings, is illustrated in Fig. 2.

Identification of Gps and G protein-regulated PIC

The experimental results described above provide
valuable, but still circumstantial evidence for the
involvement of a conventional, heterotrimenc G
protein in the regulation of PIC activity. Confirmation
that this conclusion 1s correct requires the isolation of
the relevant G proteins and, crucially, direct demon-
stration of theu activity and specificity by reconstitu-
tion with either isolated PICs or with PIC-bearing
membranes. By this criterion the identities of G
proteins involved in receptor-mediated activation of
PIC are still unknown. Further indirect evidence
suggests that one form of G, {termed G,2) may be the
pertussis toxin-sensitive G protein responsible for
coupling chemotactic factor receptors to PIC in human
neutrophils?, but since, as in many cells, receptor-
mediated inositol phospholipid hydrolysis is insensi-
tive to both pertussis toxin and cholera toxin, the
putative G protein involved is almost certain to be
novel.

Isolated membranes which contain prelabelled
phosphoinositide substrates and endogenous PIC
activity appear, at the present time, to provide the only
generally reliable assay systems reflecting the involve-
ment of a G protein in receptor-mediated inositol
phospholipid hydrolysis. In order to purify PICs it has
been necessary to use exogenous substrates which can
be presented as urulammelar vesicles containing pure
phospholipid substrates, as mixtures of phospholipids
designed to optimize activity or in the presence of ionic
detergents such as cholate. Such procedures are ideal
for determnation of the catalytic activity of PICs, and
have enabled the punfication to homogeneity of 5
immunologically distinct PIC isozymes”. However,
such assays may be unsuitable for studying the
regulation of PICs by G proteins because they allow
expression of very high levels of enzyme activity. For
example, Rhee has pointed out that the total PIC
capacity of brain, when assayed using pure PIP; as
substrate, is sufficient to hydrolyse all of the brain’s
PIP, in 2-20 seconds. However, it seems premature, on
this basis, to argue for the existence of negative
regulatory proteins” whose suppression of PIC activity
could be overruled by activators such as G proteins.
Ten years ago, Irvine and his colleagues demonstrated
that some of the lipid constituents of cell membranes,
especially phosphatidyicholine and sphingomyelin,
which are abundant in plasma membranes, are power-
ful mhibitors of PIC activity?®. Whilst pure phospho-
lipid substrates are rapidly degraded by PICs, phos-
phatidylcholine-rich unilamellar vesicles or plasma
micmbrancs suck a5 orythrocyte ghosts), containing
similar apparent concentrations of PIP,, are very poor
substrates. These considerations do not rule out a role
for additional modulatory proteins, but a more parsi-
monious interpretation of current knowledge would be
to suggest that G proteins may activate PICs by

rendering them more capable of utilizing bilayer
substrates.

A corollary to the above suggestion is that whilst
bilayer substrates may be inappropriate for the sensi-
tive detection of PICs during purification, they are
likely to be essential tools for studying their regulation.
At present, whether any of the PIC activities that have
been purified is responsible for G protein-dependent
hormonal stimulation of PIP, hydrolysis has yet to be
established.

Conclusions

In order to gain further understanding of the organ-
ization, regulation and stoichiometry of signal trans-
duction components involved in PIP; hydrolysis, mol-
ecular genetic techniques must be augmented by
seemingly straightforward, yet tantalizingly elusive
advances in the biochemical analysis of such systems.
Perhaps the most usefu! step forward would be the
development of routine assay procedures which facili-
tate studies of the regulation of isolated and structurally
characterized PIC 1sozymes by hormone receptors
and/or G proteins.
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Regulation of muscarinic acetylcholine receptor
function in cardiac cells and in cells expressing

cloned receptor genes

Robert A. Shapiro, Kathleen M. Tietje, Emu7 M. Subers, Nancy

M. Scherer, Beth A. Habecker and Neil M. Nathanson

The regulation of the number and function of the muscarmic receptors has been mnveshgated in cultured chick
cardiac cells and in cells expressing cloned genes encoding mammalian, Drosophila, and chick muscarmic
receptors. A serum-free defined medium for the culture of chick embryonic heart cells has been used to study
the regulation of mAChR number and function by serum lipoprotems. Addition of rooster high density
lipoprotein to the culture medium results in an attenuation of muscarinic receptor-mediated mhibition of
cAMP accumulation without a change m the number of receptors or inlubitory G proteins. Clones encoding
the mouse m1 receptor and a homologous receptor from Drosophila have been isolated. When expressed in
Y1 adrenal cells, both receptors stimulate phosphoinositide hydrolysis but do not infubit cAMP
accumulation. Deletion of 123 out of the 156 arnino acids i the third cytoplasmuc loup of the mouse m1
receptor does not impair its ability to stimulate phosphoinositide hydrolysis. A genomic clone encoding a
muscarmic recepfor expressed in chick heart has been isolated. When expressed in Y1 cells, it causes

mhibition of CAMP accumudation but does not stimulate phosphoinositide hydrolysis.

Knowledge of the mechanisms involved in the regula-
tion of the number and functional couphng of neuro-
transmitter receptors is essential for understanding the
molecular basis for signal transduction in the nervous
system. This chapter will describe some iecent studies
on the regulation of the number and function of the
muscannic acetylcholine receptor (mAChR) n chick
cardiac cells 1n culture and the functional properties of
cloned mammalian, Drosophila, and avian mAChR
genes expressed in cultured cells which lack endogen-
ous mAChR.

Muscarinic responses of heart cells cultured in serum-
free medium

Cultured embryonic chick heart cells represent an
attractive system for the study of the regulation of
expression and action of cardiac mAChR i vitro. These
cells are easy to maintain in primary culture and
express high levels of mAChR which can be studied
using biochemical and electrophysiological tech-
niques!. However, a disadvantage of chick heart cell
culture is that the sensitivity and magnitude of
mAChR-mediated physiological responses in chick
heart cells in culture can be quite variable and depen-
dent on the lot of fetal calf serum (FCS) used. For
example, the concentrations of agonist which produce
both mAChR-mediated inhibition of adenylate cyclase
and stimulation of potassium permeability in cells
cultured in medium containing different batches of
serum can vary over two-three orders of magnitude? *.
To eliminate this source of variability and to provide a
system to identity serum and other factors which might

Department of Pharinacology, SJ-30, Unwersity of Washington,
Seattle, WA 98195, USA.

regulate the expression and function of cardiac
mACHhR, we established a serum-free defined medium
for the culture of chick cardiac cells with retention of
expression of functional mAChR?.

Renaud et al.5 reported that chick cardiac cells
cultured in medium contaiming lipoprotemn-depleted
FCS exhibited an increased mAChR-mediated nega'ive
chronotropic response compared to cells cultured in
complete FCS. Haigh ef al.6 reported that this increased
response of chick cells cultured in lipoprotein-deficient
serum could be reversed by the addition of bovine low
density lipoprotein (LDL). In order to test the role of
lipoprotemns i the regulation of cardiac mAChR func-
tion using a defined homologous system, we tested the
effects of purified avian high density hpoprotem (HDL)
and LDL on the function of mAChR on chick heart cells
cultured in defined medium. Addition of HDL purified
from rooster serum to chick heart cells cultured in
defined medium causes a decrease in mAChR-
mediated intubition of forskolin-stimulated cAMP
accumulation, without changing mAChR-mediated
stimulation of phosphomositide hydrolysis. Additicn
of rooster LDL also resulted in attenuation of mAChR-
mediated inhibition of forskolin-stimulated cAMP
accumulation. Addition of HDL to the culture medium
did not change the number of mAChR binding sites or
their affinity for agonist or antagonist, and did not
change the levels of the inhibitory G proteins in the
cells. However, addition of HDL decreased the ability
of guanine nucleotides to inhibit forskolin-stimulated
adenylate cyclase activity in membrane homogenates
Lhus, culturing the cells in HDL may ihlellete with the
ability of G proteins to interact with adenylate cyclase.
HDL lipid fractions were able to mimic the effect of
native HDL in causing both an attenuation of mAChR-
mediated inhibition of forskolin-stimulated cAMP
accumulation on intact cells and an attenuation of
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guanine nuccotide Jdependent inhibition of t¢ 75, slin-
stimulated adenylate cyclase activity ia me ' cane
homogenat.  while apoproten fractions “id not ause
a decrease 1 mAChR-mediated inhibition ot cAMP
accumulatior.. The ¢ffects of HDL and “IDL hpid
fractions weie nor coirzlated with changes in mem-
brane cholester )] cor-tent. The results suggest that lipid
components of HDL mey decrease mACiR-mediated
intibidon of adenylat. cy.lase by decreasiag the ability
of the iahibitory G prote n to interact with 1denyiate
cyclase

Cloning and expression of mammalian muscarnic
receptor genes

We used a cDNA clone encoding the porcme m2
mACHhR to isolate a genomic clone encoding the mouse
m1 receptor” The gene encoded a polypeptde of 460
amino aads whose deduced sequence was highly
homologous to other m1 mAChRs: there were only
thirteen (mostly conservative) amino acid changes from
the porcine ml receptor As with other mammahan
mAChR genes, the mouse ml gene did not contain
introns in the coding region of the gene. In order to
ensure that this putative mAChR gene encoded a
functional receptor, the coding region of the gene v~e
inserted into a mammahan expression vector and
transfected into mouse Y1 adrenal and L fibroblast
cells. Control experiments demeonstrated that in un-
transfected Y1 or L. cells, muscarinic agonists had no
significant effect on phosphomostide hydrolysis or
ntracellular cAMP levels. The mouse m1 receptor when
expressed in Y1 cells exhibited the high affinity binding
for quinuclidinyl benzilate, atropine, and pirenzepine
expected for an ml receptor, with dissociation cou
stants of 78 pM, 0.32 nm, and 10 nM, respectively. The
m1 receptor was physiologically active, as evidenced by
its ability to activate phospholipase C. In Y1 ceils
expressing the mouse m1l receptor, carbachol stimu-
lated phosphoinositide hydrolysis a maximum of 20—
40-fold. The stimulation in phosphoinositide hydroly-
sis evoked by 1 mm carbachol could be 90% blocked by
1 um atropine. Carbachol did not cause an inhibition of
¢AMP accumulation in these cells; in fact, a shght
increase in cAMP levels was observed in response to
carbachol. In order to ensure that this apparent
selectivity of functional coupling was not due to a
defect in the Y1 cells, two types of control experiments
were performed. First, the functional responses of the
m1 receptor were determined after its ~xpression in a
second cell line, mouse L cells. Incubation of trans-
fected L cells with carbachol (1 mMm ) caused a 2.5-fold
increase in phosphoinositide hydrolysis that could be
complete:y blocked by atropine (1 pm ). Carbachol did
not change the level of CAMP n transfected L cells.
Thus, the m1 receptor when expressed in either Y1 or L
cells was able to activate phospholipase C but did not
inhibit adenylate cyclase.

As a second control experniment, a ¢DNA clone
encoding the pordine mZ receplor was expressed in Y1
cells. The m2 receptor caused inthibition of adenylate
cyclase: carbachol caused a 30-65% inhibition in
forskolin-stimulated cAMP accumulation. In contrast,
carbachol did not cause a significant change in phos-
phoinositide hydrolysis. Thus, the ml and m2 re-

ceptors when eapressed in Y1 cells evoke different
functional responses. Furthermore, these different
functional responses show differential sensitivity to
ADP-ribosylation of the inhibitory G proteins by slet-
activating protein (IAP). Preincubation of Y1 cells with
75 pg/ml JAP completely blocked the ability of the m2
receptor to cause inhibition of forskolm-stunulated
¢AMP accumulation, but did not inhibit the ability of
the m1 receptor to stimulate phosphomositide hydroly-
sis. Thus, different subtypes of mAChR when
expressed in Y1 adrenal cells medhate different func-
tional responses by interacting with different G
proteins

Deletion analysis of functional responsiveness of the
m1 receptor

There 15 considerable evidence that the thurd putative
cytoplasmuc loop may be involved in the interaction of
such receptors as the adrenergic and muscarinic recep-
tors with specific G proteins®. For example, small
deletion mutations within this loop n the f-adrenergic
receptor cause a loss of receptor-G protein couphng?:19,
and switching this portion of the «- and B-adrenergic
receptors switches the physiological response of the
aumer. . receptor!l. Simularly, Kubo et al. used an
oocyte expression system to demonstrate that switch-
ing the entire thurd cytoplasmic loop between the m1
mACKR and the m2 mAChR results in a switch 1n the
type of ion channel coupled to hybrid receptorsi2,
Thus, the third cytoplasmic loop appe«:s to contain the
anmuno acid residues which determine the specificity of
mAChHR coupling.

In order to identiiy more precsely which portion of
the third cytoplasnuc loop determines the specific
coupling of the m1 mAChR, we constructed deleticn
mutations 1n the third cytoplasmic loop of the mouse
ml receptor gene. We then expressed these mutant
mAChR m Y1 cells and determuned the effect of these
mutations on the ability of the mutant receptor to
stimulate phosphoinositide metabohsm. Two deletion
mutants were made, which contain 11 amino aads
common to the wild-type receptor on the amno
terminal end of the third cytoplasmic loop. The
deletions then extend toward the carboxyl terminal and
remove either 64 or 123, respectively, of the 156 amino
acids 1n the third cytoplasmic loop. When expressed in
Y1 cells, these mutant receptors bound both agonsts
and antagorusts with affinities that were indistinguish-
able from that of the wild-type receptor. Further, both
mutant  receptors  stmulated  phosphomositide
hydrolysis to the same maximal extent and with
identical carbachol dose-response curves as the wild-
type receptor. These results demonstrate that amino
acids 221-343 are not required for coupling of the m1
receptor to activation of phospholipase C, and com-
bined with the results of Kubo ¢t al.12, indicate that the
membrane-proximal portions of the third cytoplasmic
loop determine the functional specificity of muscarinic
receptor action.

Cloning and expression of a Drosophila muscarinic
receptor

Acetylcholine is a major transmitter in the CNS in
Drosophila, and mACHR bindirg sites have been identi-
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fied biochemically!3. Because of the advantages of
Drosopinla which allow a combination of biochemical,
behavioral, and molecular genetic studies, we have
isolated cDNA and genomic clones encoding a mAChR
from Drosophila, termed Dml. Analysis of the cDNA
clones indicates that they encode a polypeptide of 723
amino auds, considerably longer than any of the
previously cloned mammalian mAChR. In contrast to
the mammalian mAChR genes, which do not contain
mtrons in the coding regions, the Drosophila Dinl gene
contrins three introns in the portion of the gene
encoding the third putative cytoplasmic loop. The
deduced amino acid sequence (excluding the highly
variable third cytoplasmic loop) 1s 45-50% identical to
the mammalian ml, m2, m3, m4 and m5 receptors.
However, if only the membrane-proximal portion of
the third cytoplasmic loop is considered, the Drosophila
mAChHR is much more similar to the mammalian m1,
m3 and m5 receptors to than the m2 and m4 receptors,
suggesting that it would preferentially couple to phos-
phoinositide hydrolysis rather than inhibition of aden-
ylate cyclase activity.

The ¢cDNA clone encoding the Drosophila Dm1 recep-
tor was expressed in Y1 mouse adrenal cells to test if it
encoded a functional mAChR and to compare 1ts
binding and functional properties to that of the mam-
malian mAChR previously expressed in this cell line.
The expressed Dml gene product exhibited high
affinities for tke muscarinic antagonists quinuclidinyl
venzilate and atropine (dissociation constants of 86 pM
and 0.82 nM ), confirming that it encoded a muscannic
receptor Furthermore, these values are consistent with
those reported by Haim et al.33 for the binding of
muscarinic ligands to receptors in homogenates pre-
pared from Drosopinla heads.

The relatively high homology of the D1 receptor to
the mammalian ml, m3 and m5 receptors in the
membrane-proximal portions of the third cytoplasmic
loop raises the possibility that the Drosopinla receptor
would be functionaily homologous to these receptors
and preferentialiy couple to stimulation of phospho-
lipase C rather than to inlubition of adenylate cyciase.
Incubation of transfected Y1 cells with catvachol
increased phosphomositide hydrolysis 18-20-fold over
control jevels. As was found previously for the mouse
m1 receptor expressed in Y1 cells, carbachol did not
cause a decrease, and in tact caused an ncrease, in the
level of forskolin-stimulated cAMP accumulation
ntact cells. Thus, the Drosepiula Dml mAChR 1s both
structurally and functionally hemologous to the mam-
malian m1 mAChR.

The isclation of the Drosophila mAChR gene will
allow a gen.tic dissection of the role of this receptor in
the whole animal. The introduction of wild-type and
mutant mAChR genes into Drosophila containing de-
letions of the locus encoding the D gene combined
wiili behavioal and biochemucal studies should pro-
vide valuable information on thie physiological signifi-
cance and functional role of the mACQR in Drosophila.

Cloning and expression of an avian muscarinic recep
tor

The embryonic cluck heart has been used extensively
as a model system for the study of the mechanisns

nvolved in the regulation and development of mAChR
number and function in cardiac tissue! While there are
many similarities between mAChR m mammalian and
chick hearts, there are also a number of significant
differences. The affinities of the two types of receptor
for the My-selective antagomist pirenzepine differ dra-
matically, with chick heart mAChR having a signifi-
cantly higher affinity for pirenzepine than mammalian
cardiac mAChRM, The receptors can also be distin-
guished immunologically: a number of monoclonai
antibodies which recognize mAChR from hearts of a
variety of mammalian species do not crossreact with
the chick heart mAChR. In addition, pep«ide maps of
mAChR from mammalian and chick hearts are differ-
ent!e, We cloned the chick heart mAChR in order to
determine the molecular basis of the differences
between mammalian and avian hearts and to have a
molecular probe for the study of the regulation of
mAChR gene expression 1n the chick heart,

A chicken genomic library was screened with a
mixture of nick-translated probes encoding the mam-
malian m1 and m2 receplors. One strongly hybridizing
clone was selected for further study and shown to
hybridize a 2.8 kb RNA expressed m chick bram and
heart. Sequence analysis demonstrated that this gene
encoded a polypeptide of 490 amino acids which had a
high degree of homology to the mammalian m2 and m4
receptors. When expressed in Chinese hamster ovary
cells, this mAChR exhibited affinities for quinuclidinyl
benziiate and pirenzepine of 110 pm and 55 nM,
tespectively, similar to the values previously reported
for the mAChR in chick heart!416, In order to determine
the functional specificity of this chicken mAChR, it was
expressed 1 Y1 cells. Incubation of the cells with
caibachol caused a 35% inlubition of forskohn-sensitive
¢AMP in intact cells; there was no stimulation of
phosphoinositide hydrolysis mn transfected Y1 cells
following mcubation with carbachol Thus. the chick
heart mAChR has a hugh degree of both sequence and
functional homology to the mammahan cardiac
mAChR.

Conclusions

The abili.s to culture chick heart welis m defined,
serum-free medium should provide a useful system for
the 1dentifrcation of factors an.: hormones which
regulate mAChR number and function in the heart. The
combination of bjochemical, physiological, molecular
biological, and genetic approaches should provide a
wealth of information on the mechanisms of action and
regulation of the muscarinic receptor.
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Muscarinic activation of potassium channe's in
cardiac myocytes: kinetic aspects of G protein
function in vivo

*Gabor Szabo and Angela S. Otero

Muscarinic agonists open potasstum-selective Kiacny channels in cardiac myocytes of pacemaker or atrial
origm. Receptor activation is coupled fo channel opening by a membrane bound guanine nucleotide-binding
protein (Gg) through a process that does not require cytoplasmuc mitermediates. We have used the muscarinic
potassiten channel and the corresponding macroscopic current, Iacp as rapid, sensitive and specific
indicators of the state of activation of G. This approach, developed here in quantitative detail, allowed us to
identify the salient kinetic processes involved in the activation and deactroation of Gy in vivo. Agonist was
found to act by accelerating the rate of GDP release, and the subsequent GI'P uptake by Gg, while
deactivation was found to occur by a process that requires GTP hydrolysis. Unexpectedly, deactioation m1 the
intact system is much more rapid than the rate of GTP hydrolysis by isolated G protemns, suggesting the

presence of a GTPase-stimulating factor in intact cells.

One of the first observed effects of acetylcholine, the
slowing of the heart rate!, can be attributed mostly to
the opening of potassium-selective, ion-conductive
channels in the cardiac pacemaker and atrial cell
membrane in response to the activation of muscarinic
receptors?. A significant, steeply temperati re depen-
dent delay (=100 ms) between receptor activation and
channel opening has been the first indication that
occupation of receptors by agonist s coupled to
channel opening by a multistep process3+. The involve-
ment of Aiffusible, cytoplasmic intermediates has been
ruled out, however, by experiments in which channel

activity was monitored in an isolated patch of the cell
membrane: aganict annhed to the isslated patch achi-
vated channels within the patch while agonist applied
outside the patch, a maneuver that should have

generated a large amount of cytoplasmic messenger,

Department of Physiology and Brophysics, Usnwersity of Texas
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m—

did notS. The involvement of membrane bound guan-
ine nucleotide binding protemns (G proteins)®” in the
coupling process has been demonstrated by the obser-
vation that intracellular application of poorly hydrolys-
able analogs of GTP leads to persistent, antagonist-
resistant channel activation and also by the fact that
pertussis toxin, which is known to inactivate a class of
G proteins by ADP ribosylation, abolished channel
activation by agonist3?. These original observations
have been confirmed and extended using single chan-
nel measurements in exased patches of cell mem-
branes!®-1}, [t has been shown, in particular, that
purified G, type G protemns activated by GTPyS and
appiied v ihe uaceiiuiar aspect of excised atnai cell
membranes, can activate K+ channels directly!2.13,

Channel conductance as an indicator of Gy activation

Direct activation of the K* channel by purified G
protein in patchies suggests the possibility of using the
macroscopic current through the wuscarinic achivated
K+ channels, Ixc,. as an indicator of the degree of
activation of Gy, the G protein that opens the channel
in vivo. Single channel measurements using cell-
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attached patches of cell membrane indicate that appl-
cation of agonist to the extracellutar aspect of the cell
membrane increases the rate of channel opening but
does not affect single channel conductance or mean
channel open time®10.14, Moreover, the probability of
channel opening remains small even at maximally
activating concentrations of agonist This is illustrated
in Fig 1 for an experiment performed mn the on-cell
configuration. Single channel openings (upward de-
flections) were induced by the perfusion of a patch
pipette with 1 um ACh. Note that there are at least three
Kiacny channels in the patch since the simultaneous
opening of three channels is observed on at least one
occasion. Most of the time, however, only one channel
is open, indicating that the probability of the channel
being open 15 much less than unity even at maximal
activation of the system. At lower concentrations of
ACh, channel open probability decreases proportion-
ately. Taken together, these data suggest that the
channel open probability may be used to assess the
degree of G activation:

Po=yI" 6]
where p, 1s the channel open probability, I'* is the
membrane concentration of activated Gk and v is a
factor of proportionality. The overall current Iz, for a
cell having N muscannic activated K+ channels is given
by.

Iach = Npolsc = Nylscl* 2

where Isc is the single channel current for a given
potential applied across the membrane. The maximal
current is attained when all of the Gk available in the
membrane, G, is activated:

Ah = Nylselio €]

so that the fraction of the current activated under a
given experimental situation 15 a direct measure of the
fraction of Gk achivated:

I r:
o= @)
ACh i tot

The simplest model for the activation cf G proteins

Fig 1 The eifect of local application
of Tus ACh to a patch of atrial el

consists of two states, namely the resting, diphosphate
bound state and the activated, tniphosphate bound
state. At present, the most success{ul experimental
approach to study activation in the absence of agonist1s
to flood the cell with a hydrolysis resistant analog ot
GTP, denoted here as GXP. Since nucleotide hydrolysis
and therefore G protein deactivation is not possible, as
shown in the following scheme:

Resting ;  Activated
state ——  state
{Geor) {Goxr)

in the absence of agonist, release of GXP from G'gxp is
very slow and Gk will accumulate in its activated form.
The rate k,,, at which this process occurs under various
experimental circumstances reveals much about the
mechanism of G protein activation. Noting that:

F+ T =T )]

where T 15 the membrane concentration of non acti-
vated, GDP bound Gk, the rate of increase in the
membrane concentration of the activated, GXP bound
form of Gy is given by:

drr

T =l =kn(Tio = 1) (6)

which can be integrated to yield:
Ly = a1 = e~fmt) )

Itis found, in particular, that the initial rate at which the

fraction of activated Gk increases 1s a direct measure of
k-

d/ 1w
km= _(__) 8
di\Tt/1=0 ®

Considerning (Eqn 4), it also follows that the initial
fractional rate of appearance of I¢y, 1s actually equal to
the rate constant k.

d (IACh) d ( r )
“3; | ymax il B = km 9
di\IREN =g dE\ Tt/ 1o ©

membrane ihe patch pipette, per- ok -ty
fused in the cell-attached configur-
aton, was filled with 100 rams KCi,
25 mu HEPES (pH 7 4) and held 2t
OmV The resting membrane poten- s
tial1s near =85 mV ; Arrow marks the
start of perfusion
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Rate constants of receptor-independent and receptor-
dependent activation of G

We have previously characterized initial rates of
activation for Ixcy, observed following the injection of
several hydrolysis-resistant analogs of GTP into atrial
myocytes!s, The preceding analysis demonstrates that
the initial rates in fact correspond to the actual rate
constants of Gk activation. In the absence of agonist,
when myocytes are rapidly flooded with hydrolysis-
resistant analogs having different structures (guano-
sine-5"-O-[3-thiotriphosphate], GTPyS, guanylylimido-
diphosphate, GppNHp; and guanylyl[B,y-methyl-
ene]-diphosphate, GppCHzp), the rate constants of
receptor-independent activation of Gk were found to
be essentially the same, near 0.4 min-!. An identical
rate constant for the uptake of structurally different
analogs suggests that Gy activation is hmited by a
process that precedes triphosphate binding; this pro-
cess is likely to be the receptor-independent, spon-
taneous release of GDP frem Gg. If so, then the rate
constant for basal GDP release by Gk in cardiac
myocytes is 0.4 min—1.

On application of agonist, the rate constant of
activation increases linearly with agonist concentration
in @ manner that is independent of the structure of the
GTP analog, suggesting again that agonist acts by
increasing the rate of GDP release from Gg. For ACh,
the rate constant of GDP release is estimated this way to
be 8 4x108 [ACh}in units of min~1 M1, Note that there
is a specificity among the three GTP analogs for the
nucleotide binding site of Gi. This becomes evident
when significant concentrations of GTP are present and
compete for the nucleotide binding site. As Gy acti-
vated by GTP 1s rapidly deactivated owing to hydroly-
sis, GTP effectively reduces the rate at which the analog
is binding to and persistently activates Gk . The order of
decreasing effectiveness for the analogs to compete
with GTP is GTPyS > GTP > GppNHp > GppCHyp. A
specificity in the ability of GTP to shunt persistent
activation by analogs implies the existence of a tran-
sient state of Gx in which nucleoside triphcsphate
exchange may occur rapidly and come to equilibrium
within the time scale of GDP release.

Rate constant of Gk deactivation

Under physiological circumstances, [xcy, decays rap-
1dly upon removal of the agonist, with t;< 300 ms for
atrial myocytes. Under the simplest circumstances, the
process of deactivation may be described as a first order
rate process with rate constant k.. The activation—
deactivation cycle may be described by the following
scheme:

b
Gepr _ Gore

cat

while the corresponding rate equation can be written as

dar-

—_—= kmr - kc.ﬂr* (IO)
dt

On removal of agonist, k., falls to a negligibly small

value Equation 10 has the following solution for this
case:
ki,

[ =T

e—heatt

(11)

‘m + 'C‘“

The rate constan. of deactivation can therefore be
calculated from the decay time of Iycy, whichis equal to
that of G*. For atrial myocytes, the observed t; of < 300
n:s corresponds to ke, > 200 min-1. A similar result is
obtained by extrapolaling the rate of activation deter-
mined with the help of hydrolysis-resistant analogs, to
the half-activating ACh concentration of the Iyci-
[ACh] dose-response curve, 160 nM. At this concentra-
tion of ACh, ke, = ki, and kp, == 8.4%108x1.6x107 =
134 min—1. Both of these estimates are nearly two orders
of magmtude faster than rates of GTP hydrolysis by
purified G proteins, which are in the range of 4 min~1.

There are at least two explanations for this discrep-
ancy. It is possible that Gk 1s not deactivated by GTP
hydrolysis but by GTP-GDP nucleotide exchange
instead. A more hkely possibihty is that the GTPase
activity of Gy 15 increased 1 vivo by the presence of an
additional component in the membrane. Recent exper-
iments indicate that mn the presence of activating
concentrations of agonist, nucleotide exchange may
occur rapidly!e. Thus, extracellular application of a
pulse of agonist to cells in which Iyc, has been
activated in a receptor-mdependent manner by
mtracellular perfusion of a misture of a poorly
hydrolysable GTP analog and GTP, markedly reduces
or abolishes Ircy,. This indicates that agonist induces
rapid nucleotide exchange at the previously occluded
nucleotide binding site!®. Note, however, that the
presence of GTP is obhgatory for this phenomeion to
be observed; when only GDPSS and GXP are present,
the agonist-induced deactivation is absent. Thus, while
nucleotide exchange 15 possible in the presence of
agonist, GTP-GDP exchange cannot account for deacts-
vation of Gk on removal of agonust These observations
argue strongly for GTP hydrolysis being responsible for
deactivation. Note, however, that GTP hydrolysis by
purified G proteins is much slower than the rate of G
protein deactivation m vivo. The discrepancy suggests
that intact cells may contan a factor that accelerates
GTP hydrolysis by Gk. This may be the effector 1tself
(e.g the channel protein) or some umidentified factor
analogous to GAP, the cytosolic protein that stimulates
the GTPase activity of p21r proteini?.

A kinetic scheme for G protein function

The scheme (Fig. 2) summarizes and attempts to
integrate presently available structural and kinetic
information concerning the detailed mechanisms by
which G proteins couple the signal of receptor acti-
vahior to the medulstion of offector function. The
left-hand ‘primary’ cycle, which is likely to operate
under normal physiological circumstances, is com-
posed of the resting, heterotrimeric form of Gi which,
upon interaction with activated receptor (R"), dis-
sociates into « and By subunits, The rate of this process
is governed by the concentration of receptors activated
by agonist, giving rise to the agorust dependence of this
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Pnmary Cycle Occluding Cycle

Fig 2 Kinetic scheme for the signal coupling function of G
protens «, B and y G prctein subunits [ ] occluded
nucleoside binding site. () deoccluded nucleoside binding
site D nucleoside diphosphate, T nucleoside triphosphate
The open state of the Kacy, channel 1s indicated by asterisks

process. Activated receptor induces an open, nucleo-
side triphosphate-preferring configuration of the bind-
ing site on the « subunit which, under physiological
conditions, causes the release of GDP and uptake of
GTP. In its nucleoside triphosphate bound form, the g
subunit interacts with the channel and increases the
probability of its opening. Although GTP hydrolysis
usually returns the system to 1ts resting state, the
‘open’ activated state may also be converted into an
occluded state in which nucleotide at the binding site
cannot exchange with that in the surrounding medium.
The process of occlusion is best observed in the
presence of poorly hydrolysable GTP analogs which
prevent the return to the resting state; we have
observed a rate of occlusion near 1 min-! at sub-
threshold concentrations of agonist under these car-
cumstances. Note that the channel achivity induced by
GTPyS-bound « subunit is not sensitive to inactivation
by functional antibodies raised against the « subunit,
implying that channel and « subunit form a stable
complex in the occluded form!®. At high concentrations
of agonist, activated receptors favor deocclusjon, again
leading to the appearance of an ‘open’ form?6.19, GTP

hydrolysis 1s also possible in the occluded active state.
However, the product of this process is a hypothetical
‘desensitized’ state in which deactivated « subunits
having GDP occluded m the binding site form a stable
complex with the channel. A relatively slow buildup of
this inactive state would reduce the number of channels
available for activation and may explain the rapid phase
of the desensitization seen on prolonged application of
agonist?®, By a slow exchange of channel for fy
subunits, the desensitized form can return in our
scheme to the resting state, accounting for the slow
recovery of the system from desensitization. While the
scheme of Fig. 2 is consistent with the majority of the
observations made on G protein mediated channel
activation, further experiments will be required to
ascertain its validity in detail.
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Structure-activity relationships and
pharmacological profile of selective tricyclic
antimuscarinics

W.G. Eberlein, W. Engel, G. Mihm, K. Rudolf,
B. Wetzel, M. Entzeroth, N. Mayer and H.N. Doods

The discovery of the Mj-selective receptor antagonist pirenzepine was the unpetus for a research project
directed towards the development of selective muscarimc antagomsts In the pursuit of this objective,
compounds with different selectivity profiles have been found. AF-DX 116 was the first cardioselective
antagonist synthesized. Subsequently novel M receptor antagonists have been discovered with higher
potency and selectivity. Mereover, a pirenzepine-type compound UH-AH 37 has been identified that, m
contrast fo pirenzepine, shows a lgher affinity for ileal than for atrial muscarinic receptors. Among tricyclic
muscar tic recepior antagomsts three different selectivity profiles have been dentified, namely: My > M; >
My, M, for pirenzepme; My > M; > Ma, M,,,, for AF-DX 116, AF-DX 384, AQ-RA 741; and M,,,, = M;
> My, M; for UH-AH 37 and 1ts (+) enantiomer.

The tncyclic muscarmic receptor antagonists piren-
zepine and AF-DX 116 were respectively the first M,
and M; selective drugs intensively used as research
tools. In this paper we summarize part of our work
directed towards the development of selective tricyclic
muscarinic receptor antagorusts with greater or differ-
ent selectivity

Tricyclic compounds as selective antimuscarinics
The structure of pirenzepine is depicted in Fig. 1. It
consists of a butterfly-shaped tricyclicring systemand a
(methylpiperazinyl)-acetyl side-chain, which are con-
nected by a carboxamide bond. It is well known from
receptor binding studies that pirenzepine exhibits
substantial affinily only towards the muscarinic recep-
tor system!. Attempts to interpret these findings have
recently been undertaken both by semiempirical quan-
tum mechanical calculations? and by the establishment
of structure-activity relationships®. In the case of
pirenzepine, the differences in binding affinities
between the muscarinic receptor and for example the
imipramine reccptor are brought about by three
features: the endocyclic amido group, the position of
the protonated nitrogen with respect to the tricyclic
nng and to a minor extent the exocyclic amide bond
(see left panel of Fig. 2) A detailed analysis* of the
muscarinic antagonists of the pirenzepine type
revealed important features for M selectivity as sum-
marized on the right in Fig. 2. M, selectivity is
controlled by both the tricycle and the side-chain but
with a dominant influence of th.e side-chain. Among
the tricycles studied, highest selectivity has been
shtaincd with cumpuunds containing the pyridobenzo-
diazepinone system. As to the influence of the side-
chain on M selectivity it has been found that semirigid

Department of Pharma Research, Dr Karl Thomae GmbH, Biberach
an der Riss, [RG.

systems with six-membered rings, which obviously
force the protonated nittogen into a defimite spatial
orientation in relation to the tricycle, are especially
favourable.

In the course of this systematic vanation of the
side-chain of pirenzepine we discovered compounds
with a different selectivity profile. These exhibited high
affinity for the receptors of the heart. The most
promising member of this family of Mz-selective com-
pounds is represented by AF-DX 116 (Ref. 5; Fig 3).Itis
important to note that structural differences between
pirenzepine and AF-DX 116 are very subtle. The
side-chain has been modified in such a way, that the
most basic nitrogen 15 not incorporated mto the ring
itself but is attached to it via a methylene bridge. In
contrast to pirenzepine, AF-DX 116 is able to discimi-
nate clearly between the cardiac and the glandular
muscarinic receptors.

As part of our research strategy we decided to fook
for follow-up compounds with two objectives in mind
We felt it might be possibile to 1dentify compounds
which are more potent and which possess an increased
heart/smooth muscle selectivity. But how could more
pronounced M; selectivity be achieved? The hne we
followed was based on structure-activity relationships
already established. The tricycle was considered to ve

N tricyclic ring system.
pyrico-uenze-clazepinane

{ - yctic amide bond
H
oA\ —
CH;—N Nt Cl s cnain:
\ /N
CH, matnyl-piperazinyl-acetic acid

Fig 1 Structure of pirenzepine
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only of minor influence. However, a side-chain with
higher flexibility seemed to be essential. Based on the
structuial differences of sets of M- and M,-selective
compounds, we postulated that M; and M, selectvity
is controlled by different spatial orientations of the
protonated side-chain nitrogen. This hypothesis could
be substantiated by extensive conformational analyses
with molecular mechanical calculations.

Based on these ideas a systematic variation of the
structural elementsé of the side-chain of AF-DX 116 has
been performed as shown in Figs 4 and 5. Our strategy
proved to be very successful because two interesting
compounds could be identified within the series
depicted in Figs 4 and 5. The first compound, AF-DX
384, is the result of the synthesis of a senes of urea
analogs of AF-DX 116. It shows improved activity and
selectivity similar to AF-DX 116. The most attractive
derivative of the senes shown in Fig. 5 represents
compound AQ-RA 741 Compared to AF-DX 116 1t
shows tenfold higher activity and improved heart
smooth muscle selectivity. Furthermore AQ-RA 741
has the advantage of being achiral.

RECEPTOR AFRNITY an
o Global NpOPARICY emeiom
e endo-cyclc /

tactam group

o Protondted nitogen —+°

\ semirigid systems,
&-membered ring
A \ favonable

Leflnite placement of
nitrogen

Fig 2 Summary of structure-activity and selectivity relation-
ships of My-selective compounds

Another interesting issue for drug design within the
class of tricyclic compounds refers to the principles of
chirality of the tricyclic ring As shown in Fig. 6 the
tricyclic system might exist as a pair of stable enantio-
mers provided that the barrier to inversion 15 suffi-
ciently high?. In the case of pirenzepine for example the
barrier to inversion appears to be too low for separation
of the enantiomers at room temperature. The investiga-
tion of a large set of pirenzepine-like aminoacylated
tricyclic compounds has demonstrated that the barrier
to inversion is extremely sensitive to the size of
substituents in the peri-position adjacent to the basic
side-ckain®. This feature made compound UH-AH 37
(Fig. 3) a likely candidate for separation since it carries a
bulky chlorine atom in one of the critical peri-positions.
In fact, we found that UH-AH 37 is a racemate which
<ait €asily be separaivd inw iis two enantiomers. The
(+) enantiomer of this compound UH-AH 371 is much
more potent than the (--) 1somer.

In pharmacological experiments UH-AH 37 and its
(+) enantiomer showed another interesting feature.
Although UH-AH 37 and UH-AH 371 reveal a binding
profile similar to pirenzepine, in functional tests boti,
compounds possess a tenfold higher affinity for ileal

51
H o H 9
‘N N
Z
@N 1
I/KO Cl (@)
EN/\r\N/\
A N
1
CHj
AF-DX 116 UH-AH 37

Fig 3 Chemical structures of AF-DX 116 and UH-AH 37

compared to atrial muscarinic receptors. Thus, UH-AH
37 and its enantiomer UH-AH 371 represent interesting
tools for further elucidation of the muscarinic system.

Biological properties of select.ve tricyclic muscarinic
receptor antagonists
Pirenzepine

Pirenzepine binds only to M; receptors with high
affinity, whereas compounds like dicyclomine,
4-DAMP and hexahydro-sila-difenidol (HHSiD) do not
exhibit this selectivity profile?. The affinity of piren-
zepine for M, receptors vanes between 4 and 20 nmol/l
depending on the test system used. We have examined
the selectivity profile of pirenzepine in detail in both
m-vitro and m-vivo models. The pK, values of piren-
zepine for cortical M;, cardiac My, glandular M; and
ileal smooth muscle binding sites are 8.0, 6.3, 6.8 and
6.4, respectively. In functional studies muscarnic
agonist effects on inhibitory M, receptors in rabbit vas

H o
H o] [
‘N N
@S .
=y N =N N
R—N’go l"“N’ko
| — l)
(CH2)m
N N/\/
N o
3
4 (cHain
H\l!”_
A
At R Ak -DX 384
ACTIVINY AF-DX 384 > AF-DX 116

SELECTIVITY = AF-DX 384 ~ AF-DX 116

Fig 4 General formula of urea analogs of AF-DX 116 and
Structure of AF-DX 384
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(CH2)py —> a CH3
¢ ¢
(CHz)pNEt » (CH3)4NET;
AQ~-RA 741
ACTIVITY AQ-RA 741 > AF-DX 116
SELECTIVITY AQ-RA 741 > AF-DX 118

Fig 6. General formula of AF-DX 716 analogs substituted in ihe
4 posttion of the pipendine rning

deferens, guinea-pig cardiac M, receptors regulating
heart rate, rat pancreatic M; receptors mediating
a-amylase secretion and guinea-pig 1leal receptors
responsible for smooth muscle contraction (denoted by
Mgm in this paper) were antagonized with pA; values
that correspond to 8.2, 6.8, 6.5 and 6.7, respectively.
Accordingly, the M, selectivity of pitenzepine amounts
to approximately 16-79-fold in comparison to the other
subtypes. In the rat pirenzepine exlhibits a marked
selectivity. Almost 22-fold lower doses are sufficient to
antagonize the McN-A-343 induced increase in blood
pressure (ED50 = 112 nmol/kg, i.v.) than the bradycar-
dia induced by vagal stimulation. The increase in biood
pressure is due to stimulation of M; receptors in
sympathetic ganglia which results in the release of
noradrenaline. Pirenzepine also possesses selectivity
for My receptors compared to those responsible for the
pilocarpine evoked salivation (sixfold). Moreover, in
the lumen-perfused stomach preparation of the ur-
ethane-anaesthetized rat, a dose of 62 nmolkg pro-
duces 50% suppression of the acid secretion induced by
electrical stimulation of vagal fibers. Approximately
40-fold higher doses of pirenzepine are necessary to

oy e

1I, 4 Elnv

Ry

Fig 6. Chemiceal structure of the pyndobenzodiazepine
system and atropisomensm of the tricycle

e

inhibit the vagally mediated bradycardia in the rat
(ED50 = 2512 nmol/kg). The selectivity profile, there-
fore, is M; > M3 > My, Mg

AF-DX 116, AF-DX 384 and AQ-RA 741

The interaction of AF-DX 116 with the M, receptor is
characterized by a dissociation constant of about 1 X
10-7 M. The My receptors as well as those on intestinal
smooth muscle exhibit an intermediate affinity for
AF-DX 116. The glandular M3 type has a low affinity for
AF-DX 116 with a pK, value of 5.7.

Thus, unhke pirenzepine, AF-DX 116 is able to
discriminate markedly between cardiac and glanddar
muscarnic receptors. This approximately 30-fold dif-
ference in affinity aided the classification of cardiac and

log (CR-1)
3..
[Un-AH 37}
2.-
1.4
0.4
1 ¥ ¥ ) 1] T T
3..
2..
1..
0.4
L T ¥ ] 1] T 1
9 8 7 6 5 4 3

- log [antagomst)

Fig 7 Arunlakshana-Schild plots of the antagonism by UH-AH
37 and AQ-RA 741 of the responses to methacholine at the
muscanic receptors mediating ileal contraction and heart
rate

glandular muscarinic receptors into M, and M3, respec-
tively9. The in-vivo selectivity of AF-DX 116 1n rats 1s in
agreement with n-vitro data. The vagally induced
vradycardia 1s blocked by AF-DX 116 in doses 26- and
6-fold lower than those needed to antagonize agonist-
induced salivation and increase in blood pressure,
respectively (see Table I). Phase I studies show that
after 1,v. or oral administration of AF-DX 116 heart rate
is increased without significant changes in sahvary
flow, pupil diameter and near-point vision!0.

In the course of the search for successors of AF-DX

— —
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116 two new compounds (AQ-RA 741 and AF-DX 384)
with interesting properties have been found. AF-DX
384 exhibits a higher affinity for muscarinic receptors
compared to AF-DX 116 (see Table I) with a comparable
degree of selectivity. AQ-RA 741 is an AF-DX 116
analog with a 15-30-fold higher affinity for cardiac M,
receptors. In addition, the cardiac versus ileum selec-
tivity of this compound (== 80-fold) 1s more pronounced
whereas the M,/M; ratio is unchanged (Table I, Fig. 7)
To date this drug is the most potent M, antagonist with
a selectivity profile comparable to that of methoctram-
ine. In pithed rats AQ-RA 741 (i.v.) is sevenfold more
potent than AF-DX 116 in antagonizing the bradycardia
elicited by stimulation of the right vagus nerve. In
addition the cardioselectivity is more pronounced
(Table I). The in-vivoe selectivity of AQ-RA 741 in the
anaesthetized cat is shown in Fig. 8. In this model the
administration of methachohne (50 ug 1.v. and 1.a.)
results in a decrease in heart rate, increase in duodenal
and bladder pressure, bronchoconstriction, and en-
hanced salivation. The -log ED50 value (mol’kg) of
AQ-RA 741 to antagonize the bradycardia was 7.53,
whereas 13-67-fold higher doses were necessary to
antagonize the effects on duodenal pressure (~log ED50
= 6.03), bladder pressure (-log EDS0 = 5.94), arway
resistance (-log ED50 = 6.40) and salivation (-log ED50
= 5.70). Thus the selectivity profile of AF-DX 116,
AF-DX 384 and AQ-RA 74115: Mz > M, > M3, My,

The direct effects of the parasympathetic nervous
system on the cardiac function are a reduction in heart
rate and a slowing of the rate of conductance through
the AV node. Because the receptors mediating these
effects are of the M, subtype, it 15 anticipated that M,-
selective antagonists like AF-DX 116 and AQ-RA 741
will be useful in the treatment of bradycardic disorders
and certain types of AV blockil,

UH-AH 37

In radioligand binding experiments the affity (pK,
values) of UH-AH 37 for cortical M, cardiac M, and
glandular M; binding sites were 8.05, 7 05 and 7.46,
respectively. A companson with pirenzepine showed
that the affinities of both compounds for the M,
receptor were similar However, the M, selectivity of
UH-AH 37 was less pronounced. A striking difference

HEART
RATE

~log ED 59 {mol/kg)

71 AIRWAY
RESISTANCE UODENUM
BLADDER :RE:E:RE
6 PRESSURE SALIVARY
SECRETION
) l

Fig 8 Potency of AQ-RA 741 in antagonizing the effects of
methacholine (50 ug + v. or 1 a ) in the anaesthelized cat

between UH-AH 37 and pirenzepine is the approxi-
mately tenfold higher affimity for ileal than for atrial
muscarinic receptors!2,

The corresponding pA, values are 8.23 and 7.09,
respectively (see Fig. 7). The pA; value for methachol-
ine induced contraction of guinea-pig tracheal smooth
muscle 1s 7.93. Recently, UH-AH 37 has been separated
into its enantiomers!3, It has been shown that the (+)
enantiomer (UH-AH 371) is approximately 50-100
times more active than the (-) enantiomer. The selectiv-
ity profile of the active (+) enantiomer is similar to that
of UH-AH 37. It should be stated that the selectivity
profile of UH-AH 371 does not fit into the concept that
M; receptors are the functional receptors responsible
for contraction of i1leal smooth muscle!2, The selectivity
profile of UH-AH 37 (racemate) and its active enan-
tiomer is My, = M; > M3, M,.

Compounds that possess a high affinity for M,
receptors as well as for those present in smooth muscle
could be of use in the treatment of chronic obstructive
lung disease. There are strong indications that M,
receptors in the airways are involved in the regulation
of airway smooth muscle tone!?. Therefore, M;- and

TABLE | Potency and selectivity of AF-DX 116, AF-DX 384 and AQ-RA 741 for muscannic receptors in vitro and in vivo

Invitro Invivo
Compound receptor binding pK; functional pA; —log ED50 (mol/kg)

cortex heart gland heart ileum sympathetic  heartd salivary
M) (M) (M) ganglia® (M) glandse

(Hy) (M)

AF-DX116 63 71 57 69 62 56 64 5.0

AF-DX 384 75 8.2 70 86 76 59 74 6.0

AQ-RA741 77 8.3 69 65 66 56 72 <50

# inhibition of McN-A-343-induced piessor respanse 11 pithed rat, ™ imbubiion of bradycaidia due to vagal stimwulation in pithed rat,
<mnhibition of pilocarpine-induced salivation in anaesthetized rat,
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M- selective compounds may be potent and selective
bronchospasmolytics. To test this hypothesis we car-
ried out functional studies in anaesthetized guinea-pigs
and rabbits.

In the guinea-pig acetylcholine was admirustered (50
ug i.v. and 1.a.) to evoke bradycardia and an increase in
airway resistance. Approximately tenfold lower doses
of UH-AH 371 were required to inhibit the agonist
response of the airways (ED50 = 54 pg/kg i.v.) than that
on heart rate. Additionally, experiments were per-
formed in rabbits, where bradycardia and bronchocon-
striction were elicited by simulation of the right vagus.
The ED50 of UH-AH 371 in antagonizing the vagally
induced increase in airway resistance was 7.0 pg/kg,
whereas the ED50 for the bradycardic response was
inhibited with 466 ug/kg. Therefore, UH-AH 371
showed a striking brenchospasmolytic selectivity.

Conclusions

Tricyclic compounds play an important role in the
identification and subclassification of muscarinic recep-
tors. The real breakthrough leading to general accep-
tance of muscarinic receptor heterogeneity was accom-
plished with the M;-selective drug pirenzepine. This
concept of muscarinic receptor subtypes was further
strengthened by the discovery of the Mj-selective
compound AF-DX 116, an antagonist that provided
clear-cut evidence for differences between cardiac and
giandular muscarinic receptors. In subsequent struc-
ture-activity studies an analog of AF-DX 116, AQ-RA
741 was found which proved to be one of the most
potent M, antagonists known so far. Moreover, its
selectivity profilc is comparable to that of methoctram
ine.

Recently, a novel M;-selective compound UH-AH 37
has been discovered which showead differences from
pirenzepine in functional studies. UH-AH 37 exhubits
significantly higher affinity for ileal than for atrial
muscarinic receptors.

On the basis of our present knowledge, we think that

receptor selectivity of tricyclic muscarinic antagonists is
stron ly related to stereochemical features. Analyses of
structure-activity and structure-selectivity relation-
ships of a large number of pirenzepine and AF-DX 116
analogs suggest that it is the nature of the side-chain
and the spatial placement of the basic nitrogen atom in
relation to the trnicyclic backbone that determine the
differences in receptor subtype recognition. This
hypothesis however has to be further substantiated
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Polymethylene tetraamines as muscarinic
receptor probes

Carlo Melchiorre, Anna Minarini, Piero Angeli*, Dario Giardina*,
Ugo Gulini* and Wilma Quaglia*

The possibulity that polymetiylene tetraammes act as droalent ligands has been explored. Structure-activtty
relationship studies among polymethylene tetraammes have shown that four mtrogens are necessary for high
affinity binding to M, receptors while being less important for Mz muscarnuc receptors. Replacement of one
terminal methoxybenzyl group of the potent and selective muscaric aittagonst methoctramine by different
moteties led to weaker antagonists suggesting that the two ternunal nitrogens of methoctranune mteract with
two similar receptor sites Data are presented which suggest that methoctramine might interact wth four
acidic restdues of the receptor: two residues are buried in the third transmembrane segment whereas the others
are located extracellularly on the loop 4-5 which may represent the ellosteric site where several antagonists
such as gallamine bind. An I pothetical model describing the mteraction of methoctramine with the M,
receptor is proposed. It may provide a useful workimg hypothesis for the design of new selectve muscarinie

ligands.

The existence of multipie muscannic receptors has been
established by functional, binding and molecular bio-
logical studies!. At present, muscarinic receptors are
classified into at least three pharmacologically well
defmed subtypes%: M,;, M, and M; (see p. VII). M,
receptors have high affinity for pirenzepine® and are
mainly located mn the central nervous system and
peripheral gangha. M, receptors are found in cardiac
cells and are characterized by a high affinity toward
methoctramine*3, AF-DX 116¢, gallamine?, and him-
bacine8. M; receptors are those in smooth muscles and
exocrine glands and which displey a high affinity for
4-DAMP?, hexahydro-sila-difemidol and related com-
pounds!®-1t, Both M, and M3 muscarimc receptor types
show low affinity to pirenzepine!2,

Recent cloning studies have confirmed the hetero-
geneity of muscarinic receptors from different spe-
cies?-17. Five different muscarmic receptor proteins
(mi-m5) have been cloned which means that two
receptor types (md and mS5) are not characterized yet
from a pharmacological point of view. Despite the
impressive results obtained by molecular biology stud-
ics, much remains o be learned of the relationship
between the acetylchonnre binding site and the func-
tional machinery of muscannic receptors, and only
attle is known of the topography of the acetylcholine or
antagonist binding sites. The latter relationship
assumes increased importance if one considers that
agonists and antagonists may occupy different binding
sites’®9. As part of our attempts to characterize
muscarinic receptor subtypes and to elucidate the
mode of binding of antagonists, we have developed a
series of potent and selective muscarinic antagomsts
(the pretotype of which is methoctramine, Fig. 1). Here

we summarize an approach we have employed n the

decion af  mothactraming vnlate
2, ethactraming
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Department of Pharmaceutical Sciences, Universily of Bologna, Via
Belmeloro 6, 40126 Bologna, Italy and *Department of Chrmical
Saences, Umiversity of Camerino, 52032 Camermo (MC), Italy

ligands in order to verify whether polymethylene
tetraamines act as divalent igands interacting with two
vicmnal binding sites

Divalent ligand approach

The possibility that polymethylene tetraamines
behave as divalent ligands, which can be defined as
molecules that incorporate two discrete pharmaco-
phores hinked through a spacer, derives from their
evident symmetry (Fig. 1). This may indicate that the
two 1,w-alkanediamine moseties (pharmacophore a) o,
simply the two terminal N-substituted groups (phar-
macophore b) of methoctrammne (Fig. 1: n = 6, m = 8)
could recogmize two similar if not identical sites. The
length of the spacer could be respensible for the
selectivity by allowing bndging n one receptor
subtype, but not in another, as schematically shown in
Fig. 2. In the light of this it is noteworthy that
polyvalent ligands have been of value in probing the
interbinding site distances at pharmacological recep-
tors A classical example of such hgands 1s represented

(CH)y {CH)m (CH),

@\/\NH NH— NH ‘.-":/I@.
OMe : 4 MoO ;

Pharmacophoro b

Pharmacophore a

Fig 1 Chemical structure of polymethylere tetraamines, the
prototype of which 1s methoctraming (n = 6 m = 8} Cirrles
inaicate that 6-(2-methoxy)benzyl-1,6-hexanedianmine (a) and
2-methoxybenzylamine (b) are possible pharmacophores of
tetraamines considered as divalent higands In a dvalent
igand two molecules of a pharmacophore are linked via a
spanning chain
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Fig 2 Possible mechanisms of interaction of a divalent igand
with a pharmacologica: receptor The squares represent the
pharmacophore whereas the shaded areas indicate the
recepltor with its binding sites (a) The length of the spacer
permits the divalent ligand to occupy two vicinal sites which
are identical or homologous (b) The length of the spacer does
not allow the dwalent hgand to brdge two sites, only
monovalent binding will occur (¢} Provided that spacer length
allows interaction, the divalent igand may occupy a recogni-
tion receplor site and, with the second pharmacophore, a
neighbcring accessory site which 1s umique for that receptor

by the bis-onium cholinergic blocking agents20. More
recently, the divalent ligand approach has been used
successfully to probe opiate receptor subtypes?1-24,

The selectivity of a divalent ligand can, in prinaiple,
be ascribea to two mechanmsms?, A first mode of
interaction is possible when the length of the spacer is
long enough to allow both pharmacophores to occupy
two similar if not identical vicinal receptor sites (Fig. 2a)
whereas the other possible mechanism mvolves the
bridging of a receptor site and a neighboring accessory
site (Fig. 2¢). Although the additional binding energy to
an accessory site might be lower than that to a
recognition receptor site, 1t can, nevertheless, contri-
bute to the selectivity of a divalent ligand.

Design strategy

Polymethylene tetraamines were first developed as
«-adrenoreceptor antagonists (the prototype of which
is benextramine)?®. However, the significant antimus-
carinic activity displayed by benextramine stimulated
our interest in defining the structural requirements
which would have enhanced antimuscarinic potency
while having no or iow affinity for «-adrenoreceptors.
It oon became apparent that the disulfide bridge
of benextramine is of paramount importance for
a-¢ drenoreceptor inhibition whereas it is absolutely
uniecessary for antimuscarinic potency since its
ref lacement by two methylenes yielded a compound
wh cii retained aifinity for muscarinic receptors but iost
«-adrenoreceptor blocking properties®27. Thus, poly-
methylene tetraamines lacking the disulfide moiety
were the starting point in the design of new antimus-
carinic agents. Three types of structural modifications
were performed on benextramine in order to determine

Z

which features contribute to affinity and whether some
of these factors could be manipulated to create selec-
tivity at muscatmic receptor subtypes®.29:

1. Variation m the length of the carbon chamn
separating inner from outer nitrogens as well as inner
nitrogens;

2. Incorporation of substituents on the four m-
trogens;

3 Variation in the number of basic nitrogens.

Structure~activit. - lationships

The carbon ¢ . » length separating the four m-
trogens of polymeinylene tetraamines proved to play a
crucial role m both affinity and selectivity toward M,
but not M; muscannic receptor subtypes (Fig. 3). It is
evident that all tetraamines studied were at least one
order of magnitude more potent in the atrium than in
ileum, which clearly indicates that the carbon chain
length has a divergent effect at M and M3 muscarinic
receptors. The result was that potency in the atrium
(M,) hag a defimte peak for methoctramine, which
bears an eight-carbon chain (m) between the inner
nitrogens and a six-carbon chan (1) separating the
inner from the outer pitrogens whereas the affimties of
methoctramine and of its homologs in the ileum (M3)
not only were lower than that in the atrium but also did
not differ significantly from each other The conclusion
1s that optimum affinity at M; receptors depends on the
number of methylenes whereas at My receptors the
antimuscarinic potency of tetraamines 1s not related to
that distance.

In attempting to answer the question of whethier a
tetraamine moiety or a 1,w-alkanediamine or simply a
N, N-disubstituted amine might be the pharmacophore,

@—CHZNH(CHZ)nNH(CHZ)mNH(CHz)nNHCHz

OCH, CH,0
(a) (b)
8
71
pAg ®
6 A
3 s .
A 4 Seea ’
- ‘Q‘~. , . ’
R ,” -’ o
§~."'-"
5L
5 6 7 8 9 1¢ 1112 13 14 5

g ol
~ b

Fig. 3. Relawonship between muscannmic antagorst potency
and the carbon chain length in polymathylene tetraaminss in
guinea-pig paced left atrum (@) and guinea-pig and rat ileur
(a),(8).n =6,m=5-14,(b) n = 5-7, m = 8 (Data taker. from
Refs 28 and 29 )
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TABLE | Affimity constants for unsymmetrical amines (incor-
porating one, two or three fewer nitrogens than methoctram-
ing) for muscarninic receptors in guinea-pig teft atum (M,) and
ileum (Mj3)

CH,NH(CH,) X
OCH,
X pA2 My:M;
selectivity

atrium ileum ratio
Methoctramine 797+£005592+004 112
-+ HCI 512+0052  <b&v >1
-NH, 2HCI 5143009 5040142 1
-NHCH; 2HCI 5400052 <5v >3
NH(CH,)aCH; 2HCI 548 £ 006 <& >3
-NH(CHj)eNH, 3HCI 616 £0.04 528+ 006 8
-NH(CH,)gNHCH; 3HCI 6 70 £ 006 583004 7

Expenments were performed as described in Ref 29 pA,
values + s e were calculated from Schild plots, constrained to
slope —1 0 [t was always verfied that the expenmental data
generated a hne whose derived slope was not significantly
different from umity (p > 0.05) Dose-ratio values were
calculated at three different antagonist concentrations, and
each concentration was tested at least five times Parallelism
of dose-response curves was checked by linear regression,
and the slopes were tested for significance (p < 005) The
Mz Mjz selectivity ratio is the antilog of the difference between
tha pA, values at atnal and real muscannic receptors,
respectively Carbachol was the agonist used

a pK,, value dernved from a single concentration ® Inactive up
to a concentration of 10 um

1t became essential to venify the importance of the four
basic nitrogens on activity among the polymethylene
tetraamine class of antimuscarinic agents. Unsymmet-
rical analogues of methoctramine incorporating one,
two or three fewer nitrogens were therefore synthe-
sized and, as can be seen in Table I, sharp decreases in
M, muscarinic blocking activity were observed after
removal of either one or two nitrogens. The mono-
amine (X = H; Table 1) is as active as diammes [X =
NHaz, NHCH;, NH(CH,)sCHj; Table I}, which indicates
that the second nitrogen apparently does not contri-
bute significantly either to affinity or to selectwity.
However, the most strniking result was the finding that
monoamine and diamines are not only almost three
orders of magnitude less potent than methoctramine at
M, receptors but also incapable of discriminating
between M, and M3 muscarinic receptor types. The
triamines [X = NH(CHy)gNH;, NH(CH,)sNHCHS;;
Table 1] are significantly more potent at M, than at M3
receptors although to a lesser extent than methoc-
tramine,

in order to nvestigate turther the role of basic
nitrogens, we replaced alternatively inner and outer
nitrogens with ether andfor amide functions. The
results assembled in Table II clearly indicate that four
amine functions are required for optimum activity at M,
muscarinic receptors.

Finally, w1 order to define the structural requirements
of the binding sites where the two terminal nitrogens of
methoctramine interact, it was necessary to prepare
unsymmetrical tetraammes in which one of the two
2-methoxybenzyl groups was replaced by other moi-
eties. Table III clearly shows that optimum activity at
M, muscarinic receptors is retained by methoctramine
which bears a 2-methoxybenzyl group on both terminal
nitrogens. In fact, replacement of even one 2-methoxy
function by a hydrogen caused a definite, albeit modest
decrease in potency. Replacement of the second
2-methoxy function by another hydrogen atom yield-
ing a symmetrical tetraamine, the benzyl analogue of
methoctramine (not shown)®, resulted 1n a further
decrease in M, muscarimc blocking activity. A similar
effect was observed by replacing the 2-metboxybenzyl
group with a methyl or a hydrogen (Table IiI). These
results indicate that the binding sites, where the
terminal nitrogens of methoctramine interact, may
have similar if not identical structural requirements.

Mode and site of action

The results obtammed so far with methcctramine
clearly indicate that we are faced with the most
selective M, muscarinic antagonist available today and
point to a dual mode of interaction with the M,
muscarinic receptor (for reviews, see Refs 4, 5 and 30):
competitive ai low concentration (= 1 M) and allosteric
at high concentrativns (> 1 um). This denves from the
observation that, in ¢ontrast with functional experi-
ments in paced left atria where a competitive mechan-
ism of inhibition of M, receptors by methoctramine has
always been found?, high concentrations (> 1 jm) of
methoctramine markedly influenced the dissociation of
[FHINMS32 and [3H]dexetimide3? from cardiac mem-
branes, in agreement with a noncompetitive mode of
action. It should be noted, however, that methoctram-
ine displays such noncompetitive behavior at a concen-
tration 100-fold higher than its affinity constant at M
receptors. Very recently, another cardioselective antag-
onist, AF-DX 116, has been shown to exhibit allosteric

TABLE I Affimty values for diamines related to methoctramine
for muscarnnic receptors in guinea-pig left atrum (M) and
leum (Mz)

[ CH,NH-X-(CH,)-Y-(CH,) 47,
OCH,
X Y pA, M2:M;
selectivity

atrium ileum ratio
CHz  CHoNHa 797+005 5921004 112
CH, CONHPb 630+£0.10 53540 14¢ 9
Co Ciighitiv bbb/ 1002 6522015 1
CHy  CHy0¢ <5e <5¢ —

For expenmental details, see legend to Table I.

a Methoctramine ® Obtaned as dioxalate salt ¢ pK,, vaiue
dernived from a single concentration ¢ Obtained as dihydro-
chlonide salt, ¢ Inactive up to a concentration ¢f 10 ju.
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TABLE I} Affinty values for unsymmetncal tetraamines
related to methoctramine for muscannic receptors in gunea-
pig left atnum (Mj) and iteum (Mj)

CHyNH(CH,)eNH(CH,)NH(CH,)NHR - 4HCI

R pAg Mz : M3
selectivity

fleum ratio

atrium

2-CH30-benzyla 7974005 592+0.04 112

Benzyl 756003 582£005 55
CHy 737%007 562+008 56
H 7.08£0068 571+006 23

For expenmental details, see legend to Table |
a Methoctramine.

antagonism, behaving like gallamine and methoctram-
ine in slowing the dissociation of [3H]dexetimide from
cardiac muscarinic receptors?, These findings are not
surprising if one considers that the cardiac muscarinic
receptor bears an allosteric site at which several
compounds bind. This has been observed with gallam-
me’?, hemicholinium®, alkane-bis-ammonium com-
pounds3536, Ca2+ antagonists® and antiarrhythmics8

Whatever the interachon mechanism of methoctram-
ine may be at high concentrations, 1t has been demon-
strated that in the range 10-1000 nm it is a competitive
antagonist 1n both functional and binding stuaies®S.
Furthermore, the high affinity of methoctramine in
binding to rat and bovine cardiac membranes parallels
the affinity found in functional assays with cardiac
preparations®. Moreover, binding results correlate with
functional in-vwo studies where methoctramine discri-
minates markedly between cardiac M, and ganglionic
M; muscarinic receptors in the pithed rat32.39,

A second very interesting aspect concerning poly-
methylene tetraamines relates to their possible site of
action. The finding that four basic nitrogens are
required for optimum activity (Tables I and 1f) strongly
suggestc that methoctramine interacts with four
nucieophiles located on the receptor. Furthermore, the
observation that in the symmetnical polymethylene
tetraamines, where the bridging carbon chain length
between two molecules of the monovalent ligand
6-(2-methoxy)benzyl-1,6-hexanediamine was changed
from 5 to 14 methylenes (Fig. 3), affinity for M,
recepters varied significantly with the spacer length
and a definite peak of activity was observed at 8
methylenes clearly sugeests that tetraamines mav
mnteract with two sites 2* ~x appropriate distance from
each other. Most mer'.anustic formulations assume that
the primary event in drug-muscarnnic receptor mterac-
tion involves the cationic head group of the drug (the
quaternary ammonium or protonated amine moiety)
and an anionic group on the receptor presumably

.

provided by an aspartate or a glutamate residue. An
analysis of the primary structure of cloned muscarinic
receptors’3-17 reveals that only five acidic residues are
conserved among the amino acid sequences of the
different receptors, aspartates 69, 97, 103 and 120 and
glutamate 382 (porcine m2 sequence numbermg)!t.
Since glutamate 382 is intraccllularly located, the four
aspartate residues are prime candidates for the site of
interaction by muscarinic igands, both agonists and
antagorusts. Curtis ef al.'8 and Hulme ¢f al 1 reported
recently that [PHjpropylbenzylcholine mustard alkyl-
ates two carboxylate groups, which were shown by the
peptide mapping technique to reside within the thurd
transmembrane segment. On the basis of site-directed
mutagenesis studies, the hypothesis was advanced
that aspartate 113 of the [}-adrenergic receptor {con-
served as aspartate 103 in m2 receptors) 1s part of the
ligand binding site’®4!. Considering the analogy

Extraceitular space

Cytoplasm

Fig 4 Schematic representation of the interaction between
polymethylene tetraamines and M, muscannic receptors The
receptor is lustrated with Its seven transmembrane segments
(shaded rectangles) connected to each other by intra- (12,
3~ and 5-6) and extracellular (2-3, 4-5 and 6-7) loops (sohd
lines) The acidic residues, aspartates 69 97, 103 and 120 1n
transmembrane domains Il and NI, and aspartate 173 and
@lutamates 172 and 175 in the extracellular loop 4-5, are
ndicated by © to denote thewr anionic nature Methoctramine
15 represented with a bold lne connecting four positive
charges (the four basic mitrogens) and ending with Ar
(2-methoxybenzy! groups) The primary event of th2 interac-
tion might take place between a terminal mitrogéen of methoc-
tramine ana glutamate 175 and aspartate 173 (or glutamale
172) on the extracellular loop 4-5 This binding would be
reinforced by the interactior of Ar with an approprale area
(broken crcle) and would case v oy of o ~pninemasany!
cnange, the penetration of methoctrarmine mnto the third
transmembrane domain of the recepltor foliowed by the
interaction with aspartates 97 and 103 This hypothetical mode
of action does not apply to other muscannic receplor sublypes
because aspartate 173 and glutamates 172 and 175 are not
conserved thus giving a possible explar ation for the selective
binding of methoctramine
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between f-adrenergic and muscaiinic receptors, a
smilar role for the corresponding aspartate of mus-
caninic recepturs in hinding the positively charged
anupe group of the muscarinic ligands has been
propes :d! #1, Thus, it appears that several aspartat~
residues might be involved in birding muscarinic
ligands.

Although data on the protonation of the four
nitrogens of methoctramine in physiological salt solu-
tion are not available yet, we have proposed™ that .ne
four positively charged nitrogens of mzthoctramine
interact wi.h the four aspartate residues located 1n the
second and thid transmembrane segments The
mmportance of positively charged nitrogens of methoc-
tramine has been confirmed by the low activity show ..
by compounds obtained by replacing an amine ‘func-
tior with an amide or an ether moiety (Table Ii).
Although 1n agreement w'th the previously propoced
topographical model®, present results car be rational-
1zed by admitting that methoctramine may interact
differently with the receptor. In fact, the amino acid
sequence 0f m2 muscarinic receptors incorporates three
acidic residues in the loop 4-5, aspartate 173 and
glutamates 172 and 175, which are not conserved in
other muscarinic receptors and which may account for
selective binding of certain antagonists such as methoc-
tramine 1f one considers that these residues are easily
accessible since they are located n the extracellular
space. The results assembled in Table I support this
view since diammmes {X = NH,; NHCH; and
NH(CH,);CH,}, that s, half methoctramine, are weak
antagonists at both M, and M; receptors, suggesting
that the high affinuty of tetraamines for M, receptors is
the result of an additional interaction at a second site,
which 1s lacking in M; receptors. Figure 4 shows an
hypothetical model in which methoctramine interacts
with aspartates 97 and 103 located in the third trans-
membrane segment. A further interachon with aspar-
tate 173 or glutamate 172 and glutamate 175 located in
the loop 4-5 may represent its interaction with the
allosteric site where antagonists such as gallamine also
bind. Thus, in this model, aspartates 69 and 120, which
are buried into the membrane, are possible but less
likely contenders for the binding of methoctramine
than the acdic residues located in the loop 4-5. This
view 15 1n agreement with the peptide mapping studies
and the general belief that the binding site, which may
be represented by aspartate 103 in analogy with the
f-adrenergic receptor!®#!, has to be at least partly
exposed to the extracellular side.
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Pharmacology of hexahydro-difenidol,
hexahydro-sila-difenidol and related selective
muscarinic antagonists

G. Lambrecht, R. Feifel, U. Moser, M. Wagner-Roder,
L.K. Choo!, J. Camus?, M. Tastenoy?, M. Waelbroeck?,
C. Strohmann3, R. Tackes, ].F. Rodrigues de Miranda?,

J. Christophe? and E. Mutschler

A series of hexahydro-difenidol (HHD) and hexahydro-sila-difenidol (HHS1D) analogues modified mn the
amino group, the phenyl ring and in the alkylene chain were tvestigated for their binding and functional
properties at muscarinic My, My and M; receptors. Novel muscarinic receptor antagonists were obtaed
which exhibited different receptor selectivity profiles from the parent compounds HHD and HHSID (M; =
M; > M,), e.g. HHD and HHSID methiodides, M; > Mz = M3 p-fluoro-HHSID, M3 > M; > My
trans-hexbutenol, My > M3z > My; and (s)-p-fluoro-hexbutinol, Mz > M, = M;. Stereoselectivity ratios
[(R)(s)] for the enantiomers of HHD, hexbutuol and p-fluoro-hexbutinol were highest at My, mtermediate

at M3 and lowest at M receptors.

A senies of structurally related carbon/siiicon analogues
of the antiparkinsonian drug pridinol were invest:-
gated for their binding and functional properties at
muscarinic receptor subtypes (Figs 1 and 2)*-°. The
binding affinities of the compounds were similar to
their antimuscarinic potencies in functional exper-
iments. All compounds with a centre of chirality were
investigated in these studies as racemates.

Pridinol exhibited high affimty for M; receptors n
NB-OK 1 cells whereas its affinities for M, receptors in
rat heart and M; receptors in rat striatum were lower by
factors of 10 and 2.5, respectively (Fig. 1). Trihexy-
phenidyl, procyclidine and biperiden showed qualitat-
wely similar selectivity profiles to that of pridinol (M; >
M3 > M,), but the affinities of trihexyphenidyl and
biperiden for M; over M, receptors were higher
(25-fold) than those of pridinol and procyclidine (10-
fold). Replacement of the central carbon atom by a
silicon atom n these compounds had only moderate
mnfluence on affinity and selectivity. In contrast, the
pyrrolidino analogue pyrrinol was a weaker antimus-
carinic agent with a small preference for M; and M3
over M, receptors (= 3.5-fold). Sila-substitution of
pyrrinol increased its affinity for all subtypes up to

Department of Pharmacology, University of Frankfurt, Theodor-
Stern-Ka1 7, Gebaude 75A, D-6000 Frankfurt/M, FRG. !School of
Pharmacology, Victorian Coliege of Pharmacy, 381 Royal Parade,
Parkville 3052, Victoria, Australia. 2Department of Biochenustry
and Nutrition, Medcal School, Free Unwersity of Brussels,
Buniceard de Waierivo 115, B 1G00 Brusscis, Beigium. *institiac of
Inorganic Chemistry, Unwersity of Karlsruhe, Engesserstrasse,
D-7500 Karlsruhe, FRG. 4Department of Pharmacvlogy, Umversity
of Nymegen, Geert Grooteplemn noord 27, NL-6500 HB Nyntege:.,
The Netherlands.
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13-fold, the increase being greatest for M; receptors.
Thus, sila-pyrrinol showed the same receptor selec-
tivity profile as pridinol.

Altering the chain length between the amino group
and the central atom ‘El” from two to three methylene
groups in trihexyphenidyl, procyclidine and their
silicon analogues (Fig. 1) changed the receptor selec-
tivity profile of these compounds. Thus, HHD, homo-
procyclidine and their silicon analogues exhibited
similar hugh affimities for M, receptors in rabbhit vas
deferens and for Mj receptors in guinea-pig ileum,
whereas their affinity for M, receptors in guinea-pig
atna was much lower (Fig. 2). Like pyrnnol (Fig. 1),
diferudol and homo-pyrrinol were weaker antagonists
than their silicon analogues (Fig. 2). However, the
increase in antimuscarinic potency produced by sila-
substitution again was not the same for all receptor
subtypes Thus, sila-difenidol and homo-sila-pyrrinol
showed selectivity profiles different from their carbon
analogues and gave a better differentiation: between M,
and M; receptors.

Hexahydro-(sila-)difenidol analogues

Structural modifications of HHD and HHSID mol-
ecules were undertaken in a search for Mj-selective
antagonists. Changes included introduction of substi-
tuents in the phenyl ring, N-methylation of the piperi-
dino ring and incorporation of a double or a triple bond
into the alkylene ch.in (Fig. 3). Although, in both
functional and binding studies, the racemic parent
compounds HHD and HHSiD showed the same recep-
tor selectivity profile (M; = M3 > M,) (Table I),
ctrirctniral madificatione reanlted in differences in theece
profiles. As all these analogues possess a centre of
chirality, the affinities of the :ndividual enantiomers of
HHD, hexbutinol and p-fluoro-hexbutinol were also
nvestigated.
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Fig 1 Affimty values (pK,) of
antagomists (C/Si pairs) in intubit- 9-
ing specific [3HINMS binding at
muscannic M, receptors in
human NB-OK 1 cells (R), M:
receptors in rat heart (@) and M;
receptors in rat pancreas [(sila)t- 8-
nhexyphenmidyl,  (sia-)procych-
dine, (sia)bipeniden] or rat
striatum [(sila-)pridinol, (stla)py-
mnol] (A) Experiments were
performed as previously de-
scnbed'.'4 Competition curves 74
were analysed by fiting the data
to a one binding site mode!

pK; values

‘s

NS
HO—Et~CHy~CHz~R?
h

Effect of substituents in the phenyl ring

A methoxy substituent in the ortho, meta or para
posttion or a p-chloro substituent i the phenyl ring of
HHSID reduced the affiuty to the three muscarinic
receptor subtypes up to 20-fold. The o-methoxy and
m-methoxy analogues retained qualitatively the same
seiectivity profile as the parent compound HHSID (M,
= M; > My), but the p-methoxy and p-chloro denva-
tives showed a small (2.5-fold) preference for M;
receptors, which was more pronounced in the case of
the p-fluoro analogue, p-fluoro-HHSID (Table II). This
selectivity (M3 > M; > M,) is due to the fact that the
p-fluoro substituent led to a decrease in M; and M,

v ————————
S ——a———
c si

"0 O O O
RO TS B SES

{Sia-)Pridinol  \Sda-)Pytrinol (SBa)Tri- (Sits-)Pro-
he) cychdine

(Sta)Bl
periden

antimuscarinic potency with minimal influence on the
affinity for M3 receptors compared to HHSIiD.

In contrast, the affinity profile of the corresponding
carbon analogue p-fluore-HHD was similar to that of
the parent compound HHD (Table I) The affinity
values (pA;) of p-fluoro-HHD in rabbit vas deferens
(M), guinea-pig atria (M,) and ileum (M) were 7.6, 6.6
and 7.9, respectively. Thus, while the affinity and
selectivity of HHD and HHSID were essentially similar
(Table I), those of the two p-fluoro derivatives were
different.

The affinities of p-fluoro-HHSID were also deter-
mined using ganglionic (M,), atrial (M;) and iieal (Mj)

PA, values
Fig 2 Antimuscannic potencies
(PA, values) of C/St parrs at
muscannic M, receptors in rabbit
vas deferens (M), M, receptors in 8-
guinea-pig atna (®) and M;
receptors in guinea-pig Heum
(A) Expenments were perfor-
med as previously described -3
7 -
6..
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Ring substituents

R
Quaternization
R \
HOEl~CH ~CHy~CH N, >
El = C, Si \ Cis
Configuration Double bond
\Trans
Triple bond

Fig 3. Structural modifications of hexahydro-difenidol (El = C)
and hexahydro-sila-diferidol (El = Si). (%, chiral centre.)

preparations of the rat® and in binding studies using
homogenates of calf superior cervical ganglia (M;). As
shown in Table IIl, the affinity values of p-fluoro-
HHSID in calf ganglia and rat atria and ileum were
similar to those found in rabbit vas deferens and
guinea-pig atna and ileum, respectively (Table II).
Although the pA; value at M, receptors in rat superior
cervical ganglia was about threefold higher than that
found in rabbit vas deferens, overall these data suggest
that the receptor selectivity profile of p-fluoro-HHSID
and that of the parent compound HHSID are species
independent.

Effect of N-methylation

HHD and HHSiD methiodides were investigated for
their binding affinities in NB-OK 1 cells (M), rat heart
(M) and pancreas (M3) {Table I)!. Quaternization of
HHD and HHSID increased the affinity for M; and M3
receptors up to 20-fold, this increase being greatest at
cardiac M, receptors. In contrast, the affinity of HHD
for M; receptors in pancreas was not changed by
N-methylation, and that of HHSIiD was increased only
2.5-fold. Thus, N-methylation of the tertiary amines
changed the receptor selectivity pattorn from My = M,
> M; to M; > M; = M for the two methiodides.

TABLE |. Affinity values from binding (pKj) and functional
(pAz) studies of hexahydro-difertdol (HHD), hexahydro-
sila difemdol (HHSID) and ther methiodides HHD+ and
HHSID+ at muscarinic receptor subtypes

M, M, M,
Drug pKi pA;  pKi pA; pK, PpA;
HHD 79 78 88 67 79 80
HHSID 79 79 68 65 78 80
HHD+a 86 8.1 79
HHSID*» 88 80 82

Binding expenments were performed in NB-OK 1 cells
(M), rat heart (M;) and pancreas (Mz) using [3H]NMS as
radiokgand! pA, values were determined using rabbit
vas deferens (M), guinea-pig atna (M,) and ileum
(M3)1-3.12, spA, not determined.

— — =

Similar results were obtained with p-fluoro-HHSID
and its methiodide (Table II). N-methylation of the
tertiary amine increased the affinity for M; receptors in
rabbit vas deferens and M; receptors in guinea-pig atria
by 25- and 50-fold, respectively, whereas the affinity for
M; receptors in guinea-pig ileum was not affected, thus
abolishing the selectivity between M; and M; receptors.

Olefinic analogues of hexahydro-difenidol

HHD is a flexible molecule and little is known about
the conformation involved in its interaction with
muscarinic receptor subtypes’. Therefore, conforma-
tionally restricted olefinic analogues of HHD may be of
value in investigating the stereochemical requirements
for blockade of muscarinic receptor subtypes?. Intro-
duction of a double bond into the HHD molecule (Fig.
4) with substituents in trans configuration (trans-hex-
butenol) increased the affinity for M; and M, receptors
by factors of 10 and 6.3, respectively, whereas the

TABLE Il pA; values of hexahydro-sila-diferidol (HHSID)
and phenyl nng-substituted analogues for muscannic
receptors

pA; values
Drug M, M, M;
HHSID 79 65 8.0
0-CH30-HHSID 68 58 67
m-Cka0-HHSID 67 55 67
p-CHy0-HHSID 57 56 71
p-CHHHSID 67 55 71
p-F-HHSID 6.7 60 78
p-F-HHSiDmethiodide 8t 77 78

Values were determined as indicated n Table 12.3 12

affinity for M; receptors was not significantly char _d
(Table IV). Thus, trans-hexbutenol showed a receptor
selectivity profile (M; > M3 > M) different from that of
HHD The affinity of cis-hexbutenol was lower than
that of the trans-isomer for the three subtypes, indicat-
ing that extended rather than folded conformations are
more important for the interaction of HHD with the
muscarinic reccptors.

The difference in affinity of cis- and frans-hexbutenol
was highest at M; (50-fold), intermediate at M, (ten-
fold) and lowest at M; receptors (fourfold), resulting in
different receptor selectivity profiles for the two iso-
mers (cis-hexbutenol, Mz > My > M,; trans-hexbutenol,
M; > M3 > M,).

Acetylenic analogucs of hexahydro-difenidol and
effect of absolute configuration

Acetylenic analogues of HHD, the carbon chain of
which is constrained to he inear were alen investigated
(Table V; Fig. 5).

(r)-HHD exhibited high affinity for M; receptors in
rabbit vas deferens as well as for M; receptors in
guinea-pig ileum. Its affinity for M, receptors in
guinea-pig atria was lower by factors of 50 and 25,
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TABLE IIl. pK, and pA; values of hexahydro-sila-difenidol

(HHSID) and p-fluoro-hexahydro-sita-difenidol  (p-F-
HHSID) at muscarinic receptor subtypes
Calf Rat
superior supetior
cervical cervical
ganglia® ganglia® atria ileum

Drug pKi(M1) pA2(M;) pAz(M;) pAz(M;)
HHSID 7.6 75 6.2 7.8
p-F-HHSID 69 7.2 60 7.9

aBinding experiments were performed with CSCG
homogenates using [3H)(+)-telenzepine as radio-
ligand?

bAntagonism of muscarine-induced depolanzation3.

respectively. Introduction of a triple bond into (r)-HHD
increased the affinity for M, and M3 receptors by factors
of 6 and 2.3, respectively, whereas the affinity for M,
receptors was not significantly changed. Thus, while
(R)-hexbutinol shows a receptor selectivity profile
qualitatively similar to that of (r)-HHD, the degree of
selectivity for M; and M3 over M, receptors is smaller
than that of (r)-HHD (Table V). The high antimus-
carinic potency of (R)-hexbutinol substantiates the
conclusion that extended rather than folded conforma-
tions of HFID interact with the muscarinic receptors.

The affinity of (r)-hexbutinol for the three muscarinic
receptors was reduced by p-fluoo substitution, but
(R)-p-fluoro-hexbutinol showed a small preference for
M; over M; receptors (2.5-fold), and the selectivity for
M; over M, receptors was enhanced.

In general, the (s)-enantiomers were less potent than
the (R)-isomers. However, introduction of a triple bond
into the HHD molecule as well as p-fluoro substitution

HO
\C CH;—N )
\C'-= C/
AN
H/ H
HO\
C H

Fig. 4 Chemical structure of cis-hexbutenol (top) and trans-
hexbutenol {bottom).

of hexbutinol had different effects on affinity of the
(s)-isomers in comparison with the (r)-enantiomers at
the three subtypes. (s)-HHD was a very weak mus-
carinic antagonist showing no muscarinic receptor
selectivity. Introduction of a triple bond into (s)-HHD
increased the affinity for the three subtypes up to
tenfold, but there was also no muscarinic receptor
selectivity.

Comparison of (s)-hexbutinol and (s)-p-fluoro-hex-
butinol showed that the p-fluoro derivative exhibited a
higher affinity for M3 receptors, whereas its antimus-
carinic potency at M, and M, receptors was the same.
Thus, fluoru substitution in the para position of the
phenyl ring of (s)-hexbutinol enhanced its low M;
selectivity. The receptor selectivity profile of (s}-p-
fluoro-hexbutinol (M5 > M, = M,) is different from that
of the (R)-enantiomer (M3 > M; > M;) and p-fluoro-
HHSIiD (M3 > M; > M,) (Tables Il and 1iI).

As far as stereoselectivity is concerned, there are two
noteworthy findings (Table V). First, stereoselectivity
at the three muscannic receptor subtypes is greatest for

TABLE IV Comparnison of the affimties (pA, values) of
hexahydro-difenidol and of ¢is- and trans-hexbutenol at
muscarmic receptors

Stereo-

pA, values* selectivityt
Drug My M, M3 My M, M
Hexahydro-
difenidol 78 67 890
trans-
Hexbutenol 88 75 8.1
cisHexbutenol 71 65 75 90 104

apA, valies were determined as indicated in Table |
btrans/cis ratios, given as a measure of stereoselectivity,
were calculated from the antilogs of the differences
between respective pA, values.

HHD, intermediate for hexbutinol and lowest for
p-fluoro-hexbutinol; this stereoselectivity is not gener-
ally associated with high affinity of the more potent
isomer. Second, the stereoselectivity ratios consistently
show the same order: My > M; > M,. This implies that
the stereochemical requirements of the muscarinic
receptor subtypes are different for the enantiomers of
HHD, hexbutinol and p-fluoro-hexbutinol, being most
stringent at M; receptors. Thus, stereoselectivity ratios
can be used : uccessfully as a parameter to characterize
muscarinic receptor subtypes. Similar results have
been obtained with the enantiomers of telenzepine?®,
biperiden?® and tritiexyphenicyltl.

Conclusions

The affinity and selectivity for muscarinic receptor
subtypes of pridinol/sila-pridinol and HHD/HHSID
analogues are controlled by: the nature of the central
atom ‘El’ (carbon or silicon) and the absolute configura-
tion at ‘El’; the nature of the ring systems bound to ‘El’;
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' ‘ TABLE V. pA, values and stereoselectivity (R)(S)] ratics the structure of the amino (ammonium) group; the

. | ! of the enantiomers of hexahydro-difenidol (HHD), hexbuti- nature (length, presence of muitiple bonds) of the
nol (HBN) and p-fluoro-hexbutinol (p-F-HBN) at mus- carbon chain that connects ‘El’ and the amino group; .
carinic receptors substituents on the phenyl ring. ‘

The structural and spatial requirements for binding
antagonists aie different for M;, M; and M; muscarinic
receptors, resulting in different receptor selectivity
profiles for the pridinol and HHD derivatives. It is
Dru M, M M M, M WM interesting that p-fluoro-HHSID and (s)-p-fluoro-hex-

g r 2 = 1 2 butirol are Ms-selective antagonists. The data suggest

Stereo-
pA; values® selectivityd

1

i (R)-HHD 87 70 84 g 1o 400 that muscarinic receptor subtypes may be identified

f i (S)-HHD 60 58 6.1 6 using stereoselectivity ratios of enantiomers of chiral

i P antagonists such as HHD, hexbutinol and p-fiuoro-

i ; (R)-HBN 88 78 88 80T "

: - (S)-HBN 68 68 74 100 10 50 hexbutinol. .
- ; ,% (R)-p-F-HBN 81 70 85
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Stereoselectivity of the interaction of muscarinic
antagonists with their receptors

Magali Waelbroeck, Michele Tastenoy, Jean Camus, Roland
Feifel*, Ernst Mutschler”, Carsten Strohmann*, Reinhold Tacke+,
Glnter Lambrecht” and Jean Christophe

The stereoselectivity of the interaction with muscarinic receptors of enantiomers of a series of chiral
antagon’sts is receptor subtype dependent. There is no overall relationship between stereoselectivity and
receptor affinity. Depending on the antagonist studied, receptor stereoselectivity may indeed reflect : (1) the
weakcm'n,z o loss of a single interaction involving one of the four groups bound to the asymmetric carbon;

(2) steric

indi1vce preventing optimum interaction of the low affimty stereoisomer with the receptor; and/or

(3) the inversiv: of the relative positions of two noieties of the ligand with similar structural and electrome
vroperties i.e. comparable affinities for the two corresponding subsites in 'he receptor.

Although at least 5 different proteins (termed m1 to m5)
have been identified as muscarinic receptor subtypes
(Ref. 1 and references therein), only three of them cao
be discriminated to date in binding rr phaimacological
studies2.

The following muscarinic receptor subtypes have
been characterized :

1. Both human NB-OK1 neurcblastoma cell line
receptors (in [3H]NMS binding studies3) and presynap-
tic rabbit vas deferens receptors (activated by 4-Cl-
MciNeil-A-343 in pharmacological studies?) show
typical ‘M,’ properties, comparable to the binding
properties of the m1 receptor protein.

2. Rat heart (C) receptors (in [PH]NMS binding
studies®) and guinea-pig atrial receptorsé (in pharmaco-
logical studies) have typical ‘My’ selectivity, compar-
able to the binding properties of the m2 protein?.

3. Binding sites with slow [PH]NMS dissociation rate
in forebrain {'B’ sites)®, rat pancreas [3H)NMS-labelled
binding sites?, and guinea-pig ileum smooth muscle
receptors® (functional studies) have very similar speci-
ficities. The binding properties of forebrain ‘B’ sites and
pancreas sites are not identical (see below). It is quite
possible that in the near future they will be subdivided
mmto ‘My" and ‘M subtypes. Since their binding
properties are very similar to the binding properties of
both m3 and m4 proteins, we shall hereafter call them
‘My’ receptors.

The M;/My/Ms; nomenclature we adopted in this
paper is that adopted for this symposium (see p. VII).

Why should we study receptor stereoselectivity?

The antagonist (and agonistj binding sites of mus-
carinic receptors are asymmetrical®, and hence gener-
ally capable of discriminating optical isomers of chiral

Departieit of Bischumiviry and Nugruion, Medical School, Free
University of Brussels, 115 Blvd of Waterloo, B-1000 Brussels,
Belgium. *Department of Pharmacology, Umwersity of Frankfurt/
M, Theodor-Stern-Ka, 7, Gebdude 75 A, D-6000 Frankfurt/M,
ERG, tIustitute of Inorganic Chemustry, University of Karlsruhe,
Engesserstrasse, D-7500 Karlsruhe, FRG.

drugs8-16. Thus analyses of binding and/or pharmaco-
logical properties of stereoisomers provide information
about binding site geometry.

For the sake of simplicity, we shall hereafter call
‘eutomer’ the isomer with greater affinity for receptors
and ‘distomer’ the lower affinity isomer!?, This nomen-
clature, proposed by Lehmann!? has the advantage of
classifying drugs on the basis of their pharmacological
and binding properties rather than on (somewhat
arbitrary) chemical priority rules. The ability of recep-
tors to discriminate between eutomers and distomers is
manifest in their affinity ratios, also called “eudismé~
ratio’’?. The logarithm of this ratio is the ‘eudismic
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Fig. 1 The eutomer-oK, values of telenzemnei2 trhavy.
phenidyl, procycliding, and benzetimide (dexetimide)’3,
trihexyphemdyl methiodide, hexbutinol, p-fluoro-hexbutinol,
hexbulinol methiodide, hexahydro-difemdol, tncyclamol, oxy-
phencychmire, QNB and its methiodide (unpublished resulls)
plotted as a function of their eucismic index for My (), Mz (B)
and Mz (a) receptors.
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Fig 2 1lhe eutomer pA, values of tnhexyphenidyi and its
methiodice 0, biperident?, phenglutanmide s,  hexbutingl,
p-fluoro-hexbutinol, hexbutinol methiodide and hexahydro-
diferidol (R. Feifel et al., unpublished results), procychding? 21,
tricyclamol?!, and QNB methiodide 18.19 plotted as a function of
their eudismic index for My (e), M» (®) and Mj (a) receptors

index’!” {measured as the difference between eutomer
and distomer pK, or pA; values), It is directly propor-
tional to the difference in the binding free energy of the
two stereoisomers.

Several studies support the hypothesis that the
eudismic indices at M;, My and M; receptors of
antagonists such as procyclidir.c and sila-procyclidine?,
trihexyphenidyl and its methiodide!¥, biperiden!!,
telenzepine’2, hexahydro-difenidol (Ferfel ef al., un-
published data), benzetimide!? or phenglutarimidel
vary. The eudismic indices of a senes of other antag-
onists were not significantly dissimular at different
muscarinic recepto. subtypes (see for example Refs
18, 19).

What does the ‘eudismic index’ mean?

It has been suggested that the eudisnuc index
correlates with the eutomer potency either when
considering the interaction of a single drug with several
receptor subtypes or that of various drugs with a single
receptor!?.

We did not observe any correlation between eudis-
mic index and affinity of the eutomer whether esti-
mated in binding (Fig. 1) or functional (Fig. 2) studies,

A first and easy interpretation of this obvious lack of
correlation is that the separation of the enantiomers of
most antagonists used was incomplete. This hypoth-
esis does not account for the lack of correlation shown
in Figs 1 and 2. Indeed, in the case of samples prepared
in our laboratories, the enantiomor purity was checked
by analytical methods and found to be higher than
99%. Furthermore, if we compare, for example, the
binding properties of benzetimide and QNB methio-
dide (Fig. 3), it is obvious that : (1) both eutomers had
comparable affinities at three muscarinic receptor

S ——— e ———

subtypes; (2) the QNB methiodide eudismic index was
much lower than that of benzetimide; and (3) these
binding properties of (r)- and (5)-QNB methiodide
were however sufficiently different to refute the
hypothesis that its low eudismic index was due to
incomplete eutomer and distomer separation. (r)-QNB
methiodide did not discriiminate between M, and M;
receptors whereas (s)-QNB methiodide preferred M,
over M; muscarinic receptor subtypes. The high optical
purity of QNB and QNB methiodide enantiomers (over
99%) was corroborated by the finding that the affinity
of (r)-QNB to M, receptors in rat heart was higher than
that of (s)-QNB by about 100-fold (see below, Fig. 5).

These results suggest that the binding propetrties of
two different molecules (i.e. the pure (r)- and pure
(s)-enantiomers) had indeed been compared, and that
muscarinic receptors, in several cases, discriminate
very poorly the two enantiomers despite their high
affinity for the eutomer (see for example Fig 3). This
indicates that factors other than affinity are invoived in
the capacity of muscarinic receptors to ciscriminate
between eutomers and distomers®.

Three models are proposed to explain the
stereoselectivity of muscarinic receptors for some
antagonists and their implication for our understand-
ing of drug-receptor interaction are discussed.

Stereoselectivily due to the loss of a single interaction
In the structure of benzetimide the four groups
bound to the chiral centre have very different electronic

DK, VALUES

NFXFTIM | FVETTM mane ® o @
Fig 3. Companson of the apparent pK, valus of dexatmide
((s)-berzetimide) and levetimide ((n)-benzetimide) and of (i)-
and (s)-QNB meth:odide (ONB @) observed after 2 hours of
incubation, using NB OK1, heart or pancreas homogenates

{My, Mz or Mj sites, respeclively)
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Fig. 4 Chemical structures of dexetimide (or (s)-benzetimige),
levetim:de (or (r)-benzelimide), (r)-QNB and (s)-QNB

and structv ral properties (Fig. 4). If, when dexetimide
{the eutomer) recognizes the receptor, the four groups
specifically interact with receptor subsites, it is reason-
able to expect that one of these groups will be incapable
of recognizing the receptor in the distomer configur-
ation. The very large eudismic indexes obtained in
binding or pharmacological studies between dexet-
imide and levetimide confirm that the four moieties at
the centre of chirality may interact strongly with the
recepor. the difference between the eutomer and
distomer binding free energies is at least 4.2 kcal/mol.

Stereoselectivity due to steric hindrance impeding
distomer binding

When comparing (r)- and (s)-QNB binding proper-
ties we observed relatively low eudismic indexes
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Fig 5 Companson of apparent pK, values of (s)- and (s}-QNB
and of (r) and (s)-QNB methiodide (QNB @), obtamied after 4
hours incubation with [3HINiMS at 25°C, in NB-OK1 (M, sites),
heart (M sttes), stnatum “B" (M, siles) or panicreas (M sites)
homogenates.

(considering the very high affinity of (r)-QNB) (Figs 4
and 5). N-Methylation of QNB decreased the affinity of
the (R)-enantiomer but increased the affinity of the
(s)-enantiomer; QNB methiodide bound with an even
lower endismic index than QNB at all receptor subtypes
studied. The cardiac M; and neurcblastoma M, recep-
tots were in fact virtuaily uynable to discriminate
between the (r)- and (s)-QNB methiodide enantiomers.
We would like to suggest nat, when the (r)-enan-
tiomer of QNB recognizes ...uscarinic receptors, its
protonated amino group is very close to the charge-
neutralizing (carboxyl) group of the receptor. The
resulting formation of a very strong ionic bend, would
produce a high energy barrier for breaking this bond so
that the corresponding dissociation rate of (r)-QNB is
low. When (5)-QNB recognizes muscarinic receptors,
its protonated aminc group might be unable to get as
close to the neutralizing group due to steric hindrarice
by the (s)-configurated quinuclidinyl group. Thus, the
affinity of (5)-QNB is lower but the distance between
the amino group of QNB and the neutralizing receptor
group becomes large enough to accommodate a methyl
group. (5)-QNB methiodide has, therefore, a greater
affinity than (s)-QNB for most receptor subtypes.

TABLE t Kinetic consturts of the interaction of QNB and QNB
methiodide eranticmers with M, recepinrs

kop,
(108m-1 Kot

t,
Antagonist min-1)  (min-1) (min) pKi
(r)-QNB 102 0.0092 75 100
(s)-ONB 1.1 060 12 8.3
(R-QNBO 256 011 63 94
(s)-QNB® 581 0.25 28 9.4

Tne association (k) and dissociation (Ko rate constants,
half tife of the complex and p#; values of (r)- and (s)-QNB ana
of {r)- and (s)-ONB methiodide (QNBD} in rat heart (My)
muscarnic receptors were calculated as described in Ref 20,
using the equations described by Motulsky and Mahan to
interpret the time deperdence of competition curves

This hypothesis is supported by the analysis of QNB
and QNB methiodide binding kinetics to cardiac M,
recepicrs, as outlined in Table I. (s)-QNB had a
markedly higher dissociation rate than (r}-QNB, a
result compatible with weaker short-range interactions
for the (s)-enantiomer. (R)- and (5)-QNB methiodides
showed very similar, intermediate dissociation rate
constants. The energy barner for dissociating the
(s)-QNB-receptox complex was increased by tne
presence of the N-methyl group.

It is very interesiing in this respect that (5)-QNB
methiodide displayed no higher affinity than (5)-QNB
for the M receptor subtvpe in striatum: the binding
subsi'es on the muscannic receptors for the quinucli-
diny] zroup probably have a subtype-dependent shape
or size. The QNB derivatives studied here appeared to
recogmze preferenbally the striatum ‘B’ (Ms) binding
sites, as oprosed to pancreas (Ms) binding sites (Fig. 5)
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TABLE Il. Potency of procychidine enantiomers, pyrnino! and
hexahydroprocyclidine at M, receptors

pK;valuesforrat pA,values for

striatal ‘B’ gulnea-pig ileal

Antagonist M;sites M; sites
(r)-Procyclidine 81 8.04

Pyrnnot 72(0.9) 6.91(1.13)
Hexahydroprocyclidine 7.0(1.1) 637(1.67)
(s)-Procyclidine 6.0 5.46
Eudisnuc index 2.1 2.58
Expected eudismic (2.0 (2.80)

indexa

Measured at stnatal Mz receptors by binding studies (as
described in Ref. 5), and at ileal My receptors by functionat
studies (Ref 21 and unpublished) Values in parentheses are
the differences between the drug pK, or pA; values and the
(r)-procyclidine pK, or pA, values.

2 Cerresponds to the sum of the values in parentheses (see
text for explanation)

suggesting that these binding sites belong to different
subtypes. It is unfortunately not possible at present to
correlate these binding properties with functional data
as (r)-QNB behaves in pharmacological studies as a
non-rompetitive antagomst!%:19, We were also unable
to assess the purity of the striatum ‘B’ subtype. Due to
its very slow binding kinetics, (R)-QNB competiticn
curves in pancreas were steeper than expected. The
‘normal’ competition curves obtained in striatum are
compatible either with the existence of a single receptor
subtype, or with the superimposition of two ‘steep’
competition curves at different receptor subtypes.

Stereoselectivity due to exchange of position of two
groups in antagonist binding site

In contrast to benzetimide (Fig. 4), two substituents
bound to the center of chirality of procyclidinz (Fig. 6)
possess comparable physicochemical properties. The
yclohexyl and phenyl moieties are both hydrophobic
and incapable of promoting hydrogen or ionic bonds.
To understand the forces responsible for the discrimi-
nation of procyclidine enantiomers by muscarinic
receptors, we concentrated on the binding properties of
procyclidine enantiomers and of two related achird!
compounds: hexahydroprocyclidine and the diphenyl

Q 8

HO®=C - CHy = CHp = @ HOB=C = CHp = CHa ~ O

{S} ~PRACCYCL IDINE (R) -PROCYCLIDINE

Ho-c-cue-cne-v@

HEXAHYORO-~
PROCYCLIDINE

Ho-c-cna-cna-o

7
b BYRRINOL

Fig. 6. Chemical structures of (r)- and (s)-procyclidine,
pyrnnol, and hexahydroprocychding.

derivative, pyrrinol (Fig. 6). Their affinities for striatum
‘B’ sites are compared in Table I with pharmacological
data obtained in guinea-pig ileum?! and unpublished
resuits (two systems with ‘M;” pharmacological pre ~or-
ties). In binding and functional studies, (r)-procycli-
dine was more potent than the (s)-isomer. Replacing
the cyclohexyl group by a phenyl group, or vice versa
(from (R)-procyclidine to pyrrinol or to hexahydrop-
rocyclidine), decreased the affinity by about one log
unit. The distomer {s)-procyclidine had a lower affinity
than the two achiral compounds, and the eudismic
index of procyclidine binding to M, receptors was 2.1.
As shown in Table II, affinity losses due to the
repiacement of the phenyl by a cyclohexy! and of the
cyclohexyl by a phenyl group, measured on a log scale,
were additive, the determined eudismic indexes being
very similar to the calculated ones. This suggests that
when (s)-procyclidine interacts with forebrain or ileum
M; receptors, higher affinity is obtained by allowing the
cyclohexyl moiety to interact with a ‘phenyi-preferring’
subsite, and the phenyl group with a ‘cyclohexyi-
preferring’ subsite, rather than by allowing three of the
four groups bound to the cenwer of chirality to form
optimal interactions with their respective subsites, the
fourth group pointing away from the receptor.

The affinity (pK, values) and eudismic index correl-
ated reasonably well in our four binding assays when
comparing hexahydrodifendo! (HHD), trihexyphen-
idyl and procyclidine (Table Iil), three drugs with
closely related structures. This suggests that the ag-

TABLE [iI. Affinities and eudismic indexes of procychidine, trihexyphenidyl and HHD

Eutomer pK, and eudismic index values

Antagonist

NB-OK1 M, heart M, striatum BM, pancreas M;
Procyclidine 8.4(22) 741G gten 7 R(27)
Trihexyphenidy! 90(2.5) 77(186) 8.4(26) 81(2.6)
Hexahydrodifenido! 8.3(2.2) 70(1.2) 8.1(2.1) 81(2.3)

Affinities and eudismic index values (in parentheses) measured as descnbed in Refs 3, 5 and 7 The
~~.relation coefficient » between eutomer pK, values and eudismic index values is (0 83
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sociated eudismic indexes probably reflect an almost
bio-isosteric exchange of the position of two moieties
with similar (although not identical) structural and
electronic properties. Since (s)-HHD (in contrast to
(r)-HHD) is nonselective, this suggests that the My, M3
> M; selectivity of HHD?? reflects poor binding of the
phenyl/cyclohexyl moieties to cardiac M; receptor. On
the other hand, trihexyphenidyl is M;-preferring as
compared to pancreas M; and M; receptors, The low
eudismic index at M; receptors suggests that phenyl/
cyclohexyl groups interaci weakly with this receptor.
Its large eudismic index at pancreas M, receptors, in
contrast, implies that the M; > M; selectivity of
trihexyphenidy! 1eflects a weaker binding of the basic
center rather than the hydrophobic rings, to pancreas
M, receptors.
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The design of full agonists for the cortical
muscarinic receptor

John Saunders and Stephen B. Freedinan

In the present study we describe a novel series of oxadiazole based tertiary amines which include the most
efficacions and potent muscarmic ligands known. These compounds possess physicochemical characteristics
which enable rapid equilibration into the CNS and are able to fully activate cortical muscarinic receptors.
Data obtained from this series have allowed us to propose a pharmacophoric model which distinguishes high
and low affinity state binding. This in turn has led us to suggest that agonists and antagonists may bind at
two independent sites on the receptor protem and to speculate on the steps putatwely involved in

agonist-induced receptor activation.

For the past four years we have been involved in the
design of cholinomimetic agents which would be
capable of penetrating into the CNS and displaying
high efficacy at cortical muscarinic receptors. In the
cerebral cortex, those muscarinic receptors which are
coupled to the turnover of phosphatidylinositolt (PI)
appear to have only limited receptor reserve. It is now
known that there are at least three subtypes, m1, m3
and m5, which may be capable of positively stimulating
PI hydrolysis2.

Agonists .uch as pilocarpine and RS-86 are unable to
produce a response of greater than 15% of that seen
with the low affinity but high efficacy agonist, carba-
chol. Prior to the discovery of the novel compounds
described in this report, it was believed that oniy
quaternary ammonium based agonists such as carba-
chol, muscanne and oxotremorine-M, possessed suffi-
cient intrinsic efficacy to maximally stimulate cortical PI
hydrolysis. Such agents would be expected to have
only very limited capaaty to penetrate into the CNS.

Efficacy af the cortical muscarinic receptor

We have previously described®* a two step binding
assay to measure affinity and also predict cortical
efficacy from the antagonist-agonist binding ratio in rat
cortical membranes (Fig. 1); that is the NMS/OXO-M
ratio. The log of this ratio has been shown to correlate
with the ability of the ligand to stimulate the hydrolysis
of cortical PI. Four broad categories of muscarinic
ligands can be defined according to their efficacy as
estimated from this ratio: antagonists show equal
affinity in both binding assays and thus have ratios
close to unity, weak partial agonists have low ratios
between 10-200, partial agonists display intermediate
ratios of 200-800 whereas, at the other end of this
continuum, full agonists display a ratio in excess of 800.

Discovery of oxadiazole based muscarinic ligands
Starting from arecoline®, our otjectives were three-

fold: (1) to design an agonist with at least a ten-fold and

preferably up to 100-fold increase in receptor affinity

e e el o s Palda TV AO) b femevrvers aoe
telative 10 artConne (5&¢ Tavle 1); {2) to improve on the

Chenustry and Biochenustry Departments, Merck Sharp and Dohine
Research  Laboratories, Neuroscience Rescarch Centre, Terlings
Park, Harlow, Essex CM20 20R, UK.

physicoct.umical properties of that compound (i.e.
remove the hydrolytically susceptible ester bond) and
(3) to increase efficacy to that of a full agonist while
maintaining the ability to rapidly equilibrate into the
CNS. This latter point was thought to be the most
problematic since established dogma was that the
quaternary ammonium entity was an obligatezy feature
for all full agonists at the corti~al gite,

It had been observed that replacement of the ester
functionality in benzodiazepine esters by oxadiazole
invariably produced an increase in efficacy as
witnessed by an increase in the GABA shift”. In fact the
GABA shift may be compared to the NM5/OXO-M ratio
in predictive value for efficacy. The first compound
made involved this direct replacement into arecoline
and afforded compound 1 (Table 1) which showed a
modest improvement in affinity but without the antici-
pated increase in efficacy. However, the compound
does represent a hydrolytically stable arecoline-like
agonist. Almost simultaneously, a seres of quantum
mechanical calculations were undertaken aimed at
trying to understand more precisely the distribution of
electrostatic charge on a quaternary methylammonium
group. It was concluded that the sphericalty symmetri-
cal distribution of charge should be best mimicked by a
protonated 1-azabicyclic system such as 1s found in the
quinuclidine framework. Thus the second new com-
pound, 2, provided the jump in affinity desired but

L + R —» LR —— [L-R}* —— coupling

An ' Ag

An-R+ L [Ag_R]* + L
PREDICTED EFFICACY o X (NMS)
K, (0XO-M)

Fig. 1 Antagonist-agorist binding ratio in cerobral cortex as a
measure of cortical efficacy L = radioligand (either [3H]-NMS
or [°H}-OXO-M), R = recepior, An = antagonist, Ag = agonist,
* = activated state of receptor
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TABLE 1. in-vitro binding data for arecoline and novel
oxadiazole-based ligands

Binding data [K,(app) (um)}

Compouia  [SH]NMSa {3H]OXO-M> ratioc
@r“’*"' 62 oon 560
v (51-90) (0 0098-0 012)
Arecoline
el 18 00046 390
(Yld" (~ 0-2 3) {0 C035-0 0063)
Y 1
v 044 000090 490
(039-0.48)  (0.00052-0 0013)

s N
O
2

N

Values determined by displacement of tritiated hgand from rat
cortical homogenates, expressed as affinity corstant
[Kilapp)] corrected for hgand occupancy using the Cheng
and Prussoff equation. Each value 1s the geometnic mean of at
least three determinations performed on separate occasions,
for each determination assays were performed in triplicate
using, typically, 6-10 concentrations Ranges of values given
in parentheses

aDisplacement of [H]N-methylscopolaming, bdisplacement of
[3H]oxotremorine-M: cratio of Ky(app) for NMS 1o Ky{app) for
OXO-M.

again with little change in efficacy. Nevertheless, this
result prompted further development of the quinucli-
dine series.

Progressive removal of the heteroatoms by making
oxazoles and furans (Table Il) caused a drastic reduc-
tion in efficacy, primarily by loss in binding to the hugh
affinity state of the receptor, while leaving low affinity
state binding relatively unchanged. The exact position
of the heteroatoms was also important since isomeric
oxadiazoles (e.g. 6) showed both lower affinity and
efficacy. Noting that the arrangement of heteroatoms in
2 was optimal both for affinity and efficacy, changes to
the oxadiazole substituent were next explored (Table
Hil). Compounds 2 and 7-9 indicated that efficacy fell
off very rapidly with increasing bulk lipophilicity
roughly in the vicinity of where the methyl group of
acetylcholine would be found. Ethyl for example had
reduced efficacy similar to that of a weak partial
agonist. The substitution of the diphenylhydroxy
group (‘borrowed’ from QNB) produced an antagonist
with affinity equal to most classical antagonists. The
data also gave the first clues as to how efficacy may be
improved since it suggested that even the methyl group
in this series may be too lipophilic.

Recalling that an amino group in carbachol replaces
the methyl group of acetylcholine, this substitution was
studied in the oxadiazole series, The resulting com-
pound, U, showed an increase in efficacy through
impreved binding to the high affinny state of the
receptor. Several pairs of methyl and amino com-
pounds revealed that this improvement in efficacy with

a—————
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amino was quite general. Increasing hipophilictty by
N-methylation to give the monomethylamino-, 11, and
dimethylamino-oxadiazole, 12, again resulted in loss of
efficacy. Finally, the chloro substituent, both isosteric
and isolipophilic to methyl not surprisingly yielded a
compound, 13, with a profile closely similar to 2.

At this stage, reduction in the bulk lipophilicity of the
quinuclidine ring was studied. The simplest conceptual
change was to remove a carbon atom from one of the
bridges in quinuclidine since this wouid allow lipo-
philicity to be lowered while maintaining a similar
geometry of the pharmacophore. This proved to be the
definitive change in improving both affinity and effi-
cacy and has provided agonists (Table IV) with affinity
and efficacy comparable to or greater than that of all
classical quaternary ammonium based ligands. In
contrast to quinuclidine, since the resulting azabicycle
is no longer symmetrical, there are two diastereomeric
forms of the molecule which we have labelled exy and
endo. In all cases, 1t is the exo form, the form with the
oxadiazole ring directed towards the one carbon
bridge, whichi is the more active. The figure of 0.040 nm
for 16 is an underestimate of the compound’s true
affinity for the OXO-M labelled state because of ligand
depletion in the binding assay. When the determi-
nation was repeated at lower membrane dilutions, the
affinity was increased to give a ratio in excess of 1000.

In-vitro studies

Four of the compounds discussed above were the
subject of a more detailed biological characterization.
The methyl oxadiazole, 2, showed a 10-fold increase in
affinity compared with arecoline but had only a limited
ability to stimulate PI turncver with a maximum
response of 18% of that seen with carbachol (Table V).
This response was similar to that seen with arecoline
though it possessed some 3-fold higher potency. The
amino oxadiazole, 70, with a significantly higher
NMS/OXO-M ratio, produced a dose dependent shmu-
lation of cortical PI turnover with a maximal response at
1 mm of about 70% of that seen with carbachol.

TABLE !l In-vitro binding data for quinuchdine-based ligands

Compound HET Binding data [K,(app) (um)]

HET
& CHINMS*  [PHJOXO-Mb ratioe
2 LY 044 0.00090 490
3 (0.39-048) (0 00052-0.0013)
3 poo 14 0.027 52
NP o(1247)  (0022-0.033)
4 ot 14 0036 39
or o (11-18) {0 030-0 045)
5 ¢ § o 14 0057 15
- (0 A5-1 Q) {0 010067
6 o 78 0060 130
H (54-12) (0.054-0 071)

Footnotes as defined in Table I,
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TABLE I, In-vitro binding data for substituted oxadiazoles
Compound Binding data [X.(app) (um)]
x
(ST‘::\('N R [PHINMS* [PH]OXO-Mb ratioe
2 CHa 044 0.00090 490
(0 39-0.48) (0 00052-0 0013)
7 CH,CH3 0.096 00056 17
(0.08-0.11) (0 0047-0.0073)
8 CH,Ph 0.070 0021 33
(0.049-0 10) {0.014~0 031)
9 C(CH)Ph, 000012 0 000067 18
(0 0001-0.00012) (0.00015-0 000037)
10 NH, 060 0.00050 1200
(0 44-0.70) (0.00035~0 00067)
1 NHCH; 20 0053 38
(1.2-35) {0021-0 17)
12 N(CH3), 020 0.021 9.5
(0.13-0 37) {0 014-0.025)
13 Ct 0.19 000048 400
(018-021) (0.00041-0 00054)

Footnotes as defined in Table {.

When the quinuclidine base was replaced with a
1-azanorbornane system the resulting exo methyl and
amino oxadiazoles (14 and 16 respectively) displayed a
5-10-fold increase in affinity compared with the quinu-
clidine and also an inciease in the predicted efficacy in
both cases. Compound 14 stimulated cortical PI turn-
over with a maximum response of 90% of that seen with
carbachol whereas the amino analogue 16 was amongst
the most efficacious muscarinic agonists known. The
magnitude of the PI response at about 150-170% was
equivalent to that seen with acetylcholine (EC50=30
um), though this compound was 100-fold more potent.
The responses of these compounds were intubited by
the muscarinic antagonist atropine (1 um),

In-vivo characterization

Muscarinic agonists produce a wide variety of
physiological effects when administered to rodents,
including central effects such as hypothermia and
peripheral effects such as salivation. The potency of
arecoline in these models was very weak (Table VI)
with doses in excess of 10 mg/kg being used due to the
labile nature of the ester linkage present in arecoline. In
contrast, the oxadiazole derivatives were considerably
more active in vivo, with the two quinuclidine deriva-
tives producing cholinomimetic effects at doses up to
1000-fold less than arecoline (Table VI). The two
azanorbornane derivatives, 14 and 16, showed even
higher potency with 14 producing central cholino-
mimetic effects at doses of less than 1 pg/kg. These
compounds are some of the most potent centrally active
cholinomimetics known,

The two methyl oxadiazoles 2 and 14 were interesting
in that they demonstrated peripheral and central effects
at similar doses, implying that both compounds

possessed good penetration into the CNS. This was
examined in more detail in an ex-vivo binding assay®. In
this assay compounds were tested for their ability to
displace the ex-vivo binding of the potent muscarinic
agonist [*H]JOXO-M in whole mouse brain homogen-

-ates. The binding observed in saline treated animals

was compared with that from mice previcusly treated
with novel cholinomimetics and the inhibition of
specific binding by the latter obtained by companson.
An estimation of the pe-etration of each compound

TABLE IV Binding data for azanorbornane-based oxadrazoles

Binding data [K,(app) (um)]

Compound [3HINMS? [BHJOXO-Mb ratioc
2 044 0 00090 490
(039-049)  (000052-00013)
oy

14 =4 010 0000.0 1000
@*o’ 0076-021)  (C000055-0.00015)

15 14 36 0.0021 1700
@*o (1.9-59) (0.0015-0 0027)

16 <, 0032 <0 000040 >1000
O«fo’ (0023-0040) (0 000034-0 000045)

17 00014 1300

(00011-0.0015)

Wl 18
O)/(o' (14-21)

Footnotes as defined in Table |
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TABLE V. In-vitro charactenzation of oxadiazole muscannic
receplor agonists in rat cerebral cortex

Phost =* Jylinositol

are some 10-fold higher than those observed with the
amino oxadiazoles and represent very high penetra-
tion, since the weight of the mouse brain as a
proportion of the total available body weight 1s in the

i tur. aver order of 2-5%.

! :OX0- 9
; § Compound NMS,;:.’:.O M EC50 (um)b refp':::ec A pharmacophoric model to distinguish lugh and low
: : affinity state binding
. H Arecoling 560 16 18 Taken together this information has allowed the
! 2(L-658,903) 490 5 16 development of a simple binding model (Fig. 2). As has
i ’ ’ been obvious for some time, all muscarinic ligands
! i 10{L-660,863) 1200 3 68 require the presence of a cationic head group which, by
: d 14(L-670,548) 1000 025 90 analogy with the f-receptor?, is involved in an electro-
. : 16{L-670,207) 1000 025 170 static interaction with an Asp residue on the recepior

e —

*Ratio of Ky(app) for NMS to Ky(app) for OXO-M ®Potency of
compound in eliciting breakdown of labelled mositol phos-
pholipids. Each value calculated from 2-5 independent
determinations <% Maximum response expressed as %
response to 1 mum carbacol, included in all expenments.

into the CNS was also made by comparison with a
calibration curve of compound added to homogenates
from saline treated animals. In this assay arecoline was
very weak with a potency of 220 mg/kg measured at 30
min following administration (Table VI). This low
potency and the poor penetration obtained for arecol-
ine is a reflection of its poor biological availability and
short duration of action. In contrast, the four oxadi-
azoles were up to 30000-fold more active than arecoline
with the methyl oxadiazole 14 being the most potent
D50 0.0069 mg/kg). Because of the dilution of tissue
in the binding assay the in-vivo dose required to yield
50% occupancy of brain muscarinic receptors is con-
siderably lower than this figure. Both of the methyl
oxadiazoles showed good CNS penetration in the
ex-vivo assay with amounts in the CNS calculated to be
1.9 and 3.8% of the administered dose. These values

protein and this is seen as the primary interaction. Sites
for secondary interactions, and those which allow us to
differentiate between agonists and antagonists, are
provided for by the oxadiazole moiety. From the
structure-activity discussion presented above, it was
concluded that two H-bond acceptor sites on the ligand
are necessary for full agonist behaviour and further-
more, these sites are localized in the vicinity of the two
ring nitrogens?!®. The role of the electron-donating
amino group is simply to potentiate the H-bonding
capability of the ring nitrogens. More precisely, efficacy
is correlated directly with the negative electrostatic
potential adjacent to the ring nitrogens.

Thus two H-bond acceptors are necessary for binding
with high affinity to the agonist binding site with little
or no dependency on lipophilic binding. In contrast,
either or both of these interactions are relatively
unimportant for binding to the low uffinity state.
Instead, increased reliance is placed upon lipophilic
binding in the vicinity of the acetylmethy! group of the
endogenous ligand, acetylcholine, and this charac-
terizes antagonist behaviour,

These differences may be summarized as follows:
antagonists and agonists distinguish different binding
loct on the receptor although the cationic head group is

TABLE \", In-vivo charzctenzation of novel oxadiazole muscarnnic receptor

Ex-vivobinding
Salivation Hypothermia
Compound F5100 ED500 ED50¢ % penetrationd
Arecoline 66 13 220 00635
2(L-658,903) 0.015 0015 0.21 19 )
10(L-660,863) 0.007 009 0.65 013 =
14(L-670,548) 0.0007 00006 0.0069 38
§ 16(L-670,2C7) 0.0015 0.0030 0064 024

aDose of agonist (mg/ky) raquired to produce 100 mg of saliva dunng the expenmental 10 min penod .n
X ! 25 g BKTO male mice ®Dose of agonist required to produce 50% of the maximur fail i core body
3 temperature. Dose of compound required to Inhibit the specific binding of [3HJOXO-M (0.6 nm) by 50%.
RN “Penetration of each compound was estimated by companng inhibition of binding with a calibration curve
§_ ¢ “tructed by adding known amounts of test compound to the Liomogenates from saline-treated animals.
i lising thie calibration curve, the amount of €51 vumpound in the onginal homogenale was estinated
Penetration of each compound was calculated by comparing the amount of compound in the brain and
dividing thi’s by the total amount administered and multiplying by 100 Data are the mean of 3-5 independent
ueter ninations.

o e et Tv— L

. :

— e N e




+
1
H
'

D I e L e N BRI VN

TiPS = December 1989 supplement

i
|

Ii

s% woo
%, N /<
| N«H
H 7 \
0] O - Ser
N+
o H
Yo

Asp

Fig. 2. Hypothetical binding site for muscarnic ligands
showing the presence of the primary Coulombic interaction
between the protonated amine (or quaternary ammonium
group) and an Asp residue from the receptor In addition,
agonsts ubilize iwo H-bond interactions, possibly provided by
Ser residues, wheregs antagonists require lipophilic binding in
the region of the oxadiazole methyl group.

an essential pharmacophoric element for all ligands.
Full agonists utilize two H-bonding interactions (accep-
tors) to bind to the receptor and, in general, are small,
hydrophilic species. They also require some degree of
conformational flexibility to participate in the mutual
conformational changes that accompany receptor acti-
vation. Antagonists require maximally one, and poss-
ibly no, H-bonding sites and instead utlize hydro-
phobic binding energy to stabilize binding to the
receptor. Accordingly, they are large molecules with
some region of bulk lipophilicity. Although 1t is
proposed that there are two distinct binding loci on the
receptor, only one of these sites is accessible to
antagonists because of their chemical and physico-
chemical properties.

Agonist-induced receptor activation

The ligand binding mod:! depicted in Fig. 2 permits
speculations on the sequeswe of events in agonist-
induced receptor activation that is consistent with our
ligand docking experiments to a 3-dimensional model
of the muscarinic receptor. This model is based on John
Findlay’s rhodopsin model! in which the most promi-
nent feature is the seven transmembrane helical
domains which encoinpass the ligand binding site. By
analogy with the f-adrenergic system, it is to be
expected that two functional aspartic acid (Asp) resi-
dues play a role in ligand binding. For the B-receptor,
Asp-113 has been shown to be the primary recognition
site for all ligands and, more interestingly, a second
Asp, Asp-79, seems to be involved in agonist but not
antagonist binding. These residues correspond to
Asp-105 and Asp-71 respectively on the ml receptor
protein,

As shown in Fig. 3, the ligand, irrespective of its
efficacy, binds initially to the low affinity state cf the
receptor, that is with Asp-105 found towards the
extraceflular end of helix 3, in the first equilibrium
process. The igand has been purposely located above
the Asp to indicate that, although the protonated amine
function is electrostatically bound to this Asp, the other

end of the molecule is directed towards the surface of
the receptor. This would imply that, for antagonists,
the large lipophile is bound in lipophilic pockets on the
receptor close to its surface. Only if the ligand is an
agonist is the second equilibrinm process achieved with
the ligand moving down into the binding channel to
take up a new position with the oxadiazole now
directed down into the protein but with the cationic
head group still bound to Asp-105. Stabilization of
binding at this stage can nc longer rely on lipophilic
binding since the oxadiazol ring and its substituent
find themselves in a highly hydrophilic climate.
H-bonding interacticns are used at this stage and also
later to assist in the shuttling process by which the
agonist becomes attached to a lower Asp residue,
Asp-71, buried midway down helix £ It is this
sequence of events that distinguishes agonists from
antagonists and results in mutual changes in confor-
mation in both the agonist and receptor which are
associated with receptor activation. This has two
consequences. First, we can reinterpret the NMS/OXO-
M assay and state that antagonists displace radio-
labelled agonist binding only indirectly by continually
disturbing the equilibria in favour of low affinity state
binding. Second, it provides a qualitative descriptior. of
partial agonists whose efficacy will depend on the exact

Ag\ Asp(105)~
Ag + Asp(l()S\—l — Asp(|05)—‘ - Ag R
R R Asp(7l)—]
(low affinity state) 1
Asp(lOS)—‘ Asp(lOS)-]
receplor R «— Ag R
activation \
/Asp(?l)—-—’ Asp(7l)—]
Ag
(high affinuty state)

Fig. 3 Sequence of events putatively involved in receptor
activation following higand binding. Each step shoulc be seen
as an equilibrium process. Asp105 is located towards the
extracellular surface on helix 3 and is the first recogmition point
for all muscarninic hgands Only small, hydrophiic molecules
(Ag, agornists) have access to the Asp71 buried almost at the
midpoint of helx 2.

position of these equilibria. For full agonists, this
equilbrium will almost entirely favour high affinity
state binding,.

In conclusion, these studies have led to some of the
most efficacious and potent agonists known which are
capable of penetrating into the CNS. The structure-
activity trends have improved our understanding of
structural properties 1/hich influence efficacy and this
in turn has led to a working hypothesis for the steps
involved in receptor activation.
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Cholinergic mechanisms in pain and analgesia

Per Hartvig!, Per Géran Gillberg?, Torsten Gordh Jr3 and

Claes Post4

There is now substantial evidence that acetylcholinesterase mhibitors and muscarinic receptor agonists
increase the pain threshold after both syst.iiic and spinal administration. In rats, physostigmine gave a
significant dose-dependent increase in latency times m e ‘ol ymmersion test following intrathecal
administration. The effect was antagor.ized with atropine. Neostigmine guve more prolonged latencies as did
the muscarinic receptor agonist carbachol. Spinal cholinergic pathways for cuitinociception mteracted with
the spinal opioid and adrenerg:. nerve tracts. No cross-tolerance to the selective o-adrenoreceptor agonist
guanfacine or to morphine was seen in rats folerant of spinal carbachol antinociception. The mechanism of
spinal cholinergic antinc.iception is not known but a muscarinic interneuron may explamn the interactions
with other neurotransmitters. Clinically, the centrally active cholinesterase inhibitor physostigmine has been
shown to give postoperative pain relief although of short duration. Severe neursgenic pain has been

successfully treated with physostigmine or distigmine.

More than '« --  have now elapsed since the first
observation . e that the cholinesterase inhibitor
physostigmine increased” the pain threshold in
humans!. Since then there have been many reports
describing the antinociceptive action of both cholin-
esterase inhibitors and cholinergic agonists (for review
see Refs 2 and 3). It has also been reported that
physostigmine increased the threshold for pain elicited
by radiant heat to the forehead of human subjects?.
Experimental pain: research on these drugs was actively
pursued before the discovery of the endogenous opioid
peptides but has since then become less active.
However, in recent years research on cholinergic
mechanisms for pain and analgesia has had a renais-
sance. For example, studies have revealed an antinoci-
ceptive effect of physostigmine and other cholino-
mimetics i.e. oxotremorine, in different animal spe-
cies®, Centrally administered acetylcholine has also
been found to cause antinociception, which was pro-
posed to depend on the activation of descending
pathwayss.

THospital Pharmacy, Departments of 2Neurology and 3 Anesthesiol-
ogy, University Hospital, $-751 85 Uppsala and ASTRA Research
and Development Laboratories, Sodertilje, Sweden.
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The aim of this article is to review the present
knowledge of cholinergic mechanisms for pain and
analgesia. Experimental studies in animals using ditfer-
ent pain models will be discussed as well as effects on
antinociception after spinal application of cholinest-
erase inhibitors and cholinergic agonists. Interaction
with spinal cholinergic antinociception using drugs
active in other pain modulatory pathways will be
described as well as autoradiography on the localiz-
ation of cholinergic tracts in the spinal cord. Clinical
studies using cholinomimetic drugs are at a very early
stage, but interesting clinical results have been repor-
ted, particularly in patients with neurogenic pain
states.

Animal studies
Antinociceptive studies in animals

The tests fcr antincciception in animal models
usually involve the study of the latency tine of a motor
response to thermal, mechanical, electrical or chemical
stimuli considered to cause paind. A delay in a
withdrawal response is not necessarly a consequence
of analgesia, but may be caused by a motor effect or
excessive sedation, making the animal unable to react.
The effect on mutor performance is pariicularly crucial
in studies of spinal cholinomimetic drugs due to the
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existence of cholinergic pathways in the «-motor-
neuron area of the spinal cord. It is therefore hazardous
to extrapolate conclusions from experniments on noci-
ceptive thresholds in animals to the complex pain
behaviour in humans. Nevertheless, studies in animals
are useful for investigating compounds of potential
intergst as analgesic agents, and for determining their
mechanisms of action. Several models for antinocicep-
tive testing have been used throughout these studies.
In the hot plate test, the response latency forarat to lick
its hindpaw after having been placed on a hot meial
surface is recorded. This response is considered to
require the involvement of both spinal and supraspinal
structures. The tail flick test, i.e. the response latency of
the animal to withdraw its tail from radiant heat
produced by a beam of light focused on the tail, is
suggested to reflect a segmental spinal reflex. Thirdly,
the tail immersijon test, where the tail of the rat is
immersed in hot water, produces a lower intensity of
stimulus which increases more slowly as compared to
the fail flick test. This may represent a more physiologi-
cal nociceptive stimulation allowing the experience of
fast and slow pain, as well as endogenous modulation
of the afferent stimuli.

Antinociception induced by spinal acetylcholine
esterase inhibitors

Physostigmine. In studies carried outin our laboratory,
intrathecal administration of physostigmine to rats
produced a dose-related increase in response latency in
the tail immersion test in the dose range 1-20 ug?. A
statistically significant increase in latency time as
compared to placebo was measured foilowing 15 ug of
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Fig 1. Tail immersion latencies (ordinate s, mean * s e ) after
intrathecal administration of physostigmine 15 ug (e) com-
pared with clomdine 10ug and physostigmine 15ug (a).n =6
in beth treatment groups. *p = 0.05 Taken from Rel. 8 with
permission frorr Acta Anaesthesiol Scand.
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intrathecal physostigmine (Fig. 1). The effect of spinal
physostigmine was of short duration and no antinoci-
ceptive effect was seen after 90 min. The antinocicep-
tion was attenuated after intrathecal administration of
the muscarinic receptor antagonist atropine. This indi-
cates chat spinal antinociception in the rat is mediated
by muscarinic cholinergic receptors’. On the other
hand, intrathecal physostigmine did not produce any
change in the latency times in the hot plate test’.

THA. The reversible choline esterase inhibitor 9-
aminotetrahydroacridine (THA) has been used in clin-
ical anesthesia as a ventilatory stimulant and for the
prolongation of neuromuscular blockade of succinyl-
choline®, Studies have also shown THA to be effective
as an adjunct to morphine in the treatment of intract-
able pain states®. It is a well-known cholinesterase
inhibitor with central effects!V. A degree of nicotine
receptor agonist activity has also been suggested!! and
THA has recently been reported to antagonize the
N-methyl-p-aspartate (NMDA) receptor complex!2.
The effects on these different receptors in the spinal
cord is not known. In our studies in the rat THA did not
produce any increase in latency times in the tail
immersion test following spinal adminstration (Fig. 1)
On the other hand, a significant decrease in total motor
activity, rearing and locomotion was measured'. The
motor effects were attenuated with atropine whereas
the nicotine receptor antagonist mecamylamine had no
effect on the decreased motor effects. This suggests that
these effects were mediated primarily by muscarinic
receptors.

Neostigmine. Neostigmine is a reversible cholinest-
erase inhibitor contamning a quaternary ammonium
functional group and is slowly eliminated from the
intrathecal space probably due to its hydrophilic
character. Consequently, intrathecal neostigmine in
the rat gave rise to an increase in latency times that was
of much longer duration than that for physostigmine.
After three hours a profound effect could still be seen.
The effects were promptly antagonized by atropine’.
The long duration of effect following spinal admir.istra-
tion was also evident using the hot plate and the tail
flick tests (Post, C. et al., unpublished).

Antinociception by carbachol

Carbachol is a quaternary ammonium compound
with agonristic effects on muscarinic receptor. Owing to
the hydrophilic properties of carbachol it may a have a
long duration of action after intrathecal administration.
A dose-dependent increase of nociceptive reaction
times was evident following spinal administration of
carbachol in the dose range 2.5~15 ug (Ref. 14). Atdoses
of 20 pg and above motor impairment was pronounced.
The antinociceptive effect was antagonized with atro-
pine, and with either pirenzepine or AF-DX 116 (Ref.
14), which are selective M; and M, muscarinic antag-
oniste, reepectively. Spinal analgesia by carbachol in
the rat is at present thought to be mediated through
both M; and M, muscarinic receptors. However, a
selective M, receptor agonist might be advantageous
since it would produce spinal analgesia without raotor
impairment!4,
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Other muscarinic receptor agonists have becn tested
for antinociceptive effects after spinal administration in
the rat. High doses of the muscarinic receptor agonist
McNeil-A-343 produced very prolonged latency times
in the tail immersion test. Pilocarpine produced only a
small increase in tail immersion latencies together with
vigorous scratching in most animals. The scratching
effect was attenuated with pirenzepine. (Gillberg, P.G.
et al., unpublished). Others have shown antinocicep-
tive response of other cholinomimetics e.g. oxotrem-
orine after spinal doses to the rat!5,

Behavioral effects of nicotinic receptor agonists given
spinally

The behavioral effects including antinociception,
locomotion, rearing and total activity have been evalu-
ated after intrathecal administration in the rat of
nicotine and the nicotinic receptor agonist cytisine?.
No significant increase in latency limes in the tail
immersion test was observed after nicotine whereas
cytisine caused a small increase. Cytisine reduced total
activity and locomotion shortly after the dose was
given, whereas nicotine did rot affect these paramet-
ers. The administration of nicotine and cytisine was
also associated with aversive effects such as gnawing
and vocalization. These effects were completely
blocked by the nicotinic receptor antagonist, mecamy-
lamine!3. In summary, nicotinic cholinergic receptors
do not seem to be involved in spinal antinociception.
However, the blockade by mecamylamine of the
aversive effects of nicotine and cytisine may indicate a
role for nicotinic receptors in afferent sensory trans-
missionl3,

The architecture of the spinal cord studied with
autoradiography

Autoradiographic studies have demonstrated tle
existence of muscarinic receptors in substantia gelati-
nosa of the spinal cord!¢-!8 as well as a cholinergic
interneuron located in the dorsal horn 519, a key locus
for the transmission of pain in the spinal cord. In the
dorsal horn, the muscarinic receptors are of M; and
‘non-My’ types in about equal numbers!6:17, In the
«-motor neuror: area muscarinic receptors are rep-
resented as well and are predominantly ‘non-M,’16.17,
Lesion studies indicate that muscarinic receptore in the
spinal dorsal horn have a localization on the nerve
terminals of the primary afferent, since lesioning of the
primary afferent by dorsal rhizotomies leads to a rapid
loss of muscarinic receptors in this area!8, Further
evidence for a presynaptic localization on the afferent
neurcn was that the number of cholinergic receptors in
the spinal dorsal horn was unaffected after hemisec-
tions of the spinal cord?8, It is thus not likely that the
muscarinic receptors are located presynaptically on
descending spinal neuronal terminals.

In «ddition to muscarinic receptors, enkephalinergic,
noradrenergic?® and serotoninergic?! terminals have
been shown to be present in the spinal doreal horn
Cholinergic receptor agonism may have a direct effect
on spinal antinociception but seems also to interact
with these other pathways in the spinal cord.

Nicotinic receptors have been localized using a-bun-
garotoxin to both the ventral and dorsal horns of the rat
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Fig 2 Antinociceptive effects (mean * s.e., n = 6) measured
as tail immersion latencies (ordinate) in the rat following twice
daily intrathecal injection of carbachol 15 ug (solid bars) and
saline (opcn bars) for four days. Thereafter the carbachol-
tolerant rats were given an injection of morphine 10ug and t:e
tail immersion latency was measured,

spinal cord!8. Acetylcholine binding to nicotinic recep-
tors in man and cat on the other hand, has only been
found in the dorsal horn and around the central canal,
lamina X (Ref. 21). These regions transmit sensory
information to the brain and receive terminals from the
descending pain inhibitory tracts. As indicated, nico-
tinic receptor-mediated effects after intrathecal doses
are probably not of significance for antinociception but
might be of importance for other modalities of afferent
sensory transmission.

Interaction with the spinal cholinergic pathways

Using the tail immersion test in the rat an additive
antinociceptive effect was produced after intrathecal
administration of physostigmine and the adrenoceptor
agonist clonidine (Fig. 2)7. The antinociception induced
by physostigmine was attenuated with the adreno-
ceptor blocker, phentolamine. Conversely, atropine
attenuated the increased tail immersion latencies pro-
duced by clonidine?. Furthermore, in animals pre-
treated intrathecally with 6-hydroxydopamine leading
to a selective lesioning of noradrenaline terminals,
intrathecally injected physostigmine did not produce
any nociceptive response’.

Analgesia induced by intrathecally administered
morphine is attenuated with atropine?2. Thus, a com-
plex system of interaction of spinal pathways in the
processing of pain has to be considered. At present, the
organization of these interactions is not known. One
possible explanation for the interaction between spinal
noradrenergic and cholinergic spinal tracts is the
edatence of a cholinergic internenron, with nassible
relevance to antinociception, located in the dorsal
horn!®. This cholinergic interneuron may hypotheti-
cally receive excitatory input from descending nor-
adrerergic pathways involved in the modulation of the
transmission of nociceptive input. This interneuron
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Fig 3 Analgesic effect in the early postoperative penod
expressed as the relative change of pain (ordinate) assessed
by the patient in the early postoperative period following
intravenous physostigmine salicylate 2 mg (—~—), pethidine
chlonde 50 mg (-~~) and placebo (~—) n = 20 in each
trealment group. Reproduced from Ret, 27 with permssion
from Acta Anaesthesiol Scand.

may also be involved in spinal opioid pain inhibition
since opioid antinociception is augumented by
atropine?2. Clonidine may also interfere with central
cholinergic systems in at least three ways?. Firstly,
clonidine might be agonistic at presynaptic o,-receptors
located on cholinergic neurons, resulting in an inhibi-
tion of acetylcholine release from cholinergic nerve
terminals. Secondly, clonidine has been suggested to
block muscarinic receptors. Both of these effects would
decrease the physostigmine effect. Thirdly, clonidine is
suggested to be an acetylcholinesterase inhibitor in
itself, which would promote cholinergic antinocicep-
tion. The net effect of clonidine interactions in spinal
pathways for analgesia is at present not obvious®.

Crosstolerance to analgesia in carbachol-tolerant rais

A study has been carried out to assess whether rats
tolerant to the antinociceptive effects of spinal carbz-
chol would demonstrate cross-tolerance to morphine
(Fig. 3) and to guanfacine, a selective x,-adrenoceptor
agonist (Post, C. et al., unpublished). The spinal cords
were also examined post-mortem by autoradiography
for alterations of binding to cholinergic, noradrenergic
and opioid receptors. Tolerance to the antinociceptive
offeets of spinal carbachol dovaioped rapidly aud was
complete on the fourth day of injection. After intra-
thecal adminisiration of guanfacine or morphine to
carbachol tolerant rats an antinociceptive effect was
measured, which was similar to that seen in drug-naive

animals. Autoradiography revealed a significant de-
crease of cholinergic receptor binding as visualized
with [*H}-methyl-QNB in the spinal dorsal horn of
carbachol tolerant animals, Furthermore, downregula-
tion of noradrenergic binding in the ventral horns and
of opioid receptor binding in the dorsal horns was also
observed.

Neurotoxicity to the spinal cord of cholinomimetic
drugs

Morphologic studies of possible neurotoxic effects of
cholinergic drugs on the spinal cord have been carried
out following large intrathecal doses to rats daily for 14
days. The morphology of the dissected spinal cords
was examined by light and electron microscopy and
evaluated by morphometric methods. Chronic
intrathecal administration of carbachol to rats produced
no structural changes on the spinal cord (Gordh, T. e
al., unpublished). Preliminary data showed that
intrathecally administered carbachol produced an
increased spinal cord blood flow. Additional informa-
tion must be collected, however, before chnical studies
with intrathecal injection of carbachol can be recom-
mended.

Clinical studies
Analgesic effect of physostigmine in the early post-
operative period

Studies in humans of the analgesic effect of cholino-
mimetic drugs have been almost purely expenimental.
However, it has been shown that both oral and
parenteral administration of physostigmine and THA
in selected patients rendered good analgesia and
potentiated the effects of vpioids?24-26, Therefore, a
double blind trial was pursued to assess the anaigesic
and antisedative effects of 2 mg i.v. physostigmine in
surgical patients 1n the first postoperative hours?,
Pethidine, 50 mg, and placebo were included for
comparative purposes. The degree of pain and sedation
was estimated when the patient demanded analgesia
and immediately before administration of the test drug
In additivn, ventilatory rate and side effects were
monitored. The results showed that physcstigmine
caused analgesia that was of the same magnitude as
pethidine during the first 15 min after which it
decreased to the level of placebo (Fig. 3). An antagonis-
tic eftect of physostigmine on postoperative sedation
was recorded over a somewhat longer time period. In
contrast to pethidine, physostigmine caused no de-
crease in ventilatory rate. Although the duration of
arousal and analgesic effects of physostigmine was
short the use of physostigmine was suggested to be
preferable to the use of, for example, naloxone when an
immediate alertness of the patient is wanted without
causing an increase in postoperative pain. The arousal
effect of the combination physostigmine and naloxone
postoperatively has atso been confirmed in a large scale
study?5.

The short duration of action of intravenous physo-
stigmine was paraiieied by a rapid plasma ehmina-
tion?. An elimination half-life of about 22 min was
estimated. An infusion dosage regimen of physostig-
mine was tried in postoperative patients in order to
prolong the drug action in the postoperative patient.
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However, the arousal effect was considered no better
than after an iniravenous bolus dose of physostig-
mine,

Cholinergic drugs in the treatment of severe neuro-
genic pain

Studies have shown that both subcutaneous and oral
physostigmine produce pain relief in central neuro-
genic pain. An analgesic effect with a peripheral site of
action has been suggested?¢ since some patients with
causalgia had good pain relief following administration
of regional cholinesterase inhibitors and also after
intravenous neostigmine which is believed not to
penetrate the blood-brain bartier. Oral physostigmine
has been tested with good results in selected patients.
The oral bioavailability of physostigmine is 25%
(Ref. 29).

Oral distigmine bromide was shown to produce
significant analgesia in patients suffering from thalamic
pain (Hampt, G., unpublished). Furthermore, addition
of distigmine improved analgesia from amitriptyline in
certain chronic pain states and decreased side effects.

9-Aminotetrahydroacridine, THA, has been used for
the relief of pain and to potentiate morphine analgesia
in jntractable pain states?. The presumed advantage of
THA over physostigmine is longer duration of action
due to a slower plasma elimination. Recently a phar-
macokinetic study in humans of THA was conducted,
As for other cholinesterase inhibitors the clearance was
high with a resulting plasma elimination half-life in the
range 70-200 min. The oral bioavailability was low with
a mean of 17% (Ref. 31). THA effects were also studied
in a group of postoperative patients, but the doses used
did not result in any significant analgesia (Hartvig, P. et
al., unpublished).

Conclusions

There are strong indications that muscarinic acetyl-
choline receptor mechanisms play a key role in pain
management. Analgesia following the systemic admin-
istration of such cholinesterase inhibitors as physostig-
mine and THA has been demonstrated in postoperative
pain and in cancer patients. Studies indicate an
analgesic effect of physostigmine and distigmine in
central neurogenic pain and 1n cases of causalgia. The
spinal route of administration for muscarinic receptor
agonists is of particular interest due to the good
antinociceptive effect with long duration in the rat.
Another interesting approach is the combination of
agonists for different receptor types to potentiate the
antinociception. Further experimental and clinical stud-
ies are necessary in order to increase our insightinto the
neuronal interactions behind spinai analgesia. It is
obvious, however, that cholinergic mechanisms may
play an important role in this complex scheme.
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Muscarinic receptor subtypes in human
neurodegenerative disorders: focus on
Alzheimer’s disease

Rémi Quirion, Isabelle Auhert, Paul A. Lapchak, Robert P.
Schaum, Stefan Teolis, Serge Gauthier and Dalia M. Araujo

Much evidence has clearly revaled the existence of marked cholmergic defic.'s in cortical and hippocampal
areas in Alzheimer’s disease. Although not necessarily of etiological origin, these deficits have been associated
with learning and memory disabilities observed in this neurogenerative disorder. We report here that in
addition to deficits in choline acetyltransferase (ChAT) activity, the maximal densities of high affinity
[3H]acetylcholine and [PH]AF-DX 116 (possibly M), but not My muscarinic receptor bindmng sites are
decreased in cortex and hippocampus in Alzhermer's disease. Similar jindings are also observed in
Parkinson’s disease with Alzheinter's type dementia. Additionally, animal studies suggest that a population
of My receptors 1s presynaptically located on cholinergic nerve termmals where they can act as negative
autoreceptors to decrease acetylcholine release. Interestingly, blockade of these sites facilitates acetylcholine
release and learning ir: rats. This may be relevant for the design of more appropriate therapcutic approaches
toward the treatment of certain symptoms of Alzheimer’s disease.

It has recently become evident that neurochemical
deficits observed in Alzheimer's disease (AD) are
varied and complex!2. For example, alterations in
various monoaminergic and neuropeptide systems
have been reported!-2, However, itis clear that the most
consistent findings are related to deficits observed in
forebrain cholinergic and somatostatin neuronal mark-
ers. Qther deficits are most likely seen only in advanced
siages of the disease and/or in certain AD subtypes.
Consequently, most stuaies have focused on the
possible role of brain cholinergic neurons in the clinical
features of AD.

Multiple neuropathological and neurochemical data
have revealed that the nucleus basalis of Meynert
(nbm)-~cortical, and septo-hippocampal cholinergic
pathways are most affected in AD (for example, see
Refs 3 and 4). Since it is difficult tc determine accurately
acetylcholine (ACh) levels in post-mortem tissue, most
studies have monitored the activity of the enzyme
choline acetyltransferase (ChAT) as an index of chol-
ergic nerve activity!, Cholinergic receptors of the
muscarinic and nicotinic subtypes have also been
investigated as additional markers of the integrity of
the cholinergic synapse in AD. While most studies have
reported marked decreases in the densities of nicotinic
receptors in cortical and hippocampal areas in AD
brains>-$, no clear consensus has been reached for
muscarinic sites28-13, This may be related to the use of
non-selective ligands, at a single concentration, making
it difficult to differentiate between changes in affinities
(K4) and maximal number of sites (By,ay). It is also likely
that the existence of multiple brain muscarinic receptor

Douglas Hospital Research Centrc and Departments of Psychatry
and Neurology, and Centre for Studies m Aging, Faculty of
Medicine, McGill University, 6875 Blud. LaSaile, Verdun, Québec,
Canada H4H 1K3.

subtypes may have been a confounding variable in this
regard.

Recently, we began a detailed study of muscarinic
receptor subtypes in various cortical and sub-cortical
areas in AD brain tissues. Demented (Parkinson’s
disease with AD or I’'D/AD) and non-demented Parkin-
sonians were also studied for comparison. In all cases,
complete saturation analyses were performed using
selective ligands such as [3H]pirenzepine for the M,
subtype! and [BHJACh8.15 and [PH]JAF-DX 1161 for the
M; sites. The possible respective roles of these mus-
carinic receptor populations were also mnvestigated
using a variety of neurochemical and behavioral para-
digms.

Cholinergic markers in various neurological disorders
ChAT activity

As previously reported, ChAT activity is markedly
decreased in various cortical areas, hippocampus and
nbm in AD brains!-5 (Table [). In contrast, ChAT
activity is not affected in the striatum and thalamus in
this disease (Table 1). A similar pattern is also observed
in PD/AD brains, even though the decrements in ChAT
activity are not as marked as in AD alone (Table I). This
could be relajed to the relatively less advanced stage of
the dementia of the AD type in the PD/AD patients
(Robitaille et al., unpublished).

Rather surprisingly, ChAT activity is also decreased
in frontal and temporal cortices in nondemented PD
brains (Table 1). However, ChAT activity is normal in
the striatum and thalamus (Table I). Similar results
have recently been reported by others'’18 suggesting
ihai aiterations in ChAL activity may precede clinically
diagnosed dementia in these patients. Moreover, the
relative preservation of hippocampal ChAT activity
{Table I) may also be related to the apparent lack of
dementia observed in these PD patients.

It is also of interest to note that alterations in ChAT
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TABLE | Choline acetyltransferase activity (ChAT) in human brain

ChAT activity (nmol ACh/mg protein/h)

Area conirol AD PD/AD P
Cortical
Frontal cortex 66+07 22+0.38 47+09¢ “3+090
Temporal cortex 6808 194%03 42+07¢ 324080
Occipital cortex 29+05 1.9:+0.2¢ - -
Hippocampus 141+18 65x100 934+22¢ 11.0+25
Subcortical
Stnatum 38443 388+41 433199 36879
Thalamus 18532 222130 140x2.1 143%15

All assays were performed in duplicate® Data are means + s e values from six brains in each group for PD/AD and PD, and from 17
brains i each group for control and AD. Same bramns were used for binding assays. *p < 0001, bp < 001 and ¢p < 005

compared with controls

activity in cortical areas in AD brains ave highly
correlated to losses of nicotinic ACh receptor sites®.
This suggests that nicotinic receptors are directly
located on cholinergic nerve terminals in these brain
regions. In fact, we have recently shown that these sites
most likely function as ‘positive’ autoreceptors that
insure the maintenance of constant basal levels of ACh
in the synaptic environment?9,

M, muscarinic receptors

Using [*H]pirenzepine as a relatively selective M;
ligand, it was found that M; receptor binding para
meters are generally unaltered (certainly not de-
creased) in AD brains8. As shown in Table 1I, slight
increases in [*H]pirenzepine binding are found in the
hippocampus and striatum while binding is normal in
all other areas. Similar results are obtained in PD/AD
brain tissues, although the increase in [*H]pirenzepine
binding did not reach statistical significance in the
hippocampus (Table II). In PD brains, we observed a
significant decrease in the density of M; sites in the
frontal cortex while binding in other regions was

TABLE i [PH]Pirenzepine/M, binding parameters in human brain

unaltered (Table II). Thus, it seems that the density of
M receptor sites is differentially altered in AD and PD
brain tissues. Finally, it is also of interest to note that no
correlation is found between changes in ChAT nctivity
and M; receptor binding parameters in AD brains
(Fig. 1).

M, muscurinic receptors

Due to the absence of highly selective higands, it has
been more difficult to characterize other brain mus-
carinic receptor sites. Thus, various radioligands and
incubation conditions have been used in an attempt to
selectively label non-M; sites, mncluding [HjQNB or
[*H]N-methylscopolamine in the presence of M; block-
ers1014.20, [3H]oxotremorine-M!-21. [BHJACh315 and
more recently, 3H]AF-DX 1162224,

On the basis of [PHJACh ligand selectivity pattern
and receptor distribution®152% we chose > use this
ligand as a probe for the determination of M, recey*nr
binding parameters in human brain. As shown in Table
IHl, the densities of [H]JACh sites are markedly de-
creased in varicus cortical areas and the hippocampus

Ks{nm) Bmax (fmol/mg protein)
Ares control AD PD/AD PD control AD PD/AD PD
Cortical
Frontal cortex 137+18 162%32 120+11 100%18 40859 365%32 405%60 242 # 51c¢
Temporalcortex 126+16 15128 96+15 138449 365+£32 41153 596+195 376:+60
Occipital cortex 19627 158223 - — 419+60 305%51 - -
Hippocampus 117428 17633 106x17 105+21 258+39 363+19> 333=x87 177 £ 51
Suhcortical
Stratum 17.8+£43 171135 12219 143+48 466 £37 716578 883:£1470 587+ 85
Thalamus 346+62 39.4:+6.1 - - 443+£39 465+ 37 - -

Data are derved from complete saturation analysis Nonspecific binding in the presence of 1 0 um atropine has baen subtraced
from alf values® Results represent the maximal binding cupacity (Bmay) and apparent dissociation constant (Kg) for [3H]pirenzapine
binding and are expressed as the mean s e from six brains in each group for PD/AD and PD, and from 17 b-airs i each grous for
control and AD Same brains wete used for ChAT and [3H]ACH binding assays #p < 0 001, ®p < 0 01 anvf ¢p < 0.05 compered
with controls.
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Fig 1. Relationstup between ChAT aclivity and maximnal density (Bmay) Of muscanmc receptor sites i Alzheimer's disease (AD)
ChAT actity m the frontal cortex (A, B), temporal cortex (C, D) and hippocaimpus (B. F) of eight AD brams was measured and
plotted against the By, of [3H]acetyicholine (top row) and [FHjprenzepine (M} (bottom row) binding i these areas The
significance of the correlation between ChAT actvily and the B, of the ligand in eacn area was assessed using Pearson’s
varrelative coefficient. Correlations behween ChAT/[*HIACh binding i frontal {r = 0.86, df = 6, p <0 01) and temporal (r = 0 82, df
= 6, p<0.01) cortices, and hippocampus (r = 93, df = 6, p <0 001) were tughly significant, No correlalion was observed between
ChAT/M, bincing i frontal (r = ~0.14, of = 6, p > 0 75) and temporal (r = 0 12, df = 6, p > 0.77} cortices and the hippocampus (7
= -0 06, df = 6, p> 0.89). Modified from Araujo et al.8 vath permission

IO

; in AD. "HJACh binding in subcortical areas like the might be located presynaptically, thus explaining their
. thalamus and the striatum is not modified (Table HI), diminution i selected areas of AD brain tissues!®. As
: This confirms results reported earlier by Mash ¢f al., shown in Fig. 1, we found a ughly positive correlation
2 who used other assay conditions??. Moreover, these between alterations in ChAT activity and [PHJACh
' . authors had also suggested that this population of sites binding sites m frontal and temporal cortices, and n
/ TABLE $it [SHIACh binding parameters n human brain
§ Ky (nm) B ey (fmol/mg protein)
-
Aren” controt AD PD/AD PD control AD PO/LD PD
Cortical
ot Frontal cortex 56+08 7221 54%33 37%09 228414 116215 8314220 58428
. T Temporal cortex 6619 47%16 50%29 39x16 303416 171218 100452 82120
. QOccipitat cortex 48+10 684407 -~ - 249414 1683 14p - - ;
- Hippocampus 7724 88427 6324 43%16 39330 1714£2¢Cr - 1301690 .
: Subeortical . :
Stratum 85439 101447 2714 73127 306+33 423%34 250% 112 1431640 ;. -,
Thalamus 76%23 129%40 - 85217 3B57x31 324x27 -~ ool N
Data are denved from saturation analysts Nonspeciic binding in the presence of 10 i alropine has been subtracted from al e
values?, Besults represent the raaximal binding capacity {B,q.) and apparent dissociation constant (Kg) for [PHJACh kindmng and 5} 3, Ol i';w
29 8xpreased as the mean & s.e. from three brams in each group for PC/AD and PD, and from eight brains in each group for control T '«':g,i};""’; e
and AD, Additiorsal brains are currently being analysed to match numbers used for ChAT and M, binding studies 4o < 0001, ha o e
Bp <001 and <p < 0.05 compared with controls i/& i
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the hippocampus in AD brains. This further supports
the hypothesis that [PH]ACh labelled sites are located
presynaptically, since 1t is well known that the enzyme
ChAT is present in cholinergic cell bodies and nerve
terminals.

Recently, [PH]JAF-DX 116 has been used as a more
selective M receptor probe22-24, Using this ligand, both
Wang ¢f 1.2 and we26 have obtained data which are in
agreement with those reported for [PH]JACh. Thus, it
seems justified to conclude that the density of M,
receptor sites is significantly decreased in various
cortical areas and in the hippocampal formation in AD
brains.

Similar decrements in [SHJACh sites were also seen
in cortical areas in PD and PD/AD brains?8 (Table IiI).
As discussed for ChAT, this may seem rather surpris-
ing in the case of PD. On the other hand, it could be that
decreases in presynaptic markers such as ChAT and
PHIACh sites precede the appearance of clinical
symptoms associated with dementia'8. Further studies
using brain tissues obtained at various stages of the
disease should help to clarify this issue.

Finally, in contrast to AD, the densities of [PHJACh
(Table 1HI) and [BH]AF-DX 1162 binding sites in the
striatum are decreased in PD and, most likely, in
PD/AD brains. This is probably due to the alteration of
the dopamine/ACh rativ which results from the mas-
sive loss of dopaminergic nerve terminals in the
striatum observed in PD and PD/AD brains.

Possible functional roles of brain muscarinic receptor
subtypes

The roles of the various brain muscarinic receptor
subtypes still remain to be fully established. However,
Potter et al.1% have suggested that M, receptors may
mediate excitatory events while M, sites may induce
inhibition by regulating ACh release.

Using AF-DX 116 as a relatively selective M, receptor
antagonist, we have recently characterized the differ-
ences between M; and M, muscarinic agents on ACh
release?”. As shown in Fig. 2A, AF-DX 116 and atropine
stimulate, in a concentration-dependent manner, the
potassium-evoked release of endogenous ACh from rat
hippocampal slices. Similar effects are, although differ-
ent in magnitude, also observed in frontal cortex and
striatum?. The relatively selective M; receptor antag-
onist pirenzepine and the M;/M; blocker 4-DAMP do
not alter spontaneous or evoked ACh release (Fig. 2).
Additionally, AF-DX 116 and atropine can reverse the
oxotremorine-induced inhibition of evoked ACh
release, while both pirenzepine and 4-DAMP are
ineffective (Fig. 28). Thus, these results suggest that
‘negative’ autoreceptors of the M, subtype can regulate
ACh releas> from nerve terminals in the cortex,
hippocampus and striatum in the rat brain.

More recently, we obtained evidence for the exist-
ence of functional M, autoreceptor sites, i vivo. Using a
transcortical dialysis method, 1t was possible to demon-
strate that acute infusions of muscarinic antagonists
sucit as auopine and AF-DDX i16, but et puenzepine,
into a dialysis probe, induced a long-lasting (4-5 h),
marked release of ACh in non-anesthetized, freely
moving rats?. Natwvrally, it will now be important to
determine if it is possible to sustain stimulated release

AT ————.

following chronic blockade of the M, autoreceptor
sites.
There is now abundant evidence suggesting that
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Fig 2. A Effects of muscannic antagonists on the K+ (25
mu)-evoked release of acelylcholine from rat hippocampal
shice preparations. Tissues were depolanzed with Krebs
medium containing 25 mm K+, in the presence or absence
(control) of vanous concentrations of AF-DX 116 (e), atropine
(0) or pirenzepine () Results are expressed as the mean +
se of 5-7 expenments for each drug concentration. The
overall control (no drugs) value (100%) for K +-evoked acelyl-
choline release was 7 9 £ 07 pmol/img tissue/20 min in the
hippocampus  Statistical  sigmficance was assessed by
Student’s unpaired I-test by comparnng each lest value 1o 15
corresponding contratateral control (no drugs) Modified from
Lapchacket al. 27, with permission (* p <0.05; **p <001, ***p
<(0.001)

B. Effects of muscanmc antagonists on the oxotremorine-
induced inhibition of evoked acelylcholine release from rat
hippocampal shice preparations Shces of tissues were incu-
bated in the presence or absence (control} of oxolremonne
(OXO, 10-*m), and one of the following. atropine (ATR,
10-4u), pirenzepine (PZ. 10-1m), AF-DX 116 (AF-DX, 10-¢
10-5 10-4um) or 4-DAMP (10-4x) Results are expressed as
mean * se of 5-6 expenmenits per drug concentralion
tagtod Tho ovoralt contret valuc (100%) for acclylehohne
release was 8.6 + 05 pmolimg tssue/20 min Statistical
significance was assessed by Student’s unpaired t-test by
companng each lest value lo its corresponding contralateral
control (no drugs). Modified from Lapchak et al 27, with
permission (* p <0.05, ** p <001, *** p <0 0U1}
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cholinergic neurons play a major role in the facilitation
of learning and memory (for review, see Ref. 29).
Consequently, one of the most important questions to
answer is whether it may be possible to improve these
behaviors by blocking M, inhibitory autoreceptors
which should increase ACh levels in the synaptic cleft.
It appears that this may be possible since in some
learning paradigms we observed that post-waining
injections of AF-DX 116 in the range of 0.5-2.0 mg/kg
(s.c.) result in a facilitation of memory in both win-shift
and win-stay radial maze tasks in rats3®. We also
obtained evidence suggesting that AF-DX 116 can, at
least partly, penetrate the brain following a peripheral
injection3®,

Possible clinical significance

These results suggest that the selective antagonism
of muscarinic M, autoreceptors m~ result in the
enhancement of ACh release in v~ “his could have
therapeutic applications in rele ) learning and
memozy.

Muscarinic agonist (arecoline, bethanechol) thera-
pies have been tested with relatively little success in AD
patients. However, the data reported here suggest that
major benefits should not be expected when using
non-selective muscarinic receptor agonists. In fact,
these agents would resultin a decreased release of ACh
from the remaining neurons in the brains of patients
afflicted with AD, by acting at M, autoreceptor sites.
Thus, the use of either M; selective agonists or M,
autoreceptor antagonists may be more eg’ecﬁve for the
treatment of certain clinical features of AD or PD/AD.
Alternatively, the use of a partial agonist/antagonist
which acts presynaptically to enhance ACh release and
postsynaptically to stimulate M; receptors could be
most useful in this respect. Moreover, the combination
of an M, autoreceptor antagonist and a cholinesterase
blocker could be most effective in insuring the main-
tenance of high amounts of ACh at the synaptic level.
This hypothesis certainly deserves further considera-
tion.

Finally, the recent discovery of multiple muscarinic
1eceptor genes! suggests that we are still far from
having fully examined the possible usefuiness of highly
selective agents acting on a given muscarinic receptor
subtype in various neurological disorders including
AD, PD/AD and PD. The development of such com-
pounds should prove to be helpful in establishing the
respective roles of each muscarinic receptor subtype in
the CNS.
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Muscarinic agonists for senile dementia: past
expeérience and future trends

Julian A. Gray, Albert Enz and René Spiegel

Clinical experience with muscarinic agonists in the symptomatic treatment of Alzheimer’s disease includes
studies of the cffects of pilocarpine, arecoline, bethanechol, oxotremorine and RS 86. Although the results are
somewhat conflicting, there is evidence that a subgroup of patients may respond with an improvement of
cognitive ard’or behavioural function. The existing agents tend to induce adverse effects due to the
stimulation of peripheral muscarinic receptors. Furthermore they reduce (at least in vitro) acetylcholine
release by an action on presynaptic receptors. Strategies to overconte these problems include the development
of potent agonists with high blood-brain barrier penetration, the search for agents selective for muscarinic
receptor sublypes (using cloned receptors as tools) and the identification of agents acting as presynaptic

receptor antagonists, to increase acetylcholine release,

The finding of a cholinergic deficit in the brain of
patients with Alzheimer’s disease has led to attempts at
restoring cholinergic function by means of cholino-
mimetic drugs!. Such agents include acetylcholin-
esterase inhibitors, precursors of acetyicholine such as
choline and lecithin, and muscarinic receptor agonists.
It is the latter approach, using muscarinic agonists,
which will be reviewed in this article.

It must be stated in advance that the results of such
studies have yielded mixed and often disappointing
results. In the second part of the article, the possible
reasons for the unspectacular results achieved so far
will be discussed, followed by a description of futuse
trends to overcome these problems and optimise this
approach.

Past experience

The agents to be described (see Fig. 1) are all
muscarinic agonists with mixed activity at muscarinic
subtypes.

Pilocarpine

Caine? reported on oral administration of pilocarpine
to two patients with presumed Alzheimer’s disease. No
effects on learning and memory were detected after
three weeks of administration in either patient. Leci-
thin was added to the treatment in one of the cases, but
again no cognitive effects were seen after a further
three weeks of combined pilocarpine/lecithin therapy.
Sinailarly no effects on cognitive function were seen in
two other patients with memory disturbance, one with
Korsakoff's syndrome, and another with amnesia
secondary to surgicai removal of a third-ventricular
colloid ¢yst.

Acecoline

Arecoline is an agenist at muscarinic receptors,
although at high doses il may also have nicotinic
effects. ChrisHe ot ol 3 roported on the effect of

intravenous infusion of 2 or 4 mg arecoline in seven
patients with presenile dementia of the Alzheimer

CNS Clinical Research and CNS Preclinical Research, Sandoz Lid
Basle, Switzerland.

type. A significant enhancement of performance in a
picture recognition test was found after the 4 mg
infusion in comparison with the effect of saline under
double-blind conditions in the same patients. A similar
trend was seen after the 2 mg infusion. The eifect was
in general small, although in two patients there was a
clear-cut and reproducible response.

Motre recently Tariot ef al.4 reported on the effect of
two hour intravenous infusions of arecoline at rates of
1, 2, and 4 mg/hour, compared with placebo in a
double-blind, randomized trial. In keeping with the
results of Christie et al.3, a slight improvement in
picture recognition performance was seen during the 2
mg/hour infusion, although this did not reach statistical
significance and was not seen at the 4 mg/hour dose.
No significant changes were seen in other tests of
memory and learning. Interestingly, psychomotor acti-
vation and slightly improved affect were reliably
observed at the 1 and 2 mg/hour infusion rates whereas
increasing psychomotor retardation was observed at
the 4 mg/hour rate.

Bethanechol

Severa! authors have reported on the effect of
intracerebioventricular (i.c.v.) infusion of bethanechol,
a long-established muscarinic agonist. The central
route of administration has the advantage of minimiz-
ing peripheral cholinergic effects, against which must
be weighed the surgical risks of implantation of an
intracranial catheter.

Harbaugh et al.5 first reported encouraging results in
four patients receiving i.c.v. infusion of bethanechol or
saline under single-blind conditions at doses of 0.05 to
0.7 mg/day over eight months. There were subjective
reports from relatives of decreased confusion,
increased initiative and improved memory.

In contrast, in a doubie-blind placebo-controlled
study of ten patients with biopsy-proven Alzheimer’s
disease, Penn ot al 4 found no effects of bethancchol on
cognitive function after low-dose infusion (0.35 mg/
day) over 12 weeks, nor in a subsequent open-dose trial
of up to 1.75 mg/day m eight of the ten patients. A
subset of paticuts {three out of ten) showed evidence of
improvement in behaviour and daily functioning with
low-dose (0.35 mg/day) bethanechol, while at moderate
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Fig 1 Muscannic acetylcholine receptor agonists used in climcal
trials

dose (1.05 mg/day) there appeared to be a more robust,
significant improvement in mood, behaviour and acti-
vities of daily living. Higher doses, in contrast, were
detrimental to behaviour.

There was a suggestion of decreased memory func-
tion: at doses producing behavioural improvement, and
the authors comment that it 1s not clear whether the
degree of behavioural improvement with i.c.v. admin-
istration of bethanechol would be sufficient to justify
the invasive neurosurgical procedure empleyed.

Finally, Read” reported on the effects in an open
study of bethanechol infusion at individually titrated
doses in 5 patients with probable Alzheimer’s disease.
Three of the patients were described as showing clinical
improvement, with optimal doses of 0.20 mg, 0.35 and
0.95 mg per day respectively. Improvement in memory
tests was paralleled by family reports of increased
alertness and attentiveness at home. However, two
patients developed agitation, irritability, depression
and seizures, which were controlled with anticonvul-
sants, while a third patient suffered an intracerebral
haematoma with focal seizures postoperatively, as well
as a staphylococcal infection in the cerebrospinal fluid.
The author suggests that individual titration may be
highly important in order to obtain clinical benefit with
i.c.v. bethanechol.

Oxotremorine

A double-blind study of oxotremorine (0.25 to 2.0
mg/day) orally versus placebo in seven patients -vith
probable Alzheimer’s disease resulted in depressive
symptoms, often severe, in five out of the seven
petients, making assessment of the drug's cognitive
effects impossible,

The cholinergic hypothesis of affective illness is well
known, and cholinomimetic drugs have previously
been reported to produce depressive symptoms in
normals axd depressive patients®. However, in this
context it is difficult to understand the unprovement in
mood reported after arecoline and bethanecol in some
cases (see above).

'z

X

Perhaps the muscarinic agonist most studied in
Alzheimer’s disease in the last decade has been RS 86
(2-ethyl-8-methyl-2,8-drazospiro-4,5-decan-1,3-dione-
hydrobromide; Sandoz Ltd.), a potent My and M,
receptor agonist with high brain penetration?0,

TiP: ~ December 1989 supplement

Five double-blind, placebo-controlled studies of
1cpeasd Siat aanunistration of RS 86 in patients with
probable Alzheimer’s disease have bren performed
Wettstein and Spiegel!! reported on a crossover study
over two 6-week periods with R586 (0.75mg q.i.d.) and
placebo in six patients with mild to severe dementia.
Performance in a simple speeded visuomotor task was
improved by 17 to 60 per cent in five of six patients on
active drug and several, statistically non-significant
trends in favour of RS 86 occurred in other psycho-
metric tests. One patient displayed a clinically relevant
improvement under active drug, becoming better
orientated and showing less memory impairment in
daily life, an effect confirmed by the marked deteriora-
tion on substituting placebo.

The same authors performed a further therapeutic
trial in 17 patients with probable Alzheimer’s discase of
mild to moderate severity. A double-blind parallel-
group period of six weeks was followed by two
crossover periods of six weeks. A dosage of 1.0 mg
t.i.d. RS 86 was compared with placebo, the dosage
being reduced to 1.0 mg b.i.d. after 12 weeks due to a
high dropout rate. Only five patients completed the
18-weck period, six dropouts occurring on RS 86 and
six on placebo. Dropouts on RS 8¢ treatment were due
to nausea (1 = 1), dizziness (1 = 1), angina pec « ds (n =
2), malaise (1 = 1) and bron-}.ospasm in one asthmatic
patient. Sweating and increascd salivation were com-
monly observed. The I igh number of ar.,pouts preven-
ted detailed statistical analysis. However, nine out of
eleven cognitive and behaviow,a' parameters showed
higher median -hanges from buseline on RS 6 com-
pared with pl-cebo treitizent. Two patients were
considered by the attending nurses and physician to
have shown improvement on RS 86 that was n levantin
daily life.

Bruno et al.'4, however, reported essenlially negative

results with RS 86 in a double-t iind, placebo-controlied
crossover study over eight days 1n eight patients with
linically cicgnosed Alzheimer’s disease. RS 86 was
administered at a dose of 0.5 i.1g daily, increased until
either a dose ov 9.0 mg per day was achieved or
significant adverse effects developed. No statistically
significant ~hanges occurred in tests of cognitive
{Lnction or aitention. All patients reported sweating on
RS 86, while hypersalivation occurred in two patients.
The s. ne authors!> a'«o reported negative results in
seven patients with clinically diagnosed Alzheimer’s
disease receiving RS 86 at high dosage i.e. 10 mg per
da; in combinaZion with the peripherally active anti-
choiinergic drug glycopyrrolate. The patients received
increasing Hoses of RS 86, or placebo, in a double-blind,
placebo-coritrolled crossover design. The maximum
dose was reached after eight to ten days. Although
seve al verbal anu nonverbaj tests yielded slightly
higher zcores during R 86 treatment, there were no
statisticaily significant or clinically relevant changes.

Finally, Hollander et al3% reported on their

Asmmnsaman viribh DG Q4 fe bvirnbe o mabineta corith wvershabls
\«Ay\- TRANL FEALIL AN UM LLR A YY ‘s, SAAAL A LR VY IRRE AIANIUIGALI AL

Alzheimer’e disease of mild to moderate severity. The
patients frs. received, in an open dose-finding study,
placebo followed by 0.5 mg, 7 O mg and 1.5 mg of RS 86
crally three times daily for seven days at each dose. The
‘best dose’ as asvessed by effects on the Alzheimer’s
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Disease Assessment Scale (ADAS), was then used in a
deuble-blind, placebo-controlled crossover study of
two weeks’ duration for each phase. Three patients
dropped out of the study because of adverse events
occurring while taking RS 86, namely syncope, abdomi-
nal distress, and a seizure. Seven out of twelve patients
showed improvement on the overall ADAS scores in
the replication phase, with improvements ranging
from 3.4 to 36.2 per cent. In two cases the improvement
was clinically obvious, being commented on spon-
taneously by family and staff, yet subscale analysis did
not reveal any predominant effect on cognitive function
as compared with non-cognitive behaviour.

In summary the results to date suggest that a
minority of patierts with Alzheimer’s disease may
show a clinically relevant response to existing mus-
carinic agonists. It has not been possible to identify
responders in all studies according to clinical criteria,
although Hollander ef al 14 suggested that less severely
impaired patients v.ete more likely to improve on
cognilive testing.

Possible explenations for this low responder rate
include both general problems with the ‘cholinergic
substitution” approach and specific problems of exist-
ing muscarinic agonists. Possible gencral ¢.jticisms of
the use of muscarinic agorusts as monotherapy in
Alzkeimer’s disease include: (2) that there =xist addi-
tiona’ uon-cholinergic central neurotransmitter losses
in Alzhe.mer’s disease, so that muscarinic receptor
stimulation alone may be insufficient to induce a
clinical response; and (2) that tonic stimulation of
muscarinic receptors may not be sufficient to replace
‘phasic’ physiological stimulation.

In spite of these objections further pursuit of the
muscarinic agonist approach to treatment seems justi-
fied since, in a severe degenerative condition such as
Alzheimer’s disease, effective symptomatic treatment
even in a minority of cases would be a significant
medical advance. Furthermore, in order rigorously to
test the hypothesis that muscarinic agorists may be
effective, it will be necessary to develop better-tolerated
and more sophisticated compounds, as will now be
described.

Future trends
Peripheral cholinergic side-effects remain a source of
concern with non-selective muscarinic agonists, often

limiting the clinical dose range. One possible solution
to this problem is the development of highly lipid-
soluble, potent muscarinic agonists, which will pen-
etrate the blood-brain barrier readily and lead to central
muscarinic activation at relatively Icw plasma levels
which are associated witt little peripheral activity.

This approach is berne cut in laboratory and human
pharmacological experiments with SDZ BOP 086 {(-)-
s-2,8-dimethyl-1,3-dioxa-8-azaspiro-{4,5]-decane  hy-
drochloride (Sandoz Ltd.)], a potent M; and M,
receptor agonist according to the classical pharmaco-
logical nomenclature. Central cholinergic activation is
achieved in humans with this agent, as evidenced by
shortening of REM latency in the sleep EEG in male
volunteers at doses (0.5 mg and 1.0 mg) below those at
which peripheral cholinergic side-effects are reported.
Unfortunately, clinical development of this compound
has had to be discontinued owing to hepatotoxicity.

A second theoietical approach to the development of
better-tolerated muscarinic agonists is the search for
agonists selective for the muscarinic receptor.

Unfortunately the search for M-selective agonists
has proved a difficult task for chemists to date. The
situation may change, however, with advances in our
knowledge concerning muscarinic receptor subtypes.

Recently, through the advances in molecular biology
techniques, ¢DNAs and genes for five muscarinic
subtypes have been cioned and expressed in cell lines
devoid of endogenous receptorsi®16. Studies using
these cloned receptors provide a new basis for charac-
terization of the function and distribution of muscarinic
receptor subtypes and a new approach to the search for
selective muscarinic agonists. Interestingly, the cloned
muscarinic receptors share partially the biochemical
function of the pharmacologically defined receptors
(see Fig. 2).

In addui~n to postsynaptic receptor stimulation,
muscarinic receptor agonists also tend to reduce, at
least in wvitro, the release of acetylcholine through
stimulation of presynaptic autoreceptors, which havea
low affinity for pirenzepine!”. Such an action in vivo
might counteract the positive effects of postsynaptic
activation and reduce the therapeutic usefulness of
currently available muscarinic agonists, which gener-
ally possess mixed activity at several receptor subtypes.

A novel approach to this problem is the development
of specific presynapiic muscarinic receptor antagonists.

8,
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Fig. 2. Muscarinic acetylcholine receplor subtypes . stimulation of inositol phosphate metabolism or adenylate cyclase; {, nhibition of
adenylate cyclase, * Ca2+-dependent cffect on K+ channels, ++-++, higis, and +, low affinity for pirenzepime.
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The prov ', pe <ubutance of this class 1s BM-5 (Ref. 18).
Yutheps ar e 3t compound would act both as a
selecive 10 .« ap.ic a~tagonist, liberating acetylchol-
ine, ana as 2w rectiv-e My sublype-specific postsynaptic
agoniss,

I suinmary better understanding of cholinergic
receptor pharmacology combined with advances in
molecular biology techniques bodes well for the future
in terras of development of muscarinic agonists suitable
for clinical use. Despite the equivocal clinical data
achieved in Alzheimer’s disease with existing mus-
carinic agonists, a fair trial of the usefulness of
muscarinic receptor stimulation must await the de-
velopment of more suitable agents.
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Muscarinic pharmacology of the airways

Jennifer Maclagan and Peter ]. Barnes*

Muscarmnic receptors have been identified in the airways in several species, ncluding humans, located on
airway smooth muscle, secreting cells and on the nerves. My receptors are found in sympathetic ganglia in the
guinea-pig and in parasympathetic ganglia in humans. Mj receptors (inhibitory autoreceptors) are found in
cholinergic parasympathetic nerve terminals in many species, including humans, whereas the muscarinc
receplors found on airway smooth muscle and mucus glands belong to the M subtype. It is possible that a
defect in neuronal M, receptor function may explain B-blocker-induced asthma. M, antagonists such as
methoctramine are promising tools for elucidating the role of muscarinic receptor subtypes in the lung.
However, they can potentially increase acetylcholine release. This property is not shown by drugs with a
kigher selectivity for My and M receptors which are likely to be useful clinically in the treatment of airway

disease.

It has been known for many years that parasympathetic
cholinergic nerves are the predominant neural path-
ways in the airways and cholinergic mechanisms may
be important in airway obstruction in humans. Chol-
inergic nerves pass down the vagus nerve to synapse in
ganglia within the airway walls from which short
post-ganglionic fibres pass to the target cells, including
airway smooth muscle and mucus glands. Release of
acetylcholine (ACh) from the post-ganglioruc nerve
tceminals onto postjunctional cholinoceptors leads to a
contraction of airway smooth muscle and to mucus
secretion; these effects are blocked by muscarinic
antagonists such as atropine and ipratropium bromide.

Academic Pharmacology Department, Royal Free Medical School,
London NW3 2PF and *National Heart and Lung Inshtute,
Brompton Hospital, Dovehouse Street, London SW3 6HP, UK.
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Autoradiographic mapping studies have shown that
muscarinic receptors are present on airway smooth
muscle cells and on gland cells in the arrways of
animals! and humans?, and the smooth muscle recep-
tors from large to small airways appear to be entirely of
the M; subtype. The classification of the postjunctional
receptors into the M3 category is supported by evidence
from autoradiographic, ligand binding and pharmaco-
logical studies in vive and 1 vitro obtained in many
laboratories. Recent work has shown the existence of

T
in animals? and humans®. This has led to the concept
that the neural control of airway smooth muscle is
much more complex than had been originally envis-
aged. Classification of these neural receptors may have
great relevance for future drug design for airway
disease.
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M; receptors

M; receptors with a high affinity for pirenzepine are
generally found in the cerebral cortex and on auto-
nom.ic ganglia. Pirenzepine is used clinically to reduce
gastric acid secretion and although it was originally
believed to act directly on the acid secreting cells, it is
now apparent that it acts predominantly on parasym-
pathetic ganglia in the stomach to inhibit neurally
mediated gastric secretion, As the innervation of the
airways is derived embryologically from the same
origin as that of the gut, excitatory M receptors seem
likely to exist also in airway ganglia and they have now
been identified. There appear, however, to be consider-
able species differences in the location of M; receptors
in pulmonary autonomic nerves (see Fig. 1). Piren-
zepine was shown to be very effective in blocking
bronchoconstriction due to preganglionic stimulation
of the vagus nerves in both rabbits® and dogs” and
these results were interpreted as showing M, receptors
in the pulmonary parasympathetic ganglia in these
species. However, these studies did not clearly show
that pirenzepine was effective at doses that had little
action on the bronchoconstrictor effect of acetylcholine
mediated via the postjunctional M; receptors.

Recent evidence suggests that M; receptors may be
present on human airway cholinergic nerves. The
effects of inhaled pirenzepine and ipratropium bro-
mude on cholinergic reflex bronchoconstriction, trig-
gered by inhalation of sulphur dioxide, were compared
in atopic subjects (Fig. 2). A dose of inhaled piren-
zepine was found that failed to inhibit significantly the
bronchoconstriction due to inhaled methacholine
(which acts directly on airway smooth muscle M;
receptors), whereas 1pratropium bromide was able to
block this response as expected. The same dose of
pirenzepine, however, was as effective as ipratropium
bromide in blocking bronchoconstriction induced by
sulphur dioxide, and as it could not be acting directly
on airway smooth muscle receptors, it must be acting
on some part of the cholinergic reflex pathway®. The
parasympathetic ganglia seem to be the most likely
location for this action, and human airway gangha
show a high density of muscarnic receptors in auto-
radiographic studies2. M, receptors have also been
demonstrated in the parasympathetic ganglia of rabbit
bronchi?.

In the guinea-pig, M, receptors have also been
demonstrated on pulmcnary autonomic nerves but
they appear to be located in sympathetic rather than in
the parasympathetic ganglia. In this species, piren-
zepine facilitated vagally-induced bronchoconstriction
at doses which had no effect on airway smooth muscle
muscarinic receptors. This facilitation was pievented
by propranolol, suggesting that M, receptors may be
localized in the sympathetic nervous pathway, where
they exert a facilitatory role'®. As sympathetic stimula-
tion in the guinea-pig causes bronchodilation and also
inhibits cholinergic neurotransmission, pirenzepine,
by biocking sympathetic My receptors, would reduce
noradrenaline release and thus indirectly increase the
effect of vagal nerve stimulation. These M, receptors
may be in sympathetic ganglia or on the sympathetic
nerve terminals which are closely associated with
airway cholinergic nerves and ganglia (Fig. 1). Compat-
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Fig 1 Location of muscannic receptor sublypes in pulmonary
autoriomic nerves In guinea-pig and humans, M, (piren-
zepine-sensitive) faciltatory receplors are locahzed lo
sympathetic nerves in the guinea-pig and to parasympathetic
gangha in humans M, inhibitory receplors are localized lo
post-ganghonic cholinergic nerves, which also have fp-
adrenoceptors, whereas Mj receptors are present on airway
smooth muscle in both species (The ganghonic acetylcholine
nicolinic receptor has been omitted )

able mechanisms have not yet been investigated in
human airways.

The physiological role of M, receptors in autonomic
ganglia is still uncertain. Classically, ganghonic trans-
mission is via nicotinic cholinoceptors which are
activated by acetylcholine and nicotine and blocked by
hexamethounium. Possibly excitatory M; receptors ex=rt
a facilitatory ef{ect on neurotransmission and may thus
amplify ganglionic transmission. Activation of these
receptors probably closes potassium channels, result-
Ing in a slow depolarization of the ganghon cell!!, The
M; receptors would therefore be expected to have a role
in long-term regulation of cholinergic tone, whereas
the nicotinic receptors are more important in rapid
signalling. If so, M; antagonists such as pirenzepine or
telenzepine might have a useful therapeutic role 1n
asthma, as they ma:* reduce vagal tone in humans. This
may be especially important in nocturnal exacerbatiors
cf asthma, which may be associated with increased
vagal tonel2,

M; receptors have been detected in the lungs by
radioligand binding studies but the resuits are unex-
pected. Binding of [3H]quinuclidinyl benzilate (QNB)
to both rabbit and human peripheral lung membranes
is displaced by pirenzepine with a shallow inhibitory
curve suggesting the presence of high and low affinity
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sites!314, The high affinity binding site has the charac-
teri. tics of an M, receptor and this is confirmed by the
use of [H]pirenzepine, which selectively labels this
receptor subtype. M; receptors make up more than half
the binding sites in human lung. This cannot possibly
be accounted for by receptors on parasympathetic
ganglia or nerves, which would make up only a small
fraction of the membranes. Recent autoradiographic
mapping has shown that the M, receptors are present
on submucus glands but not on airway smooth
muscle!>. They are also found on the alveolar walls,
which would account for the high density of M;
receptors in peripheral lung, where the cholinergic
innervation is very sparse and where the smooth
muscle is lacking. However, the function of these M,
receptors in human peripheral lung is unknown,

M, receptors

Muscarinic receptors have been described in the
aurways localized to the parasympathetic nerve termi-
nals where they exert an inhibitory control of acetyl-
choline release. These receptors were first demon-
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Fig. 2 (a} Lccalization of the effect of sulphur dioxide (SO,) to
cause vagally-mediated bronchoconstriction compared to tne
cirect effect of methacholine (MeCh) on awway smooth
muscle. (b) Cffect of pirenzepine (PZ) and ipratropium (18) on
bronchoconstnction induced by inhaled SO, and MeCh in
atopic subjects (n = 7). Airway function was measured as a
chenge in total lung resistance (Rrs) using a forced oscillation
technique and a dose of MeCh which evoked a 40% increase
in Rrs (PCsp) Single astenisk indicates p <005, double
astensks indicate p <0.02, mean values * s e m Both inhaled
bronchoconstriction elicited by SO, to the same extent
However, at this dose, PZ had no effect on MeCh-induced
bronchioconstnction, whereas 18 gave sigmificant protection
This suggests that pirenzepine sensitive (M, ) receptors exist in
the vagal reflex pathway, presumably located in parasym-
pathetic ganglia (/dapted from Ref. 8.)

e

strated in guinea-pig lung using the antagonist
gallamine® and kave now been identified also in catl®,
dog!? and human airways*, Blockade of these receptors
with a sclective antagornust causes facilitation of
bronchoconstriction induced by vagal nerve stimula-
tion316, As these receptors are activated by the trans-
mitter at physiological rates of firing in the nerve, they
function as autoreceptors. It has since been confirmed
that these receptors are selectively blocked by methoc-
tramine!® and AF-DX 116, confirming their classifica-
tion as M, receptors comparable to the M, receptors on
the atrial cell which mediate slowing of the heart. The
cardiac M, receptors are known to be coupled to K+
channels and their activation causes K+ efflux with
resulting hyperpolarization of the cardiac cell (the
opposite effect on K+ efflux to that produced by M,
facilitatory receptors). If the puimonary neuronal M,
receptors arc also coupled to K+ channels this could
explain the inhibitory effect which M; receptors exert
on acetylcholine release. This suggestion is supported
by the finding that cromakalim, a K+ channel opening
drug, also causes inhibition of vagaily-induced bron-
choconstriction!?,

As these prejunctional M; receptors have a post-
ganglionic location, they can be activated using field
stimulation of in vitro preparations of the airways. Thus
pilocarpine, an agonist for the prejunctional receptors,
inhibited cholinergic nerve-induced contraction in
guinea-pig*2® and human bronchi?* elicited by field
stimulation while having no effect on contraction
induced by acetylcholine added to the bath. The
suppressive effect of pilocarpine was blocked by
gallamine, confirming that it was mediated via M;
receptors,

In normal subjects, pilocarpine (in a dose which had
a small bronchoconstrictor effect in its own right) was
shown to have an inhibitory effect on cholinergic reflex
bronchoconstrictioninduced oy sulphurdioxide, where-
as a similar degree of bronchoconstriction caused by
histamine did not affect SO,-induced bronchoconstric-
tion?!, This suggests that these inhibitory receptors
may be present in normal human airways i vivo,
presumably controlling cholinergic bronchoconstric-
tion. In asthmatic patients, pilocarpine had no such
inhibitory effect, suggesting that there might be some
dysfunction of the autoreceptors, resulting in exagger-
ated cholinergic reflex responses.

M; receptors

Many laboratories have shown, using 1 vivo and
vitro methods, that the muscarinic receptors on airway
smooth muscle are sensitive to antagonists such as
4-DAMP and hexahydro-sila-difenidol and are there-
fore classified as M; receptors comparable to the
receptors in the ileum. Binding studies in guinea-pig
lung membranes indicate a preponderance of Mj
receptors, whereas in human lung, M; receptors make
up less than half the receptors {the remainder being
M. In humans, autoradiographic mapping studies
have confirmed that M; receptors are present on airway
smooth muscle and submucus glands. These receptors
seem to be linked to phe ,phoinositide breakdown with
the production of inositol-1,4,5-trisphosphate which
releases calcium ions from intracellular sites%2.
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GUINEA-PIG 22 ‘Therapeutic implications
) n=5 The discovery of three muscarinic receptor subtypes
; 20 in the lung has important clinical implications and
: raises the possibility of producing more selective
18 anticholinergic therapeutic agents in the future. The
Bz/B. antimuscarinic bronchodilatcrs currently available,
16 atropine, ipratropium bromide and oxitropium bro-
: mide, are nonselective antagonists which block the
. t4 neuronal receptors as well as the smooth muscle
‘ mmH,0 receptors. Ipratropium bromide bas been shown in
i 601~ 1.2 animals, at low doses, to increase vagally-mediated
. broncnoconstriction?? due to blockade of the prejunc-
: .. 50 10 tional M, receptors, as shown in Fig. 3. At this dose the
o responses of the postjunctional receptors to injected
g 40 o8 acetylcholine were unaltered. Abolition of all choliner-
b gically mediated responses only occurred at higher
5 30r 0.6 doses when postjunctional M receptor blockade was
S \\ achieved. A similar mechanism may occur in patients
: = 20 0.4}~ BRONCHO- \ and could explain some of the cases of paradoxical
‘ . CONSTRICTION brenchoconstriction which have been reported with
10 02r- \ inhaled a:.ticholinergic drugs in patients with chronic

ok olt | | b__: A obstructive airway disease.
VS ACh
B 1.2~ B-Blocker-induced asthma

, .\I/l The worsening of asthma by p-blocking drugs
1.0l A iy remains a problem and deaths continue to be reported.
W beats/min Even f-blocker eye drops are capable of precipitating an
<200~ osl asthma attack. The cause has remamed elusive,
N although cholinergic mechanisms may have a critical
X 150l 06} role, as anticholinergic drugs may completely prevent
W the bronchoconstriction due to inhaled propranolol in
£ 100} 0 4l- mild asthmatics?. Muscarinic autoreceptors might
b BRADYCARDIA help to explain how catastrophic bronchoconstriction
3 50l o2l may be precipitated by even a small dose of a
5 B-blocking drug. f-Blocking drugs inhibit sympathetic
3 L ol-l | ] bronchodilator tone, which in humans is probably
veach -1 -10 ~$ -8 provided by circulating adrenaline. B,-Adrenoceptors
! IPRATROPIUM (log,, moles/kg) which, when activated, inhibit the release of acetylchol-

.

ine, have now been demonstrated on cholinergic
nerves of human bronchi?6, and when these are

Fig. 3 Summary of results comparing the effect of ipratropium
on bronchoconstriclion (measured as an increase in pulmo-
nary inflation pressure measured from a side arm on the
tracheal cannula, P,,) and bradycardia These responses were
induced either by vagal nerve stimulation (V.S , solid line and
hatched columns) or by intravenous ACh (1 wg/kg, dashed line
and open columns) The responses before ipratidoum (8,)
are shown on the left in absolute units Results are expressed
as the ratio B,/B,, where B; 1s the response after ipratrobium
(All points are the mean * s.e., n = 5) Ipratropum inthially
enhances cholinergic nerve-nduced bronchoconstriction,
presumably by preventing feedback intibition uf acetyicholine

blocked an increase in tonic acetylcholine release would
be expected. In normal individuals the acetylcholine
would activate the autoreceptors to shut off any further
acetylcholine release and thus no bronchoconstriction
would occur. In asthmatic patien.s the same increase in
acetylcholine v ould occur but, hecause of the apparent
defect in mus.arinic autorecer.ors?!, there would be no
mechanism for switching off acetylcholine release,
Furthermoue, the asthmatic airway is hyperresponsive
to acetylcholine, thus even low doses of a f-blocker
may precipitate a catastrophic bronchoconstrictor

R N .

. release via M, receplors, As the dose is increased, blockade response?’ )

of the postjiunctional receptors abolishes all pulmonary and P ’ Y

\ cardiac responses (From Rel, 24 ) .
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Selective antagonists reveal different functions of
M cholinoceptor subtypes in humans

H.F. Pitschner, M. Schlepper, B. Schulte*, C. Volz*, D. Palm*

and A. Wellstein*t

Effects of atropine and of the subtype selective mAChR antagonists pirenzepine (PZ) and AF-DX 116 were
studied in humans. Dose— or time-response curves were established for heart rate and salivary flow. Plasma
samples were drawn in parallel with the effect measurements and analysed for drug concentrations.
Subtype-selective radioreceptor assays of the samples served to estimate the respective receptor occupancy in
vivo. It is shown that low doses of PZ (My-selective blockade) cause cholinomimetic effects indicated by
bradycardia and mcrease i salivary flow. After high doses of PZ or atropine, tachycardia and inhibation of
salivary flow are observed in parallel with occupancy of both the M and Mj subtypes. AF-DX 116 induces a
tachycardia together with an increased salivary flow in agreement with its selectivity profile (M, > M; >
M3). The diagnostic and therapentic applications of My- or My-selective blockade by low dose PZ or AF-DX

116 respectivaly are discussed.

Methods and tools borrowed from receptor pharmacol-
ogy should allow for more detailed studies of the
physiology and pathology of mAChR subtype driven
processes in humans. Based on this better understand-
ing, the wide variety of novel, subtype-selective
ligands might be translated into useful diagnostic and
tlicrapeutic drags. In our studies we have combined in
uitro and clinical studies of antagonists to move towards
this goal.

Combined in vivo and in vitro approach
In the present context, we have chosen two primary

Kerckhoff Khnik der Max-Planck-Gesellschaft, D-6350 Bad
Nauheim, FRG; *Z. Pharm. Klinikum der J.W.
Goethe-Universitit D-6000 Frankfurt, FRG, tDepartment of
Pharmacology, Georgetown Umiversity, Washington DC
20007, USA.

parametérs to quantitate mAChR effects in humans,
i.e. heart rate and salivary flow. Only minor emphasis
is put onto other mAChR-related parameters like
intracardiac conductivity, respiratory variability of
sinus node rhythm, blood pressure or accommodation
capacity of the eye. As drugs we used atropine, the
M-selective antagonist pirenzepine (PZ)! and the
M,-selective AF-DX 116, which differentiates between
the cardiac (M) and glandular (M) subtype?. Dose-
response of atropine or PZ and time-response curves of
AF-DX 116 were established in healthy volunteers.

To link the respective response to the occupancy of a
pariicuiar receptor subtype, we appiied a teciudque
used in similar studies of selective $-adrenoceptor
blockade’: plasma samples were drawn in parallel with
effect measurement and subjected to mAChR-subtype-
selective radioreceptor assays (RRA). In these receptor
binding assays we used [*H]-PZ as a label for bovine
cerebral cortex M; subtypesS anu [*H]-N-methyl-sco-
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polamine for the porcine atrium M, subtype® and rat
salivary gland M; subtype>. From the inhibition of
receptor binding by antagonist present in the plasma
samples, occupancy of the respective receptor subtype
and apparent plasma concentrations were calculated as
described?. in preliminary experiments it was estab-
lished that receptor binding of the radioligands was not
affected by inclusion of up to two-thirds ot native
human plasma in the assay*. Thus, the assay of plasma
sarples was carried out without significantly perturb-
ing the in vivo established equilibrium between free and
vound drug. As shown earlier for -blockers® as well as
atropine and pirenzepine?, the free drug concentration
in the plasma compartment measured with these
precautions is representative of the active drug concen-
tration at the respective receptors oriented towards the
extracellular space. Thus, we were in a position to
detect in vivo receptor-occupying, active antagonist in
the in vitro assay. Furthermore, we compared the
affinity profiles of the antagonists used in the present
study in different species including human tissues
(Table I). In these receptor binding assays a twofold or
less difference in the K, values of the drugs for M, and
M; receptors is apparent and we therefore feel safe in
estimating the i vivo receptor subtype occupancy in
humans from this RRA of plasma samples.

Peripheral M; receptor blockade generates M-cholin-
ergic effects in humans

Cumulative dose-response curves of atropine and
PZ were established without and after $-blockade by
propranolol. As can be seen from Fig. 1 (panels B and
C), PZ and atropine show biphasic dose-response
curves for salivary flow and heart rate. This pattern is
far more pronounced for pirenzepine than for atropine.
ED50 values calculated from a model superimposing
two dose-response curves with opposite effect vectors?
show a 40- to 60-fold selectivity for the heart rate
decelerating versus the accelerating effect of piren-
zepine®. The respective parameters for atropine show

only a two- to four-fold selectivity*. The M. receptor
subtype occupancy derived from the receptor assay of
plasma samples (Fig. 1A) coincides with the ‘paradox-
ical’ cardiodeceleratory and hypersalivatory effects of
PZ. The “typical’ antimuscarinic effects of FZ on salivary
flow as well as heart rate are reflected in the occupancy
of salivary M cholinoceptors. The preferential affinity
of PZ for M; receptors also becomes apparent in the
experiment depicted in Fig. 1D. From the above studies
we selected a dose of PZ (1.1 mg), suffizient to block M,
receptors in humans without a blockade of other
subtypes. When the dose-response :urve of atropine
was established after pretreatment w:th this dose of PZ,
only a monophasic response was ooserved (Fig. 1D).
Thus, we can attribute the cardiodeceleratory effects of
both atropine and pirenzepine to the same M; subtype.
It should be pointed out that B-blockade was not able to
abolish the cardiodeceleratory effect of the M;-blockade
(compare Fig. 1C and 1D, i.e. without and with
R-blockade respectively).

To elucidate the mechanism underlying this observa-
tion, we studied postsynaptic vagal activity under the
diffetert conditions As a non-invasive measure we
used the respiration induced variability of the sinus
rhythm read from the RR-intervals of the ECG’.
Increased postsynaptic activity has been reported to
ccincide with increased variability in the RR-intervals
and vice versa. In our investigations the M;j-selective
dose of PZ increased the variability of the RR-intervals
by 58% above control. The maximum dose of atropine
reduced the variability almost completely by 85% of
control independent of pretreatment with PZ3.
f-blockade did not affect these results.

From tho above data we concluded that an M;-
selective blockade increases the postsynaptic M-chol-
inergic activity and we tried to narrow down the
possible mechanism underlying this finding. Blockade
of excitatory M; receptors located on peripheral
sympathetic ganglia® would be a possible explanation
for the cardiodeceleratory effects of low dose PZ9.

TABLE L. K, values of mAChR antagonists in different species

§ Cerebral
g cortex
H Atrium M, receptor Salivar 7 gland M3 receptor M, receptor
: M-AChR
H antagonist porcine human rat bovine human bovine
- Atropine 34 4.7 1.9 24 38 08
: n=13 n=3 n=7 n=5 n=4 n=13
sem=05 sm=05 sem==04 ssm=06 sem=04 sem=01
Pirenzepine 1500 2320 533 928 1049 8.9 B
n=6 n=2 n=6 n=4 n=3 n=13 .
! sem = 227 sew = 127 sem = 108 sem =20 sem= 135 sev=08 H
AF-DX 116 194 172 5150 6470 6180 644 :
n=10 n=3 n=10 n=5 n=4 n=8 :
P z sem = 21 sem =21 sem= 1030  sem=407 em =349 sem = 160 g I
z é
g K, values (nm) of atropine, PZ and AF-DX 116 in different tissues from different species. Human tiscue samples were dernved from

surgical procedures, intact arimal organs from the local slaughter house or from our ammal facilities. Membranes were prepared
from these matenials after homogenization and several centrifugation and wash steps (see Ref 4). From receptcr binding isotherms
ot e different drugs versus [3H]-PZ (M,) ¢ [3H]-N-methyi-scopolamine (M, and Mz in filtration assays, the respective K, values
were caiculated (see Ref 3). Mean values of n independent experiments and sem are given
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Fig 1 Companson of mAChR subtype occupancy and dose—response curves of atropine (alr) or pirenzepmne (pir) in healthy
volunteers. In eacn session, volunteers (n = 9 to 12) received 6 to 9 conseculive 1 v bolus imections of drug at 20 to 30 minule
intervals to cover cumulated doses of 0 02to 40mg forPZor0 4 to 40ug/kg for atropine. Details of panels A~C have been published
n Ref 5 and of D in Ref. 4. A: Radioreceptor assay of plasma samples after pirenzepine The respective mAChR subtype
occupancy 1s depicted on the nght ordinate. Apparent piasma cencentrations (left o:-dinate} are given in pharmacological units, 1€
multifolds of the inhibitory dissociation constant (VK,). (A 50% receplor occupancy thus coincides with a plasma concentration of
1 x VK, ) B and C. Dose-response of atropine or pirenzepine on salwary flow (B) and heart rate (C) under control conditions without
B-blockade D Dose-response of atropine after B-blockade (240 mg of oral proprano:ol) without (open symbols) or with [closed

symbols) pretreatment with an M, receplor blocking dose of pire
occupancy obtaned from the RRA of plasma samples. l.can be in

nzepine (1.1mg 1v) The inset shows the respective M receplor
ferred from the data in the nset that the pretreatment with PZ had

no effect on M receplor occupancy by atropine. (Figures reproduced with kind permission by Springer-Verlag )

However, the effects of PZ were not abolished by
B-blockade as would be expected for an effect produced
through a B-adrenergic pathway*5. CNS effects are
highly unlikely tobe due to the high hydrophilicity and
low permeation of PZ into the CNS. An intrinsic
activity of PZ at postsynaptic receptors can be ruled out
from studies in heart-transplanted patientsS. These
patients keep their sinus node fully innervated and
receive an additional sinis node with the donated
heart. Both atropine and pirenzepine showed no
significant effect on the non-innervated sinus node in
the donated heart. The reapients’ sinus nodes,
however, retained responsiveness to the antagonists
comparable to healthy volunteers. These data and
considerations led us to suggest that the choiino-
mimetic effects of a peripheral M; receptor blockade are
brought about by the blockade of inhibitory M,
autoreceptors*S. According to this hypothesis, block-

ade of these receptors by low dose PZ increases the
postsynaptic cholinergic stimulus due to the interrup-
tion of a negative autofeedback mechanism.

Functional distinction between cardiac and glandular
M-ACHR in humans using AF-DX 116

AF-DX 116 has an affinity profile clearly distinct from
P72, We administered 240 mg orally to healthy volun-
teers and monitored heart rate, salivary flow and
accommodation capacity of the eye every 20 to 30
minutes. Plasma samples drawn in parallel were
assayed in the above described RRAs. Atropine scrved
as a control. Whareas atropine inhibited salivary flow
almost completely and resulted in blurred vision,
AF-DX 116 did not affect the accommodation capacity
of the eye and induced a slight increase in salivary flow
(Fig. 2). Atropine and AF-DX 116 increased the heart
rate to a similar extent. Analysis of the RRA data is in
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fig. 2 Time-response curve after oral administration f 240 mg of AF-DX 116 to healthy volunteers (n = 7) 40 png/kg of atropine
served as a control. Heart rate (A) and salvary flow (C) were monitore¢ und plasma samples viese drawn in paralle! From the
respective RRA of plasma samples (see text for details), the MACHR subtyoe ozcupancies in vivo were estimated Ongmal dala

published in Rel. 6.
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good agreement with this effect pattern in the volun-
teers: M, receptors showed the highest occupancy by
antagonist present in the plasma samples. The long-
lasting steady-state tachycardia is matched by a sus-
tained receptor occupancy in the in vitro assay. M,
receptor occupancy was not detectable in agreement
with no inhibitory effect of AF-DX 116 on salivary flow.
The intermediate occupancy of the M, subtype seems
to be matched by the slight increase of salivary flow.
This interpretation though still speculative seems to fit
with the above discussion of inhibitory M; autorecep-
tors: the effect of their bleckade does not become
apparent in the heart due to the overwhelming block-
ade of the postsynaptic M, subtype by AF-DX 116.
However, in the salivary gland, the cholinergic stimu-
lus becomes apparent as hypersaiivation due to a
missing postsynaptic blockade (for further data see
Ref, 6).

Studies using i.v. administration of AF-DX 116
confirmed these results with respect to its pharmaco-
dynamics. The pharmacokinetic behavior of the drug,
however, was strikingly different: an elimination half-
life from plasma of 2.5 to 3 hours was derived from the
RRA of plasma concentrations and HPLC detection of
AF-DDX 116 1.v. (HPLC analysis was kindly performed
by the laboratory of Prof. E. Mutschler, Frankfurt). The
HPLC detection of AF-DX 116 in the plasma samples
after oral drug administration also yielded sustained
Iugh plasma concentrations comparable to the results
from the RRA. These data rule out a significant role of
an active metabolite and suggest that perturbance of
drug release andfor absorption of the oral preparation is
responsible for this unique behavior. Further studies
are being carried out at present.

With respect to clinical applications, the pharmaco-
kinet:c and pharmacodynamic profile of oral AF-DX 116
makes 1t a good tool for the treatment of bradycardia
avoiding side effects associated with rather non-selec-
tive antagonists of the atropine type.

Sympathetic/parasympathetic interaction and M,
receptors

Due to the close interconnections between
sympathetic and vagal pathways we sought to under-
stand regulatory functions of mAChRs with different
mechanisms of sympathetic stimuiation and compared
1soprenaline- and exercise-induced tachycardia during
mAChR subtype-selective blockade. It was demon-
strated earlier that vagal effects in mammalian atna
were more pronounced upon pretreatment of the
preparation with isoprenaline!?. This observation can
be mimicked in humans as shown in Fig. 3A. The
deceleratory dose-response curve of PZ maintains
virtually the same ED50 comparing not stimulated (Fig.
1€ » and isoprenaline-stimulated conditions (Fig. 3A).
The amplitude of the effect, however 15 inacased
twofoid. Tachycardia induced by o :rase shows a
different effect pritern with an M, receptor blockin;
dose of PZ. As shown in Fig. 3B (left side), th:

Jdectierstory offect of PZ disappoear during overcise-
mnduced tachycardia obviously due to the reduced
vagal acavity with increasing physical stressit-12. Dur-
ing the recovery phase (Fig. 3B, night side) this effect of

the M;-selective blockade becomes apparent again with

|
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Fig 3 Interaction between M, receptor t.ockade and
sympathetic stimulation in healthy volunteers Isoprenaline-
(A) and exercise-induced tachycardia (B) A Dose-response
of pirenzepine on the 1soprenaline-nduced tachycardia (n =
9) The individual isoprenahine dose necessary to increase the
heart rate lo about 7110 beats/min was htrated and kept
constant for 35 hours (22 1 ng x min~* x kg~1) Carrier only
{dotted iine) or cumulative doses of PZ (008 to 49 mg v,
heavy line} were admimistered at 20 to 30 min mntervals 8
Effect of low dose PZ on exercise mnduceo lachycardia
Volunteers (n = 6) received either placebo (0) or PZ {tnangle)
and undenwent an increasing wor joad (25 walls every 3 min)
The heart rate was momitored dunng this exercise ang dunng a
20 minute recovery phase Before exercise (0 time pomnt}and 4
to 17 mmn alter exercise, a significantly lower heart rate was
observed in the PZ group (p < 0 05)

the reappearance of vagal activity These two indepen-
dent results aiso support the notion of a periphetal M;
receptor functionir,g as an mhibitory autorecepior in
humans. Furtherracre, the different regulation of vagal
activity during e «ercise tachycardia in comparison w.ith
isoprenaline-induced tachycardia can be unmashed by
the P7 induced M, hinckade: at 110 beats/min PZ
decreases the isoprenaline-stimulated heart rate siguifi-
cantly by 30 beats/min, whereas at the same iicart rate
due to physical exer&ise PZ remains withuwut effect (Fig

3 panel A versus B).
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Perspectives

The data from these studies in healthy human
volunteers led us to design a combination of exercise
and isoprenaline tests in combination with low dose PZ
for the detection of latent sympathetic/vagal mis-
matches in young patients with syncopic attacks. In
addition, we emplcy this combination of selective
cholinergic and sympathetic challenge in the diagnosis
of latent intracardiac conductivity problems. Further-
more, we believe that AF-DX 116 should b: a good
alternate tool for the long-term treatment of vagally
induced bradycardias due to 1ts favorable selectivity
profile in vivo.
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1 Pharmacokinetics and effects ¢f singie
oral doses of the novel selective
antibradycardic agent AF-DX 116 BS in
normal subjects

P. Tanswel, C. A. P F Su, G. Heinzel, U. Busch and
G. Nehmiz. Dr Kart Thomae GmbH, Depts of Medicine and
Deveiopment, D-7950 Biberach. FRG

Chrenic treatment of bradvcardia using
anticholineragins such as atropine is ~-mited
by tneir side effects; the current taerapautic
alternat:ve is pacemaker insertion. A new pro-
misine, seliective antibradycardic agent 1s
AF-DX llo BS, a zardios-ecific M2 cholino-
ceptor antaqonist.

in a double blind randomized Phase T study,
¢4 groups ¢f healthy male volunteers were qiven
singie cral doses of placeto (P), 120 ma ML),
249 mg (D2) or 480 mg (£2) of AF-DX 116 S,
Peak plasw. concentrations analysed by HPLC
were 84 (fiv, 370 (D2) and ©°20 (D3} na/ml; ALC
valuzes were 750 /Pl), 271Q (D2) ana 7760 (D3
ng.h/ml. t{max) was 2.3-2.6 h and plasma lev-
els sungequently decreased onlv slowly (mean
residence taime 12.35-15.2 h).

“ean baseline heart rate (HR: 1/min) was
64+ 7 [SDYIPY, 61+8 (D1), 646 (D2) and 64317
(D3} [n.s.i. Mauamum increases in HR were -3#5
(Py, 4+5 (Dl; p<O0.1 vs PY, 1347 (D2; 0<0.01 vs
P), 2nd 21 + 9 (D3; p < 0.001). Median dura-
tion of s~zgtion was 3.2 hk /DY), 14 h (D2) and
22.7 h (D3). Salivary flow, near-ooint vision
and pupil diameter were unaffectad.

In conclusion, AF~DX 116 PS is efficacious
and well tolerated after single oral doses,
shows a prolonged durat:ion of action and 1s
potentially suitable for chronic admini-
stration.

2 Clinical phaimacology of AFCX 116 BS, a
novel selective antibradycardic agent after
repeated dosing in normal subjects

C A.P.F. Su, P Tansweli, G. Nehmiz, G. Heinzel Dr Kar!
Themae GmbH, Departments of Medicine and
Pharmacokmetics, D-7350 BiberachRiss, FRG

Cenvent.ona) treatment of bradycardic arrhythafas cozprises
pacemaker insertion or therapy with antichoiinergic or beta-
=imetic drugs such 3s atropine and crcipremaline. The use of
these agents is however limited by their side effects.
A promising new entity for this indication is AFDX 116 BS, an
H2-cholincceptor antagenist which has desonstrated high
cargio-selectivity in in vitro receptor birding studies and
after single doses in healthy voiunteers.
Ir. this doubie blind randomized study 3 groups of 12 healthy
a3le  volunteers received oral doses of placebo (P),
gzg oy (D) ant 240 =g (D2) AFDX *16 BS twice daily over
ags.
Baseline heart rates (iR; 1/min} were  (mean & SDj:
634+ 11 (P). 66+ 9 (DI} and 56 # 10 (B2) (n.s.). Average
increases in HR on day 5 over the I2h geriod following the
last dose were 04 5.3(P), 6.3+ 6.8 (Dj; p<0.1) and
11.8 + 5.8 (02; p<0.00}).
The medication was well tolerated, with no significant changes
in salivary flow, rear-point vision and surface £CG.
fharmacokinetic <teady stale was effectively reacheo after
2435, SN SN plesme Juvrls of 48 2 18 agis. Usy anc
117 % 42 ng/mt {D2).  Cmax  was 247 » 234 ng/m) (DI}  and
590 ¥ 232 ag/ml (02), terainal half 1iTe 15 + &h (01) nd
12 471.3h (D2). The accuzulation factor wis 1ow (1.6}, and
kinetizs were linear over the dose range studied.
In conclusicn, the efficacy, selectivity and pharmacokinetics
of AFDX 116 8$ after repeated desing are highly favorable and
Justify the initfatfon of trials in patients with bradycardia.

3 Muscarinic agonists for senile dementia.
past expenence and future trends

J A.Gray', A.Enz*" and R Spiegel® “Chncal and ™
Prechinical CNS Research. SANDOZ Ltd , 4002 Basle,
Switzerland

A role for muscarinic receptor agonists in the sympto-
rmatic treatment of Alzheimer’s Discase 1s suggested by
the pathological findings in postmortem brain tissue of
pre-synaptic chielinergic npeuronal loss combined with
preservation of post-synaptic ¥l receptor nusber

Classical muscarinic agonists have mixed activity at Ml
and M2 receptors Examples of such agents include pilo-
carpine, oxotrcmorine, arecoline and bethanechol (the
latzer given intracerebroventricularly), which have pro-
duced generally equivocal or negative results in small
ciinical trials

RS 86, also a mixed M1/M2 receptor agonist, produced
a positive clinical response in 15 per cent of paticents
1n 2 out of 5 clinical studies Responders could not be
characterised retrospectively based on clin:cal observa-
tions

However, the action of these agents at M2 receptors
leads to 1)} peripheral cholinergic effects, which may be
dose-limiting and possibly 2) a decrease in neuronal re-
lease of acetylcholine, an effect which may be partially
offset by M2 receptor loss in brain of Alzheimer’s Dis-
ease patfents,

HMore potent and better tolerated muscarinlC agonisis
arce needed for clinical studies Theoretical approaches
include the design of highly lipid solubic agents to
allow rapid brain penetration and hence a higher ccntral
to peripheral effect ratio, a scarch for specific Ml or
Ml-subtype selective receptor agonists, using c¢loned
specific receptor subtypes, and the development of pre-
syraptic muscarinic antagonisrs to facilitate acetyl-
choline release and hence stimulate both muscarinic and
nicotinxc receptors

4 Muscarinic receptor alterations in human
cognitive disorders

| Aubert. D M Araujo, S Gautnier and R Quirion. Douglas
Hospitat Res. Cir and McGill Univ, Montreal Quebec.
Canada.

The literature containg =any discrepancies concerning
the status of muscarinic receptors in heman neurodegenc-
rative diseases, 'n the present studv, we characterized
the binding of various muscarimic ligands to horogena-
tes of both cortical and tsubcortical regions of Alzher-
mer's (AD). Parkinson's(PD), and Parkinson's with AD-
type dementia (PD/AD) brains. Cur results suggest that
the total density of muscarimic receptor sites. dssessed
using 3H-QNB as ligand, is not altered by discase. exc-
ept in the caudatesputaren, where the Bmax is incraeased
This increase in the densityv of muscarinic sites ray be
due to an up-regulaﬁion of the Mi-subtype, since wne
found the Bmax for “H-pirenzepine binding was sictlarly
enhanced. Conversely. the density of muscarinic-M2 sites
was reduced in all areas 1n the PC/AD and AD brains. and
in the striatun and hippoca~pus of PD brains. This dec¢-
rease in JH-AF-DX 116 or 3H-ACh binding in cortical tis-
sue ranged from 38-617 and was significantly correlated
with the reduction 1n choline acetyltransferase (ChAT)
activity in these same brain regions, at least in AD.
Therefore, it appears that ruscarinic=M2 receptor sites
in cortical regions and in hippocarpus, like ChAT, may
UC sOLari2ed Lo pred>yndplic ChoINErgic terninais. In
summary, the density of muscarinic receptor sites is
differentially altered in various regions of the hu=an
brain ana the dejree of deficit appears to depend on the
type of neurodegenerative disease involved, as well as
its severity.

(Supported by MRC, Canada & FRS?Y, Quebec)
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5 i.c.v. AFDX- 116 induces analgesia only
when administared at very low doses

A. Bartohni, C Ghelardini, F. Gualtie i, M. Malcangio,

P Malmberg-Aiello, N. Ro:ranelli and A. Gioth. Department
of Pharmacology, University of Florence, [taly.

Autinociception :an ve induced it animals by stimulating
central rmuscarinic receptors. This effect can be obtained
either by direct muscarinic agonists or by indirect choli
ouninetics such as cholinesterase inhibitors and specific
antagonists ¢f suscarinic presynaptic autoreceptors, such
as atropine, given at very low duses(l) and local anaes-
thet.cs(2). $irce many authors bive reported that in the
CNS chrlinerg c inhibitory autc "eceptors are of M, sub~
type, we decid:d worthwile to test the anaigesic effect
of £7DX~116, a selective M, antajomist. AFDX-116 (6.3 ng/
pous2 i.¢ v,) was able to induce a statistically signifi-
cant antinociception in mice tested on hot~plate and wri-
thing tests. AFDX-116 doses ten times respectively higher
and lower than the analgesic one were ineffective. AFDX-
116 antinociception was antagonized by atropine (5 mg/kg
i.p.) and by HC-3 (1 pr/mouse 1.c.v.), Naloxone (1 =g/kg
i.p.) did nc: modify AFDX-antinociception. Analgesia in-
duces by AFL(~116 was obtained wathout any adverse sympto
matology as resulted also in experiments using the rota-
rod test. AFDX-116 thercfore was able, like very low do-
ses of atropine (1) and local anaesthetics (2}, to induce
antinociception through cholinergic activation. Experi~
ments are now in progress to elucidate why the higher
doses of AFDX-116 were not effective.

Bartolinmi et al. X IUPHAR, Sydney, P36 P816 (1987)
Bartolini et al. Br. J. Phammac. 92, 711 (1987)

6 Analgesia induced by the Mo antagonist
methoctramine administered i.c.v.

F. Gualtieri, C. Ghelardini, A. Giotti, M. Malcangio,

P, Maimberg-Aiello and A.Bartolini. Department of
Pharmaceutical Science, University of Florence, ltaly,

Antinociception can be induced in animals by stimulating
central muscarinic receptors. This effect can be obtained
either by direct muscarinic agomsts or by indirect choly
nomimetics such as cholinesterase inmbitors and specific
antagonists of muscarinic presynaptic autoreceptors, such
as atropine given at very low doses (1} and local anaes-
thetics (2). Since many authors have been reported that
in the CNS cholinergic inhib-tory autoreceptors are of M
subtype we thuoght it worthvile to test the analgesic ef-
fect of methoctramine, a selective M, antagonist. Metho-
ctramine (5-100 ng/mouse i.c.v.) was able to induce a sta
tistically significant antinociception tested i1n hot-pla
te and writhing tests. Methoctramine antinociception (10
ng/mouse i.c.v.) was completely antagonized by atropine
(5 mg/kg i.p.) and by HC-3 () po/mouse i.c.v.) but not by
naloxone \1 mg/kg i.p.) and a-methyli-p-tyrosine {100 mg/
kg f.p.).Moreover the i.c.v. injection of antinociceptive
doses of methoctramine did not impair performance on the
rota-rod test. On the basis of tnese results and of the
exsisting literature we hypothesized that methoctramine
like atromine at verv law dosec and laral anzacthatsce
induces antinociception by a facilitation of cholinergic
transmission,

}) Bartolini et al,
2) Bartolini et al.

% IUPHAR Sydney, P36 P816 (1987)
Br. J. Pharmac. 92, 711 (1987)

7 Muscarinic M1 contrary to Mo antagonists
do not induce analgesia

C. Ghelardini, A. Giottr, F. Gualtiers, 14. Malcangio,
P. Malmberg-Aiello, S. Scapecchi and A. Bartolin:
Department of Pharmacology, University of Florence Italy.

Atropine (1-100 pg/kg s.c.: 1-10 ng/mouse 1.c.v.)(1),AFDX
116 (6.3 ng/mouse 1.c.v.)(2) and methoctramine (10-50 ng/
mouse i.c.v.) (3) are able to induce antinociception when
administered at very low doses. Since their analgesic ef-
tect 15 antagonized by atropine (5 mg/kg i.p.) and by HC~
3 (1 pg/mouse i.c v.) it appears possible that such an ef
fect might be due to an indirect activation of the cen~
tral cholinergic system. Moreover since oxotremorine anal
gesia 1s antagonized by atropine but not by HC-3,a direct
mechanism of action like that of oxotremorine may be ru-
led out for the three antimuscarinic drugs. On the basis
of these in vivo experiments together with results obtain
ed in vitro (1) we concluded that AFDX-116, methoctramine
and atropine induce antinociception by blocking selecti-
vely the inhibitory presynaptic autoreceptors. Since M
subtype of muscarinic receptors were described also at
the presynaptic level (4), pirenzepine and dicyclomine
were tested for amalgesia too. Although a large range of
doses was tested neither pirenzepine nor dicyclomine ad-
ministered erther i.c.v. or i.p. were able to induce an=-
algesia in mice tested on hot~plate and writhing. These
results are in agreement with most literature reports
showing that muscarinic autoreceptors are of MZ subtype.

1) Bartolini et al. (1987) X IUPHAR, Sydney P36 P816
2) Bartolini et al. this meeting

3) Gualtieri et al. this meeting

4) Suzuki et al. Neurosci. Lett. (1988) 84, 209.

8 In-vivo selectivity of muscarinic agonists
with a 1,3-oxathiolane nucleus

P. Angel@, L. Brasil?, M. Gianneliab, F. CantalamessaC,
ascuola de Spacializzazione in Biochimica e Chimica
Clinica, "Dipartimento de Scienze Chimiche, Clstituto di
Farmacologia e Farmacognosia, Univarsita di Camerino,
Italy and J. Wass, Department of Pharmacology, University
of Frankfurt/Main, FRG.

The cardiovascular effects of the myscarinic agonist (&) cige2-methyl-
S-(dimethylanino)mathyl-1,3-oxathiolane wmethloaice (2[) and 1is two
enantfomers have been investigated in the pithed rat. Muscarine served
as 3 reference drug All compounds procuced brief decreases in heart
rate an¢ mean arterial pressure (meciated by Mp receptors) followed by
3 ~ore sustaineg tachycardia ano pressor response {mediates by
gangifonmic M; receptors). The two enantiomers displayed proncunced
enantiostlectivity, the (+) enantiomer being 18-42-fold zore potent
{Tab). Muscarine showed similar potencies In eliciting both the
inibitory and excitatory actions, and thus dig not discriminate
tetmeen M and My receptors. In centrast, racemic oxathiolane () ant
poth enantiomers displayed a siigth (3-7-fold) selectivity for the
ercitatory My as compared to the aimvibitory Mp responses. It thus
appears that rwscar.nic agonists carxying a 1,3-oxathiclane muxcleus
may be useful tools in the cevelopment of rmore selective M receptor
agonists.

EDsg(rmol /Kg)
Pithed rat
Decrease 10 increase in
heart rate MAP3  heart rate MAPA

myscarine 16.7 19.1 11.9 20.5
(2): 8.2 8.6 2.6 2.6
I and Tl waea Loesa
(631 4.6 4.3 0.6 0.6

3 = mean arterial pressure
Supported by the Ministry of Public Ecucation.
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9 CI-969: An orally active muscarinic
receptor agonist related to arecoline

M. R Pavia, R. D. Schwarz, L. L. Coughenour, R. E. Dawis,
D T. Dudley, W. H. Moos, T. A. Pugstey, H. Tecle and

C.R. Clark. Parke-Davis Pharm. Res. Div., Warner-Lambert
Co., Ann Arbor, MI. USA.

Muscarinic agonists have been suggested to be
useful in the treatment of Alzheimer's disease.

In this repert we present the chacacterization of
the muscarinic receptor agonist, 1-'1,2,5,6-

i tetrahydro-1-methyl-3-pyridinyl) - ethanone, 0-

. - acetyloxime, HC1 (CI-969). In vitro, CI-969 binds
with high affinity to rat brain muscarinic
receptors with no significant binding at a number
of other receptors. Stimulation of scopolamine-
sensitive phosphatidylinositol turnover was
observed in rat cortical slices and SK-N-SH cells,
while presyngptica1ly C1-969 decreased both the

. release of [H]-ACh from rat cortical slices and

: high affinity choline uptake. In vivo, CI-969
produced dose-dependent cholinergic effects in
models of central (body temperature, EEG, and
local cerebral blood flow) and peripheral (GI
motility, heart rate) cholinergic activity with
rodents showing activity in the range of
1-3.2mg/kg and non-human primates at 0.0lmg/kg.

t In addition, analgesic efficacy was also observed.
Thus, CI-969 is a novel muscarinic receptor
agonist showing central activity upon oral
administration.

10_ Transfer of ACh-like behaviours from
CER to 3 paradigms

J. D. Lane and M. J. Forster. Pharmacol, Texas Coll.Osteop.
Med., Fort Worth, TX 76107, USA.

Previous studies from this laboratory have demonstrated
that the presentation of a conditioned stimulus (CS) to
rats elicats conditioned emotional response (CER). This
acquisition and extinction of behavior is correlated
with a hypercholinergic-like state which results in
compensatory muscarinic bandang site plasticity in the
cerebral cortex. We tested the hypothesiz that drug-
naive rats exposed to CER would behave in other well-~
characterized behavioral paradigms as though they had
received cholinerxgic agonists. Groups of animals were
trained on a CER schedule, such that presentation of CS
on testday suppressed food-reinforced responding and
pxoduced collateral behaviors reminiscent of
emotion/anxiety. Directly after the CER session,
andividual animals werxe tested for passive avoidance,
active avoidance, or activaty (Dagiscan apparatus).
Compared to controls (no CS presentation), CER rats
exhibited (statistically saignificant, p<0.05): a 24
percent decrease in locomotor activity, a 7?5 pexcent
increase in stereotypy, a 50 increase an
antithigmotactic behavior, a 15 percent increase in
trials to criterion for active avoidance, and a 27
- percent decrease in trials to criteraion for paassive
avoidance. Numerous other activity measures did not
distinguish the groups. A small number of animals which
failed to exhibit CER did not demonstrate the changes in
Activity and learning/memnry ther warz sewarmize
observed in CER animals. Drxug-naive CER rats show
decreased locomotor activity, facilitated passive and
retarded active avoidance, just as though the animals
had received muscarinic agonists or acetylcholinesterase
inhibitors. (supported by DAMD-17-88-C8026)
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11 Relative aversive potency of muscarinic
agonists

M. S. G. Clark, J. Hatcher and F. Brown. Beecham
Pharmaceuticals Research Division, Harlow, CM19 5AD, UK.

Cholinonimetics with low aversive activity (e.g.
nausea/emesis) should.be useful for dement{a therapy.
Conditioned taste aversion (CTA) was uged to estimate
the potentisl of drugs to fnduce such aversive effects.
The potencies of full and partial agonists and
anticholinesterascs were assessed for induction of CTA
in rats and for other CNS effects in mice e.g.
inhibition of exploratory locowotion; induction of
hypothermia and tresor (see table below}.

EDyg me/kg sc

Druvg CTA locomotion teaperature trozot
BRL 47042% 0.0005 0.0002 0.0006 0.002
eserine 0.29 ¢.05 0.1 0.1
oxotremorine 0.3 0.02 0.04 .2
BMS 0.59 0.07 0.7 101
THA 1.8 1.58 6.0 6.0
pilocarpine 5.8 1.57 7.0 10 1

I=inactive, *BRL 47042 s exo=3-(3~mechyl~1,2, 4-oxa~
diazol-5yl)-azabicyclo{2.2.i }hentune

All cholinomimetics tested caused CTA at doses higher
than those that inhfbited explordtory locoaution, an
effect taken to reflect the cognitive potential of the
drugs. The partial agonists BM> and pilocarpine did not
induce tremor, unlike the full agonists, BRL 47042 and
oxotremorine which did. Low tremorogenic activity of
these partial agonists may not be a real advantage. It
is offset by their potency in CTA which suggests that
aversfve side effects will be the more limiting factor.

12 Carbachol induces an inward Na* current
in ventricular myocytes by activating Mo
muscarinic receptors

A. Pappano and K. Matsumoto. University of Connecticut
Health Center, Farmington, CT, USA.

Carbachol induces fnward current carried by Na through
TIX-resistant channels in ventricular and atrial cell
membranes. This action of carbachol, which is shared by
acetylcholine but not by oxotremorine, is prevented by
the non-selective muscarinic receptor (mAChR) antagonist,
atropine. Voltage clamp experiments were done on
isolated quinea pig ventricular myocytes in Cs* (20mM)

- containing Tyrode solution to ascertain the
pharmacological properties of the mAChR involved in the
action of carbachoi. Carbachol (300uM) induced a

steady inward current of ~25 pA when the membrane was
clamped at *he resting potential (-75mV). Atropine,
AFDX~116 (My-selective) and pirenzepine

(My-selective) suppressed the carbachol-induced inward
current in a concentration-dependent manner. Tthe
antagonist concentrations for 50% inhibition (ICgg) of
the carbachol effect were 20nM, 200nM and 150GnM for
atropine, AFDX-116 and pirenzepine, respectively. The
results are consistent with the hypothesis that the
tnward current by carbachol is initfated at My rather -
than My receptors. The Mj-selective agonist, <
McN-A-343 (300uM), did not induce an inward current and
could antagonize that evoked by an equimolar
concentration of carbacho). Summarily, the results
indicate that the inward Na current induced by carbachol,
Teke the cubtuard X current ustally svoRed by this
agonist, arises from activation of My receptors. The
increased entry of Nat raused by carbachol, which may
stimulate Na-Ca exchange, is responsible for the
atropine-sensitive positive inotropic effect seen in
ventricular muscle from reserpine-treated guinea pigs.
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13 Effect of muscarine on membrane 15 Muscarinic receptors mediatin

properties of locus coerulet's neurons phosphatidyiinositol turnover in cuftured

M. J. Christie, J. T. Williams, T M Egan and . A. North. smooth muscle cells of the rabbit aorta

Vollum Institute, Oregon Health Sciences University, S. Manjeet and M. K. Sim. Dapartment of Pharmacolosy,
Portland, OR 87201, USA. Faculty of Madicing, National University of Singapors,

The effects of muscarinic a,onists were measured by Singapore osn.

intracellular recordings of membranc petential and , ) . .
membranc current (single ¢lectrode voltage clamp) of Acetylcholine  (ACh) inducec a  concentration-

single locust coeruleus (LC) neurens in slices of rat
pons. HMuscarinic agonists produced three distinet
effects, These were: 1) A direct excitation via
activarion or My (eerdiac) receptors (Christie, M.J,
and North R.A. (1988) Trends Pharmacol. Sci Suppl.
Subtypes of Muscarinic Receptors III, P39); 2)
innibition of u non-fnactivating calcium current; 3)
reduction {r the potassium current caused to flow bv
agonists ati y-opicid or az-recspters. In normal
superfusion mediunm the direct excitation was not
associated with a change in merbrane condvctance or
{rvolvement of potassium conductance. Under conditions
in which most types of currents were blocked, muscarime
produced an inward current with increased memlrane
conductance which reversed polaricy at -4 + 3 nV (a=4),
suggesting the involvement of insreased non~selective
cation conductance. Pre-treaitment of animals with
pertussis toxin did not abolish the fovard currert (~60
6 pA at =60 mV, n=3). Suverfusfon of slices with
phoxbol 12,13-diacetate did not mimic or affect
responses of the first or third tvpe. 1t is intripuing
that the muscarinic excitation of LC nevrons is rediated
by My receptors; although thesc cells have othe
receptors (u and ay) that couple to potassium

chanrels, the My receptors fail to do so and instead
excite the cells through an  unknown second messenger.
This second mesgenger night also bring absut the
impairment of coupling between u and oy rueceptor; and
the potassfum chiennels and perhaps also the reduction
in calciup current.

14 M, and M, muscarinic receptors mediate
two types of membrare electrical responses
in Xenopus oocytes

Y. Oron, . Lupu-Memn, H Shagi 1 and A, Davicison.
Dwision of Physiology and Pharmacology, Sackler Faculty of
Medicine, Tel Aviv University, Israel.

Native Xenopus oocytes exhibit twe types of responses
to acetylcholine (AChL). The comuson response in odcytes
of a majority of donors consist of a rapid, trensient
(D1} and a prolonged, slow depolarizing chlorids cur--
rent {D2). Cocytes of rare wvariant donors oxhibit a
smmilar two-component depolarizing chlorade resrense.
Despite this similarity, these two types of rzgponses
exhibit profound differences of awmplitude, kinetics,
sensitivity to activation of protein hinase C and to
collagenase treatment and, str.kingly, differences of

sensitivity of the two hemispheres of the oocyte to
local application of agenist {(see Tuble).

Conmon Variant
Responses at ihe two hemi~
spheres {animal/vegetal ) 0.7 3
Latency (sec) 0.9 5.4
Azplitude (nA) <300 >1600
45-Ca efflux (% of total) 2.6 30
Effect of phorbol esters enhance inhibit
Effect of collagense inhibit enhance

Preliminsry evidence indicates that the common res-
ponde wae Modiated by M2 and the vag jani response by Mi
receptors. As variant r closely 1 ble acqui~
red responses to ACh in oocytes that express receptors
after injection of foreign mRNA and use the inositol
trisphosphate-calcium signal transducticn pathway, we
suggest that they are an intrinsic model for this clas,
of responses in native Xenopus cocytes.

——

deperdent accumilacion of incsitol phosphate (IP,)
formation io cultured smooth miscle cells of the
rabbit aorta. The effects of three muscarinic
antagonists, namely atropine, scopolamine,
pirenzepine and a GiP analogue (GppNHp) on the
ACh-induced accumulacion of IP, were investigated.
The four compounds inhibited concentration-
dependently the ACh-induced accutulation of 1IP,.
The IC values for atropine, scopolamin€,
pireny:pi%e and GppiHp were 22 nM, 440 pM, 3.7 M
and 35 nM respectively. The data seem to indicate
that the muscarinic receptors mediating the
breakdown of phosphatidylinositol in the smooth
muscle (i) have extremely low affinity for
scopolamine, (ii) are unlikely to be the M, types
of receptors and (1ii) ave GppNHp sensiti¥z. The
data also support our recent findings that the
muscarinic receptors in the smooth muscle of the
rabbit aorta consist of a high-(GppNHp) sensitive
and a low-affinity binding site {1)., Our latest
study also show that the binding of “H-ACh to the
smooth muscle muscarinic receptors is displacable
by nanomolar range of atropine but only by
micromolar range of scopolamine.

(1) M.K. Sim & S.
(in Press).

Manjeet. Eur. J. Pharmacol

16 Are there multiple types cf muscarinic
receplors linked to inosioi-monophosphate
formation in rat hippacampus?

M H Fuchards. M:znel-Dow Rescarch Institute, Strasbourg,
fance.

Mustarinic antagonists, ron-selective or putatively
selective for M1, M2 or M3, receptors, were tested
against carbaclol~-induced inositol-nonophosphate (IP1)
formation in slices of rat hsppocampus. The classicel
antagonists, atrosine and N-methylscopolanine, had Biil
coefficients > 0.8, consistent wita interaction at cne
site. The M1 selective analocs pirenzepine and
telenzepine differed xn therr Hill coefficients (Nh,
the former had a valve of 0.’ while she latter was 1.03.

the 8h of the MY selective analog of rarsnzepire, AF-
DX 116,, was also clese te wnity. Hesshydrosila-
difenidol, a M3 selective antagonisi, inhibited IPt
forration with Nk = 0.7 while for its carbon analog,
triheryphenadol, N% = 8. Dicyclomine, whach also
dispiayed high affwnity at the M3 site, nad ¢ low Hall
coelficient (Nh = 0.7} Hiabacine, selectave for M2
receptors but with giuslar low affinities at M1 and M3
sites, also blockert I21 feraation in rat hippocampus
slices with a low th [0.7). Differences were slso found
betseen aqunists. Caibachol, oxctremorine-M and
arezaidine proparqyl ester were full agoniabe in
staaniating 1P’ forsmation bit, whereas the foruner two
gave a monoph#sic conceal.ration-response curve, the
latter gave ¢ biphasic rnsponse. “hus, £l.imulation of
IP1 forxaticr in rat lisppocampus eppeats to be linked to
nmote thaa oae type of ruscarinic recentos . The affinity
valites obtained wilh the abuve antagonists suggest these
to be a sixture of K1 aid M3 recep:ors.
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17 Cholinergic stimulation of
piosphoinositide breakdown and detrusor
smooth muscle contraction in absence of
extracellular calcium

L. Norarha-Blob, V. C. Lowe and W. J. Kinnier. Nova
Pharmaceutical Corp., Baltimore, MD 21224 USA.

Previous studias showed that ‘nuscarinic receptor-mediated
phosphoinositide braakdown (Pi) iray serve as the transducing
mechanism for cholinergic contraction of the urinary bladder
{Noronha-Blob st al.,, JPET, 1883). Furthermore, we showed that it
15 the anticholinergic activity of agents clinically used to treat urinary
incontinence that is important in controting bladder contractility and
voiding, although these drugs may also possess other ancilfary
activities (Noronha-Blob et ai , 1988).

In the present study, guinea pig detrusor smooth muscle
contraction was induced by carbachol (CBC) in the absence of
extracziutar calcium ([Ca**],) with a lower efficacy (~60%) but with
e same potency (EC,, ~2 xM) as that observed in presence of
{Caz’]o. In contrast, KCl-evoked contractions were abolished in
absence of [Caz’]o, but returned when Ca®* was restored. Chinically
useful drugs (oxybutynit, imipramine, dicyclomine, propanthelne
and terodiing) produced rightward paraliel shifts of the CBC dose
rasponse curve yielding K, values that were similar both in presence
and absence of {Ca°’},. Phorbo! 12,13-dibutyrate (PDBu), an
activator of protein kinase C, but not 4--PDBu, caused detrusor
contractions in presence of {Ca"]° only. CBC also stimulated Pi
turnover both in presence and absence of [Ca”]o. Together, these
findings suggest that (1) detrusor contractions may occur in
absence of {Caz’]° presumably by inositol phosphate-induced
intracellular Ca* mobhization; (2) since drugs used for unnary
incontinence block both P turnover and smooth muscle contraction
in absence of {Ca® *)o» their pharmacological mechamism of acton
may be med:ated through the coupling of muscannic receptors to
the Fi transduction system.

18 Muscarinic receptor mediated .
hyperpoiarization of somata membrane in
toad dorsal root ganglion neurons and its
underiying ionic basis

Z.W.Liand C. Y. Li. Centre of Experimental Medical
Research, Tongji Medical University, Wubhan, China.

it has been reported that there exist ACh re-
ceptorsa,both nicotinic and muscarinic receptors
in somata membrane of dorsal root ganglion (DRGS
naurons (Morita & Katayama., Brain Res,,44, 273,
1984), In our experiments, intracellular record-
ings were performed from isolated superfusion
preparation of toad DRG neurons, In total of 70
neurons, 65 were of type A cell and remaining 5
vere ¢of type C cell. During the applicetion of
2x10 ACh into the recording chamber by drop-
ping, a hyperpolarization or a biphasic response
(an initial hyperpolarization followed by & more
pronounced depolarization) resultszswhjch vwas
blocked by pre-perfusion of 1,.3x107°M atropine
(n=25). Besides, the depolarization cguld be an-
tagonized by pre~perfusion of 1,4x107°M tubocu-
rarine (n=18), The hyperpolarization may alsc be
induced ty application of muscsrine, the respon-
se was blocked by galiemine but not by pirenze-
pine, This indicates that the soma of toad DRG
neuron is endowed with M, receptor, In further
study of jonic busis in muscarinic hyperpolari-
zation, an increase in membrane potassium con-
ductance and 8 value of average -96mV in rever-
38l potential were observed during the charse in
membrane potentisl. which can ba hloaked or nar.
tiel blocked by perfusion of TEA and MrCl, or by
rencval of extracellular eslcium, These réoults
suggest that the activaliion of calcium-sensitive
potassium conductance (®k,ca) might be involved
in muscarinic hyperpolarization.

P

19 Preferential activation of calcium/
calmodulin kinase rather than protein kinase-

K-_C? by Ms-receptors in_human colonic
epithelia carcifoma cells (HT 29)

A Pfeiffer, P. Kohl, G. Sauter and R. Kopp. Medizinische
Klinik U, Klinikum GroBhadern, University of Munich, D 8000
Munich 70, FRG.

Humgn colonic mucosc conteins moinly M3-receptors. We
investigoted detcils of their coupling to the
phosphatidyl-inositol (Pl} second messenger system in
human  colonic  HT-29 cells which contoin 4000
M3-receptors/cell. The Pl-system generates the 2 second
ressengers, inositol trisphosphote which elevotes
introcellular colcium ond diccylglycerol (DAG). These
second messengers in turn octivote either Co/colmodulin
kinose or PK-C which moy lecd to different responses.

Muscorinic  stimulation  with corbochol (0.1 mh)
increased formotion of {.H)IP3 aond coused o brief eorly
and o deloyed 1 crease  in  DAG  {determined
redicenzymoticoliy). 1~ unstimuloted cells PK-C wos
p~imarily (90%) in the soluble compartment and there
wos only a smoll translocotion to the membrane
compartment upon muscorimic  stimulotion {10%), To
obtoin direct evidence for activotion of either
Co/cclimodulin kinose or PK-C, lobeling of
phosphoproteins with  {..P}i upon stimulotion with
corbochol or TPA was determined. Phosphoproteins were
resolved by two dimensionol polyocrylomide gel
electrophoresis ond visuolized by outorediogrophy. At
15 min TPA reproducibly cltered the phosphorylation of
at leost ?  proteins. Carbachel cltered the
phosphorylotion of 5 proteins of wnich only one
coincided with those offected by TPA.

We conclude that choline: ja¢ stimuls primorily octivote
the Ca/colmodulin responsye bronch while PK-C oppears to
ploy only o minor role. The mechonisms of this
drifferentiok regulotion ore presently under
investiagtion,

Supported by the Wilhelm Sonder-Stiftung

20 Protein kinase-C is not involved in
muscatrinic phosphoinositide feedback
regulation in human intestinal cells

R. Kopp, P. Meyer and A. Pfeiffer. Medizinische Klinik Ii,
Klinikum GroB3hadern, University of D8000 Munich, FRG.

HT-29 colon carcinoma cells contain M3 muscarinic
receptors coupled to phosphoinositide(PI)-metabolism.
Pretreatment of these cells with carbachol (0.1mM, 4 h)
inhibits the subsequent ability of carbachol to increase
[?H)-inositolphosphate(IP) accumulation, which indicates
desensitization. Although activation of endogencus
proteinkinase-C seems to be involved in desensitization
of PI-metabolism, the mechanism in intestinal cells is
unknown. We investigated agonist and protefnkinase-C
(PK-C) mediated desensitization by determination of
muscarinic binding sites, NaF-stimulated IP-release and
direct measurements of phuspholipase ¢ (PL-C) activity.

Results: Agonist induced desensitization is paralleled
by a complete loss of wmuscarinic binding sites. In
contrast, proteinkinase~C mediated desensitisation by
incubations with phorbolesters (FMA 0.1 M, 95%
inhibition after & hours), is accompanied by an only 40%
reduction of { H}NMS binding, suggesting an additional
mechanism of negative feedback control. Membrane-
associated PK-C activity increased only 10-20% after
carbachol treatment (15 min). Direct stimulation of 1P-
ralecaa hy  WaP  (00mM} 22 not affootod
pretreatment with phorbolesters or carbachol,
demonstrating an intact function of G-protein and PL-C
at the effector side. Determination of PL-C activity
using [?HJPT  as substrate, indicated no major effects
after carbachol or PHA pretreatment.

nfene

v—
e

|

|
H
|
i
t




v
¥
£
E

Subtypes of muscarime receptors IV

103

e

b ——
e wase —

e emam—
— ve——————

Conclusion: Gur results indicate that agonist-induced
desensitization of Pl-turnover mainly occurs at the
receptor level with a rapid loss of muscarinic
receptors. Activation of endogenous PK-C contributes
only to a minor extent to negative feed-back control
mechanisms in human intestinal cells.

21 Differential activation of inhibitorg and
facilitatory muscarine receptors on the rat
phrenic nerve under different stimulation
conditions

I. Wessler and M Offarmann, Pharmakologisches Institut der
Unwversitat Mainz, FRG.

Transmitter release from the motor nerve 1s under the
local control of nicotine and muscarine autoreceptors.
According to the potencies of pirenzepine and dicyclomine
both types of muscarine receptors might be regarded as
Ml-receptors. In the present experiments activation of
muscarinic autoinhibition or autofacilitation was 1nves-
tigated under different stamulation conditions: continu-
ous nerve stimulation (current strength 8 mA; 100 or 1500
pulses at 5 Hz), intermittent nerve stimulation (40 pulses
at 50 Hz every 10 s; 680 or 1500 pulses), continuous field
stimulation (current strength 80 mA; 100 or 1500 pulses
at 5 Hz). Increase or decrease by scopolamine of evoked
{2H}acetylcholine (ACh) releasc indicates activation of

muscarinic autoinhibition and autofacilatation, respect-
ively.

Scopolamine enhanced ACh release evoked by the short
period {100 pulses) of continuous nerve or field stimula-
tion. The antagonist reduced ACh release evoked by the
long period (1500 pulses) of nerve stimulation. Scopo-
lanine failed to affect ACh release evoked by the long
period of both field and intermittent nerve stimulation.
However, scopolamine enhanced ACk release during inter~
mittent nerve stimulation when the number of pulses was
reduced (680 pulses). The present experiments demonstrate
muscarinic autoinhibition which is activated during short
periods of continuous or intermittent nerve stirulation.
Muscarinic autofacilatation occurs during a long period
of continvous nerve stimulation, whereas intermittent
nerve stimulation or continuous field stimulation pre~
vents muscarinic autofacilitation from being activated.
It is proposed that the facilitatory muscarine receptors
of the motor nerve are located proximately to the inhibi-
tory receptors. The latter receptors appear to be 1local-
ized near the active release zones.

22 On the muscarine receptors of cholinergic
nerves and sphincter muscle in the isolate
guinea-pig Iris

H. Fuder, 1. Bognar and M. Th. Wesner. Pharmakologisches
Institut der Universitat Mainz, Obere Zahlbacher Str. 67,
D-6500 Mainz, FRG.

Muscarine receptors (MR} on sympathetic nerves of the
rabbit or guinea-prg 1ris belong to the Mz type whereas
the postjunctaional MR in the rabbit iris sphincter are of
the Mz type (1). To obtain information on the type of MR
mwediating inhibition of the acetylcholine (ACH) release,
we investigated the overflow of 14C activity after load-
ing the cholinergic nerves of the guinea-pig iris with
t4C-choline. The increase by MR antagonists of 14C over~
flow evoked by field stimulation (2 nin, 5.5 Hz, 1 ms)
vwas taken as a parameter for blockade of prejunctional
MR. At the same time the decrease by MR antagonists of
1r1s sphincter contractions upon svokad ACH roleses wars
taken as a measure for blockade of postjunctional MR,

Atropine 0.1 gl doubled the evoked 14C overflow, abol-
ished the initial phasic, and reduced the secondary tonic
contraction of the 1ris. Likewise pirenzepine 10 pX
pnaxinally enhanced the evoked 4C overflow (n=5) and
decreased the contraction responses indicating the lack

of an My MR at both sites. In contrast, the M3 selective
hexahydrosiladifenidol faxled to affect the 14C overflow
up to 10 pM (n=5) but decreased the postjunctional resp~
onses at > 1 pM indicating the lack of a prejunctional Ma
MR. Gallamine 100 pM {(n=5) enhanced both the 14C overflow
and the contraction. Similarly the Nz selective methoc-
tramine > 1 uM (n=4) significantly enhanced the evoked
overflow and 1increased the postjunctional response to
field stimulation.

The data are compatible with the idea that ACH releas-
ed from the guinea-pig iris causes autoinhibition via N2
MR and contracts the iris sphincter probably via Mz NR.

Supported by Deutsche Forschungsgemeinschaft
(1) Bognar et al., Eur. J. Pharmacol. 1989, in press.

23 On the prejuctional muscarine receptors
of cholinergic nerves in the perfused rat heart
I. Bognar, B. Beinhauer and H. Fuder. Pharmakologisches
Institut der Universitdt Mainz, Obere Zahlbacher Str. 67, D-
6500 Mainz, FRG.

Prejunctional muscarine receptors (MR) on noradrenergic
nerves and postjunctional MR in the rat heart belong te
the M2 or cardiac type (1). We studied the effects of
several MR antagonists on the autoinhibition of acetyl-
choline (ACH) release in the perfused rat heart vith both
vagal nerves attached. The ACH stores vere pulse-labelled
with 14C-choline, and the tetrodotoxin-sensitive !4C~
overflow into the perfusate upon 7 vagal stimulations (S,
10  min apart; 720 pulses, 10 Hz) was determined.
Stanulation-evoked overflows in the absence or presence
of the antagonmists (14 or 4 muh equilibration) are given
as S4 or §5/52 ratios {(** P ¢ 0.01). Concentrations of
antagonists were chosen to yield about 10 times the pA:z
at the cardiac  (AF~DX 116) or at the ileal MR type
(hexahydrosiladifenidol, HHSiD).

(§7).4) $4/S2 §5/82
Controls 0.90 £ 0.11 0.59 ¢ 0.31
Atropine  (0.00%, 0.01) 1.31 t 0.27 1.87 £ 0.35**
AF-DX 116 (0.1, 1) 1.90 &£ 0.09** 1.63 ¢ 0.10**
KHS2D 0,01, 0.1) 0.95 2 0.17 0.75 £ 0.13
Atropine 0.6G1 uM increased the evoked ‘4C-overflow about
3 told comparasd to controls, indicating that under these
stimulation conditions, the autoinhibition 1s activated
by endoganous ACH. Tise cardio-selective antajonist AF~DX
116 was about 100 fcld less potent than atropine. At
concentrations selective for the ileal type of MR, HHSiD
failed to affect the ACH release. The results are
compatible with an Mz or cardiac type of MR nmediating
autoinhibition of ACH release in the rat heart 1in vitro.
Apparently, autoreceptors in the rat heart differ from
those in the guinea pig 1leum which belong to the smooth
muscle or ileal type (1). Supporred by DFG.
(1) Fuder et al., Eur.J.Pharmacol. 112:125, 1985.

o > o

24 Prejunctional inhihitory muscarine )
receptors modulating acetylcholine release in
the guinea pig trachea: direct evidence by
relzase experiments

G. D'Agostino, M. C. Chiari, E. Grana and A. Subissi*.
Institute of Pharmacology, Pavia, ltaly and *Laboratorn
Giudotti, Pisa, italy.

The presence of a p.ejunctional inhibitory muscarinic
feed-back machanism modulating the release of
acetylcholine (ACh) from nerve tarminals of the guinea
pig trachea was investigated by a radioisotope method.
Trashasl omosth musels strips W66 Oblalied unnecting
crosswise with clips five pleces of four rings each and
placed fn Krebs-Henseleit solution that contained in
addition propranclol, indomethacin and guanethidine. The
preparations were preincubated with 3it~choline and
stimulated by electrica) field stimulation by means of
trains of 50 pulses at 10 Hz. Suzh a procedure improved

— ———

————— ———




H
1
§
i
3
H

H
H

TiPS ~ December 1989 supplement

104

rre———————
i p———

the content of tritiated ACh in the tissue. The field
stimulation at 5 Hz (600 puises) produced a release of
tritium. Most of the induced outflow was found to be
3H-ACh. Both teirodotoxin treatment and calcium omission
from the medium prevented such an evoked outflow. When
two electrical stimulations (S: and S2) were carried out
at 5 Hz (600 pulses) at 30-min interval an S2/S1 ratio
of 0.9t was found. Physostigmine reduced the evoked
release of H-ACh whereas atropine increased it fn a
concentration-dependent manner. Oxotremorine, carbachol
and pilocarpine decreasad the 3H-ACh evoked outflow in a

tration-d dent fashion. The maxima! 1inhibition
in release was by about 90 X, These findings provided
direct evidence that the trachea of the guinea pig is
equipped with prejunctional muscarine receptors
inhibiting the release of ACh from postganglionic
nerves.

25 Differential effects of pertussis toxin (PTX)
on the M,- and M- receptor-mediated
modulation of ace?tylcholme (ACH) release

G. H. Kilbinger and K. D. Siiss. Pharmakologisches Institut,
Universitat Mainz, D-6500 Mainz, FRG.

The cholinergic neurones of gquinea pig myenteric
plexus contain muscarine receptors whose stimulation
causes either inhibition (M2) of the evoked, or increase
(M1) of spontaneous release of ACH. We have investigated
whether PIX-sensitive G-proteins are involved in the
muscarine receptor-mediated modulation of ACH release.
For comparison the influence of PTX on the effects of
adenosine (A) were studied on 1solated left guinea pig
atria.

Guinea pigs were injected with PIX (60 jpg/kg iv)
and killed 3 days later. A and pilocarpine (P) had
negative inotropic effects (BC50: 34 and 0.9 4,
respectively) which were significantly attenuated by PTX
(BEC50:330 and 12 uM). Myenteric plexus preparations
prelabelled with {3H]choline were superfused with Tyrode
solutfon and stimulated electrically (0.1 and 1 Hz). A
(10 pM) reduced the evoked (3HJACH release by 79 +3 %
(N=8) in control experiments and only by 52 + 4 % (N=5)
in prrparations from PIX-treated guinea pigs. Likewise,
PIX treatment signficantly attenuated the inhibitery
effect of 10 uM A on the electrically evoked ocontrac-
tion of the smooth muscle (77 +3 % vs 14+ 2 %). The
inhibitions of  evcked [3H]ACH release by 0.1 uM
oxotremorine (63 + 2 %) and 30 M P (51 + 3 %) were nct
significantly affected by PTX pretreatment (65 + 2 and
42 + 6 %), However, the increase of {3H]ACh release by
30 wM P (4.48 + 0.24 % of tritium tissue content, N=7)
was significantly attenuated by PIX treatment (1.87 &
0.34 %, N=13), It is concluded that PTX-sensitive G-
proteins are involved in the receptor mechanisms coupled
to scma-dendritic M1 receptors, but not in the M2-
receptor mediated autoinhibition of ACH release.

26 Age-related changes in the muscarinic
receplor autcre?ulanon of acetylcholine
release from rat brain

D. M. Araujo, P. A. Lapchak, B. Collier, and R. Quirion.
Douglas Hospital Res. Ctr. & McGill Univ., Montreal, Quebec,
Canada.

Cholinergic function has been reported to change with
age in the brain of several species., In addition, the
status of muscarinic receotor sites mav be altered in
the norma) aging process. Thus, we attempted to charac-
terize the binding of muscarinic tigands to horogenates
of 3 (young), 9 (middle~aged), and 27 (old) month-old
rats and to study the regulation of endogenous acetyl-
choline {(ACh) release by muscarinic autoreceptors from
tissue slices. Our results demonstrate that while the

density of the total muscarinic receptor population, as~
sessed using “H-QNB as ligand, is not altered in the
aging rat brain, the density (Bmax) of muscarinic-M2
sites {quantified using 3H-AF-DX 116) is significantly
reduced Tn most brain areas (cortex, hippocampus,striatum,
thalamus) by 9 months of age and further reduced by 27
months. Muscarinic-Ml sites, defined using 34-pirenzepine,
were only modestly reduced in cortex and thalamus of 27
month old rats, In slices of cerebral cortex and hippo=
campus, where 3H-AF-DX 116 binding was markedly reduced
with age, the effect of exogenous AF-DX 116 to enhance
ACh release was also significantly reduced. In slices
from 3-month old rats, AF-DX 116 increased release by
40-50%; in the 9-month old rats, this effect ranged from
28-35%; in the old rats, this effect was only 11-25% of
controi {rclease in the absence of drug). However, in
the striatum, where the density of muscarinic=M2 sites
is reduced by 24% and 35% in the 9- and 27-month old
rats, respectively, the AF=-DX 116~ induced increase in
ACh release is similar to that in the 3-month old rat
brain. In conclusion, it appears that the decrement in
muscarinic-M2 receptor sites in the aging rat brain may
be reflected in a change in autoreceptor function.

27 Eftects of two different types of .
pyrethroids on subpopulations of muscarinic
receptors in the neonatal mouse brain

P. Erksson. Department of Zoophysiology, Uppsala
University, Uppsala, Sweden

Pyrethroids are commonly divided into Type I
compounds which lack an a~cyano substituent,
and Type II compounds which contain a a-cy-
anophenoxybenzyl substituent. The main symp-
tom of exposure to the former is tremor while
choreoathetosis and salivation are the main
symptoms of the latter. In this study ten-
day=-old NMRI mice were given either deltamet-
hrin (Type 1I), bioallethrin (Type I) or the
vehicle orally once daily for seven days. The
doses used were as follows: deltamethrin,
0.71 and 1.2 mg/kg body wt.; biocallethrin,
0.72 and 72 mg/kg body wt.:; and 20% fat emul-
sion vehicle, 10 ml/kg body wt. The mice were
killed 24 hr after the last administration,
and crude synaptosomal fractions (P2) were
prepared from the corebral cortex and hip-
pocampus. At the lower dose, which did not
cause any neurotoxic symptoms, both pyreth-
roid types caused a increase in the specific
3H-QNB binding sites in the cerebrali cortex.
The proportions of high- and low affinity
binding sites were assayed in a displacement
study using 3H-QNB/carbachol. Here deltameth-
rin caused an increase and decrease in the
percentage of HA- and LA-binding sites, resp-
ectively, wherecas the reverse was observed
after bioallethrin treatment. The higher
doses revealed typical symptoms of pyrethroid
poisoning. At thas dose deltamethrin affected
the muscarinic receptors in the hippocampus,
whereas bioallethrin had no apparent effect.

28 In-vivo regulation of CNS muscarinic
receptor subtypes by chronic agonist and
antagonist administration in rats

M. Watson and X. Ming. Depaitment of Pharmacoloay.
University of Medicine and Dentistry of New Jersey -
New Jersey Medical Schoo!, Newark, NJ. 07103, USA.

Data from selective antagonisis such as pirenzepine
(PZ) and AF-DX 116 (11-2-{{2-((diethylamino} methylj~1-
piperidinyl] acetyl}-5,11-dihydro-6H-pyrido (2,3~b}(1,4)
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benzodiazepine-6~one) in binding and functional assays
lead to subtyping of muscarinic acetylcholine receptors
(mAChR) (TIPS Suppl. ITI: 1988). Molecular cloning data
show a family of five mAChR genes, each sharing the same
proposed overall structure and extensive sequence homol-
ogy. Our binding studies, in good agreement with in_sity
hybridization studies, imply three mAChR subtypes exist
in CNs aneasj ke eo?us striatum (CS)3and cerebral cor-
tex (CC). [[H)PZ, {"HJAF-DX 116, [“H](+)cismethyl-
dioxalane ([°H](+)CD), which can selectively label the
super high affinity agonist site, and (“H]}(-)quinucli-
dinylbenzilate ({“H]}(~=)QNB) binding were done as has
been described. Membranes were incubated at 25°C, 1h or
2h, in 10mM sodium potassium phosphate buffer with 1mM
magnafinm in a 1ml volume. Effects on recognition sites
for {“H]labels were assayed after 144 chronic adminis-
tration of these drugs (ip): atropine (AT)(10mg/kg/d),
carbamylcholine (CAR)(1mg/kg/d) and an oxotremorine ana-
log, BM=S (Slgq/kg/d: 10ma/kg/d). D jation constants
(d) for [’H)(-)QNB (34-50pM), (°HJPZ (2-12nM),
{"H)(+)CD (1-5nM) and (“H}JAF-DX 116 (16-60nM) were

ilar. Regional studies revealed adaptation with al-~
tg.red estimates of receptor density (Bmax). AT inc:'gzased
[“H])(-)QNB binding in hippocampus>CS>CC, and {*H)P2Z
binding was similar. In CC, CAK cgused downrequlation or
subsensitivity (~36%, p<.05) by | H](-)QN!?3 assay. BM=§5
causes vnregulaticn. BM-5 also raised CC {“H)AE-DX 116
binding (151%, p<.05) but AT didn’t alter CC [ H](+)CD
binding. Each subtype, and pre- and postsynaptic mAChR’s
appear to show differential and cemplex regulatory capa-
bilities. Supported in part by FUMDNJ, BRSG & MH-43024.

29 Synaptosomal acetyicholine release is
moduilated by M, and M, mACh receptors

Z, Pittel, E. Heldman, R. Rubinstein* and S. Cohen®. Israel
Institute for Biological Rusearch, Ness-Ziona and *Tel-Aviv
University, Sackler School of Medicine, Israel.

3 The effect of McN-A-3u3aand that of oxotremorine on
[THJACh release and [“Hjcholine transport were
studied in cortical guigea-pig synaptosomes that had
been preloaded with [“H]choline after treatment with
the irreversible ChE inhibitor DFP. Active release or
uptake 1is the diffrence between total release or
taken-up labeled compounds at 37°C and 0°C.
McN-A-343, in & dose-dependent wanner 10-1000 uM)
enhanced the basal active release of [°H]ACh, and
atropine (1 pM) inhibited this process. McN-A-343 elso
enhanced the K -evoked (50 mM) active release,
‘cN-A-343 at equivalent, concentrations exerted an
nrposite effect on [“H]choline transport. It
2pressed  efflux, dose-dependently, both in the basal
und in  the stimulated states, and also depressed
active [“H]choline uptake to sbout one third at lmM,
These larnter effects of McN-A-343 were not sensitive
to atropine, The only effect of oxotremorine /{10~
1000 uM)‘in the present syster  was 38 decrease  in
the K -evoked relesse of {“FJAcCh. These
findings are consistent with the following hypothesis:
(1) presynaptic M1-ACh autoreceptors may functionally
increase the outflow of ACh, (2) The excitatory
response may be relatively more prorounced at resting
stale ihan in the stimulated sisits. Thas tollows from
the fact that the oxotremorinc-sensitive inhibrtory
receptor 1S more respansive in the deoplerized state.
(3} The inhibitory receptor is most probebly of the M2
guttye. (4) "The activity of the choline transporter
wgy b associated with the enhaced outflow of ACh, but
in an oppcaite rrend.

30 Lifects of THA on acetylcholinesterase
and muscarnnic receptors after single and
repeated injection in'rat

R Alonso, J P.Kan, P. Worms, and P. Soubrie. Sanofi
Recherche, Rue du Pr J. Blayac, 34082 Montpelher Cedex,
France.

Tetrahydroaminoacr{dine (THA), a potent acetylcholinesterase (ACKE) tnhibitor,
has been shown to be active in the treatment of Alzheimer disease In roderts,
inhibition of ACHE nduced a down regulation of muscartnic receptors We have thus
characterized the THA-induced ACRE inhibition in vitro and the time course of ex
vivg AChE frhibition after an acute injection of THA Acute and chronic effects
of THA on muscarinic receptors were also studled.

AChE actiyity was deternmined by the method of Elmann Totalmuscarinic receptors
and M) receptor subtypes were assayed using respectively (%)Nmethy!scopohmne
(NMS) and (3H)p|renzzpine (PZ) saturation assays Low affinity PZ sites (H,
~¢ceptor subtypes) were measured usir; (3H)NHS / Pl competition

THA potently inhibited rat brain AChE in vitro with a Ky of 0.16 WM, In
zomparison, physostigmine {PHYS), another AChE inhibitor, was more potent Ky =
0 014 uM)

After 2 single injection of THA (10 mg/kg 1.p.), AChE activity was significan-
tly inhibited during 5 hr with 1 maximum effect at 30 min. In cor arison, at the
Gose of 0,4 mg/kg s ¢ . the time course of PHYS-induced ACRE inhioition was 2 hr,

THA digptaced (3H]PI binding (10 nM) on hippocampal (M} recentor subtypes) and
[3H]Nu5 (0.3 n¥) binding (M, receptor subtyLes) on brainstem membranes with an iCgp
of 9 and 32 uM respect’vely,

After repeated injection of THA {start® g dose 2.5 mg/kg | p. with . .rements
up to 10 mg/kg ¢ p at 21 days), AChE activity of THA-treated rats was not signi-
ficantly different from saline treated-rats, Forty hours after the end of the
treatment, M) suscarinic receptor subtypeswere signif icantly lowered in the cortex
(=33 X} and in the striatus (-21 %) but not In the hippocazpus The number of Hy
receptor subtypes was not significantly modified in thesc regions In &l cases,Kd
+alues remained unchanged

In conclusfon, THA is a potent and long-acting inhibitor of rat brain ACKE
It is also yore potent to inhibit bratn AChE in vitro than to displace [3H]PZ or
[3H)NHS binding. in acdition, since cortical and striatal high affinity P2 sites
seem o be generally postesynaptically located, our results suggest that selective
down-regulation of M; receptors could b2 due to an over sensitivity of these
receptors to chronic ACHE inhibition However, it ssems that hippocampal LY
receptors could be differently regulated

31 Effects of parainfluenza virus on agonist

affinity for muscarinic receptors in guinea-pig
lung and heart

David B Jacoby. Allison D Fryer and Esam £ El-Fakahany,
Dept of Medicine, and Dept Pharmacolegy and Texicology,
Univ. of Maryland, Baltimore, MD, USA.

By cleaving sialic acid from cell membranes, neuramimgase (NA)
reduces the affinity of agomsts for muscannic receptors of the M2
but not of the M1 subtype {Biochem Biophys Res Commua, 1988,
150, 673). Because NA is present in large quantities on para-
wnfluenza virus (PV), we examuned the effect of PV on the affinity of
agomists for muscannic receplors in the heart (containing M2
receplors) and fungs (containing multiple rece tor sublypes). he
heatis and lungs of Dunkun Harlley guinea pige were homogenized in
S50mM Nac/K+ phosphate bufler and centrfuged at 1,000 x g for 10
min at 40C, The supernate was centnfugeo at 30,000 x g for 30
min  The membrane pellets were resuspended i buffer (pH 6 0) to
gwe whole organ weight/voiume solulions of 7% for the heant and
20% for the lungs. Membrane solutions were incubated for 60 min
at 370C in the absence or presence of aither NA (50 uly/ mg
protein), PV containing 50 utU of NA/mg protewn, or PV plus 1mM
dehydro-deoxy-N-acetylneuraminic acid, an inhibior of NA,
Carbacho! (CBC) compet-tion against 0.2nM [3H]-quinuchdinyl
henatate (QNB) was carried out in buffer, pH 7.4,

in the lungs, CBC displaced QNB trom two sites, (KD 0 2 uM
(33%) and 13 pM (67%); data analyzed using LIGAND). However,
in tho nenganss of MA o7 BY the high oifin as oo,
drsplaced QNB from cne se (KD 9.2uM). n the heart, CBC displaced
QNB from two rites, (KD 0.28 pM (42%) and 100 M (58%))
Incubation with either NA or PV decreased the affinity of CBC for
beth sites n the heat and increased the percent of high affinsty sites
(Ko 4 uM (70%) and 1400 uM (30%)). In both lissues the
prasence of NA ishibiior completely blocked PV-induced changes in
CBC aftinity. These results demonslrate that PV can decrease the
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affinnty of agonists for 33% of muscannic receptors in the lung, and
for all muscannic receptors in the heart by the removal of sialic
acid from muscarinic receptors. (Supported in part by NIH grants
1F32HLO7691-01 CLN2, NS-25743, AG-07118, AG-00344, and
the Ametican Lung Association).

32 An endogenous factor induces .
heterogeniety of bmdln? sites for selective
muscarinic réceptor antagonists in rat heart

Allison D. Fryer and Esam E. Ei-Fakahany, Dept.
Pharmacology and Toxicology, Univ. of Maryland at
Baltimore, MD, USA.

Pirenzepine (Pz) binds with low affinity to muscannic receptors
in punfied membrane preparations of rat bramn stem, while
crude membrane preparations Pz binds to 40% of the receptor
poputation with high affinity (Biochem Biophys Res Commun;

1988, 157, 42). Because rat heart expresses only one sublype of
muscarinic receptor (according to molecular biclogy and pharma-
cological cnitena) with low aflinity for Pz and high affinity for AF-
DX 116, we examined whether heterogeniety of binding could also be
demonstrated in this tissue. The hearts of Sprague-Dawley rats
were homogemized in 50 mM Na*/K* phosphate buffer, pH 7.4 before
centnfugation at 1,000 x g for 10 nun. at 49C. The pellet was
discardea and the crude homogenate was centnfuged at 30,000 x g
for 30 min. The membrane pellet was resuspended in enther buffer
or supernate  Final working solutions were 7% wiv of whole organ,

Both Pz and AF-DX 116 displaced 0.2 nM [3H]-quinuclidiny!
benziate (QNB) from one site in the peliet plus butfer (Kp 270
nM, nH 0.95, and KD 64 nM, nH 0 92 respectively; data analyzed
using LIGAND). However, when the supernate was added lo the
pellet, displacement curves for both anlagonists best it 2 site
models. For Pz 27% of the sites had a KD of 4.8 nM, while the
remaining 73% had a Kp of 290 nM (nH 0 60), For AF-DX 116,
65% of the sites had a Kp of 16 nM, while the remaiming 35% had a
KD of 460 oM (ny4 0.63). The supernate did not contain muscanmic
receplors as demonstrated by fack of saturable QNB binding. The
addition of suparnate to the pellet did not change enther the Bmax or
the KD of QNB for receptors in the membrane pellet. Our resulls
indicate that an endogenous factor in the supernate produces high
affinity binding of P2 and low affinity binding of AF-DX 116 1o 30%
of muscannic receptors in the heart. Thus, whilz cardiac
muscannic receptors ar2 coded for by a single mRNA, the resuiting
receptor protein might behave like a mixture of receplor subtypes
i intact tissues. (Supported in part by NIH grants 1F32HL07691-
01 CLN2, NS.25743, AG-07118, AG-00344),

33 Absence of a high»affinit¥ binding site for
acetylcholine in the aorta of the
spontaneously hypertensive rat

M. K. Sim and S, Manjeat. Depariment of Pharmacology,
Faculy of Medicine, National University of Singapore,
Singapore 0511,

Tritiated acetylcholine (ACh) bound specifically
to the muscarinic receptors in the ec.tae of the
Wistar Kyoto (WKY), left renal artery stenosed WKY
(LRAS-WKY) and spontaneously hypertencive rats
(WKY). Both the endothelial and smooth muscle
receptors in the WKY were heterogenous, each
having s high and low affinity binding site for
ACh. Siamilar patterns of receptor distribution
were also observed in the aortae of the LRAS-WKY.
However, there were significant reductions in the
number of both the high (over 50%) and low (over
30 %) affinity binding sties in the endothelium
of the LRAS-WKY. The endothelium of “he
spantaneously hypertensive rat (SHR) showed a
o spitle absence of the high arfinity banding
s.te and a merked reduction (over 70 %) of the low
affinity binding site. On the other hand the
receptorg in the smooth muscle were, with respect
to their binding constaants (Kd) and numbers
(Bmax), similar to those of the LRAS-WKY and WKY.

The results obtained with the LRAS-WKY support our
earlier observation that the aortac of these rats
were hyporesponsive to the relaxant action of ACh
(1). However, similar conclusion cannot be drawn
for the SHR as we and other investigators have
shown that the aortae of the SHR were not
hyporesponsive to pharmacological doses of ACh.

1. Japan. J. Pharmacology. 39, 551~553, 1985.

34 Affinity of muscarinic antagonists for
porcine coronary muscarinic receptors

M. Entzeroth!, H. Doods? and N, Mayer'. Department of
Biochemistry' and Pharmacology?, Dr Kari Thomae GmbH,
D-7950 Biberach, FRG.

The existence of muscarinic receptors in coronary
arteries and their involvement in muscle contraction ais
well estaolished (Kalsner, J. Physiol. 358, 509 (1985)).
while binding studiec reveal the coexistence of binding
sites of the Mp(heart)~ and the Mj(submandibular
gland)=subtype (v. Charldorp et al., Naunyn-Schmiede-
berg's Arch. Pharmacol. 339(Suppl.), 328 (1989)) 1little
is known about the functional subtype. Aim of this study
is to compare pKj-values obtained in binding studies
using the muscarinic antagonists atropine, pirenzepine,
AP-DX 116, 4-DAMP, hexahydrosiladifenidol (HHSID) and
methoctramine with pAz~values of antagonism  of
retacholine induced contraction (table).

pXy nH P2
atropine 9.23 0.93 9.06
pirenzepine 6.87 0.86 6.98
AF-DX 116 6.38 0.75" 6,13
4-DAMP 8.79 0.89 9.20
HHS iD 7.83 0.83 7.94
mothoc.ramine 6,67 0.74* 5.79

'sigmficantly different from unity

34-uMs binds to coronary artery preparations with a
Kp of 135 p¥ and a Bpay of S7 fmol/mg protein.
Binding curves of AF-pX 116 and methoctramine are
shallow with Hill-coefficients significantly different
trom unity. The binding data are in good agreemen: with
those obtained {in functicnal studies, A mixed
population of M2 and Ma muscarinic  receptor
subtypes {is present in porcine coronary arteries.
However functional experiments do not support the
contribution of the Mp-subtype to the contractile
responge.

35 Interaction of p-fluorohexahydrosilad-
ifenidol (pFHHSID) at muscarinic receptor
subtypes in vitro

R. L. Whiting, R. M. Eglen, W. W, Mentgomery and
C. A. Machado. Institute of Pharmacology, Syntex
Research, CA 94304, USA.

pFHHSID acts as a selective My antagonist
(Lambrocht ¢1°31; 1088: M3 pA3 = 1.8 My ph2
2 5.9, Hp ho = 5.0 Ve havé assesied’ the
affinlty?ol PERHID 3t 3 range of muscarinic
recep}ors in isolated tissues. The metho?s used for
cach isolated ?reparat on_have been described
Previousl SEg en et al. 1988; O'Rourke and Van
foutte, 1987)°

The mean}& §.E.H. pAy values and Schild slopes are

shuWn helow:

Preparation Subtype ph2 Stope
G.P. lleum (MaY 7R & 004 T 0
6.P. Left Atria "3 6.14 £ 0.08 1.7
G.P. Trachea ¥3 7.10 ¥ 0.03 0.9
R. Rgpgenous Vein L5 7.03 ¥ G.06 }.1

. Aor .68 ¥ 0. .
]b Jugu?ar Vein ;.94 ¥ 8?{ 1.8

G.P.-quinea-pig; D-dog; R-rat; Rb-rabbit.
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The ?A; values obtaine? at_the three subtyges were
similal to values prev ?usly reported (Lambrecht et
al. 1988). The similacity in volues at receptors
nedjating relaxatiops of the vascular tissue indicate
that M3 receotors also mediate these responses.

The redson for the anomolous value in the trachea is
presently unclear but we do ot conclude that it
represents_the gresence of ¥y receptors (see also
Eglien et al. 1938).

g %‘%“10’;}{;"' et al., (19688) Br. J. Pharmac., 35,
%amb{gcht. G et al., (1988) Eur. J. Pharmac., 152,

93-194.
0*Rourke, S.7. and Vanhoutte, P.8. {1987) J. Pharm.
exp. Ther. 214, va-6?,

36 Characterization of muscarinic receptors
mediating rasponses in canine femoral vein
and artery in vitro

R. M. Eglan, W. ‘W. Montgomery and C. A. Machado,

Institute of Pharmacology, Syntex Research, CA 04304,
USA.

Relaxations of the rat aorta are mediated by M
r;weg:crs gEglen et al., 1988), whilst ccntrac%lons
of the caniné saphenous vein are mediated by M
receptors (0'Rourke and Vanhoutte, 1987). We
etermined the muscarinic rece?!or subtyge wn the
femoral artery and vein mediatling relaxations and
contractions respectively.

Relaxant responses were determined in rings (2 mm) of
artery precontracted with either phenglep cine
go.l uM-ﬂ1rgnzepine garafluorohexahy rosiladifen-
dol; pFHHSID) or vd6b19 (10 nM-methoctramine).
Contractiie res?onses only were determined in’ the
vein. Carbachol was used as the agomist.
Femorai Vein Femoral Artery
pAy slope oA slope
Pirenzepine
7.86 (0.19) 0.98 (0.11) 6.26 (0.31) 1.07 (0.10)
pFHHSTO
T7.11 (0.17) 1.08 (0.07) 7.90 (0.30¢) 0.75 *{0.1})
Methoctramine

6.07 (0 17) 1.17 (0.15) 6.05 (0.05) 1.01 (G.07)

*Signi‘icantly {p<0.05) differ t ity. 1t
arg m(a;u (SE*):D 5) erent to unity. Values

The data were consistent with the prescice of Hy and
MR receptirs mediating resgonses of the femoral vein
afid femors1 artery reSpectively. The femoral vein,
1ike the saphenous vein, represents a novel tissue in
which to biocaszay My receptor function.

Eglen et al., (1588) 8r. J. Pharmac. 95, 1031-1038.

0'Rourke, S.T. and Yanhoutte, P.M. (19 J. rm.
exp. Ther. 241, 28d-670 0 © (1987) 1. Pha

37 Muscarinic abnormalities in hamster

cardiomyopathy

P. Chidiac, A. Nagy, R. L. K. Furg, M. J. Sole and

J. W. Wells, Departments of Pharmacology and Medicine,

iawlty of Medicine and Facuity of Pharmacy, University of
Aramta Tacnmia Onmade

ST, LU, AT IUG.

Maximum inhibition by carbachol of the steady-state, GTP-
stimolated production of cyclic {32PjAMP in washea left venmignlar
membranes was 50% in random-bred (RB) Syrian hamsteis and
28% in cardiomiyopathi ) h s. The inhibition was blocked
fully by the muscarinic untagonist N-methylscopolamine (NMS) and
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was characterized by Hilt coefficients less than one, suggesting that
multiple states or forms of the muscarinic receptor govem the
response.  Specific Winding of {SHINMS revealed a single class of
sites of comparable capacity in each strain (120 - 200 pmol/g of
protein). Guanylyl-imidodiphosphate (GMP-PNP, 0 | mM) had uo
effect on Kp (TO, 520 + 10 pM; RB, 700 + 20 pM). Competiion
studies between carbachol and 1 aM [BHINMS revealed threc
classes of sites for the agonist (Ku, Ku, Ki); upon the addition of
GME-PNP, there was a redistnbution of receptors among the
various classes, with an appareni increase in the value of K.
Estimates of Ky, Ku (+ GMP-PNP) and Ky, were indistinguishable
tetween the two strains; in contrast, the apparent redismbution of
sites upon the addition of GMP-PNP was predominantly to the state
of low affinity in RB tissue but to the state of medium aftinity in TO
tissue. Cardiomyopathy thus appears io reduce the nucleotide-
promoted conversion to the state of lowest affimty; the implicd
change in the interaction between the receptor (R) and the inhibitory
guanylyl nucleotide-binding protein (G) may underlie the reduced
response. Mathematcal simulations basd upon an agonist- and
nucleotide-regulated equilibrium between R and G (i e, R + G=RG)
suggest that any change in th= propensity of RG to dissociate would
be reflected in the dose-depe 1uence of binding observed not only fer
carbachol but also for GME-PNP. Contrary to this expectation, the
discase was without effect on the potency of GMP-PNP in seversing
the inhibition of [3HINMS binding by 10 uM carbachol. It follows
that the allosteric interaction between agomst and nucleotide may
not invelve disscciation of the RG complex or a subunit thereof.
(Supported by the Medical Research Council of Canada and the
Heart and Stroke Foundation of Ontano)

38, High affinity pirenzepine receptors in
chicken atria are different from M, type
H. Tietz!. R. Lindmar2, K. Lé#alholz2, C. Strohmann3,

R. Tacke3, G Lambrecht’ and £. Mutschier '. 'Dept of
Pharmacsiogy, Univ. of D-6000 Frankfurt, 2Dept. of
Pharmacology, Unwv. cf D-6500 Mainz, 3Dept of Inorganic
Chemistry, Univ. of D-7500 Karlsruhe, FRG.

Postjunctional nmuscarinic receptors zediating negative
inotropic effects in chickon atria have been classified
as being of the Mi-type on the basis of a high
pirenzepine affinity {(Jeex et al., PBr.J.Pharmacol.
93:357, 1988). Ir this study the affinities {piz-values)
of a series of selective antagomists vere detersined in
the chicken atria using APE as agonist and compared with
those obtained 11, rawvbit vas deferens (H#1l), guinea pig
atria (M2) and 1lcum (M3}.

o = 0wl

Chicken atraa 1 £2

Pirenzepine
AF-DX 116
HHSiD*
4-DaNp
{S)-TH® MeJ$
{R)-THP M2J 1

*Hexadydro-sila~difenidcl. STrihexyphenidy! methicdide,

G WO )

3 td id
7 8 6.3
9 6 1.4
.0 7. 6.5
k] 9 8.4
0 7 7.1
5 9 9.0

00 =l =3 ~3 O ~J

2
8
9
1
8
[3
d

Al} compounds tested proved to b2 competitive
antagonists. The runx orders of antiduscarinic potencies
vere Gifferent among the four preparations. Thus, the
postjunctional muscarinic receptors in chickena atria not
only differed from M2 and M3. but clearlv orovad to be
unlike X1 nspite of a hugh affinity of pirenzepane. This
conclusion was supported Lty the finding that the NI~
selective drugs HeN-A-343 and 4-Ci-NcM-A-343 were only
poor partial agonists 1n chicken g£traa. Thase resulis
suggest that a high affinity of pirenzepine is ot
aufficient to 1dentafy the Hl-subtype unequivocally.
Supported by Deutsche Forschungsgemetinschaft.

———s
——

IPUER Wb it




pre

-

[ §

e WD AARIHN S PR I P TN W i el g e o

W

108

TiP$ ~ December 1989 supplenient

pesvw—— ————————
p—— ——— m——

39 Presynaptic autoreceptors in chicken
heart exhibit M, characteristics

R. Lindmar, K. Loffelhoiz?, G Lambrecht and E. Mutschler2.
1Dapt of Pharmaco! , University of D-6500 Mainz, and 2Dept
of Pharmacol., Umiversity of D-6000 Frankfurt, FRG.

In a3 vprovious study on perfused chicken hoarts
pitenzopine {Pzj at low concentretions (EC50 about 30 aM)
enhanced the vagally induced ralease of acatylcholine
(ACh), 3 result that was taken as ovidenca for tko
existonce of presynaptic Mi-recoptors (Jeck et al_ ,Br.J.
Pharmacol, 93, 357, 1988). A similar conclusion was drawn
from studies on cardiac pacemaker cells in man (Pitschner
and Wellstein, Maunye-Schamiedeborg'e Arch Pharmacol 338:
207, 1988).~ The present study further analyses the
presynaptic high affinity Pz receptor in the chicken
heart by msasuring the enhancing effect of § antagonists
on 3H-ACh-reloase ovoked by field stimulation (5 Hz,

1 wmin; $£2/51).

Antagonist(Ant) ~log EC50 ECHOant/EC50atrerine

Atropina 8 22 1.00
4=DANP 8.6 1.47
Sila-herocyclam  7.74 3.08
Pirenzepine /.33 7.93
HESiD 7.22 10.22
AF DX 116 6.49 54.91

1! sas found that the autoraseptor ct the chicken heart
exhibits, indeed, a high affixity for Pz as ndicated by
the high -log ECS50 and tne 1low potency ratio
“Pz/arropine”. In addition, 1ihe results obtained by the
other sntagonists are ¢ospatible with the cheractanistics
of the Hi-roceptor as found in mammals.

Suppd>rted by the Deutsche Forszhunzsgemeinsshaft.

40 Muscarinic bindim}; sites in chicken heart
and rabbit peripheral Tung

S. Lazareno and F. F. Roberts, Department cf
Neuropharmacology, Glaxo (Group Resaarch Ltd., Ware,
Herts., SG12 0DP, UK.

Muscarinic binding sites in peripheral tissues are geaerslly
classified 3¢ M2 or K3, f.e with low aftidity for pirenzeping, tut
rirenzepine has rviatively higher affinity for mscarin®: binding
sitps in chick heart and rabbii peripherz) lung (Brown et al., Yol

Pharmazol., 27, 525, 1235; Slowm et 1., JPET. 249, 51, 1337, We
have characterized the muscarinic bwinding sites in these tissues
and compared thez with binding sites in’ rar tissues theught to
repressat Mi, M2 3nd M3 receptors.

Ml sites wers labelled with 0 5a¥ JH-pirenzepine in rat cortex
A1 other sites ware labelled with Tit-MeS - M2 sites . rat heart
sed M3 sites ia rat suboaadidbular gland.  Avter Zh incvbation at
22°C o 20mM REPSS o CCEM NaTl, the assay was terminated with
rapid filtravion i(gq vaiues ohtained with “H-NMS were ccaverteo
to 1 valuas using che eoudtion ar v I{go//(L3/XdeY)

=isg K: o7 ~leg Kd &t various suscaritie binding siver

chicken  ratlst

Hi K2 [1¢3 heart tung

3HN5 B 26 99 9.7 10.2
Sirenzepine 8.0 6.3 71 7.6 7.5
Hisbacine 7.0 8.4 1.3 8.2 8.2
Hethociranine 7.3 8.4 6.6 79 1.7
ADApS 3.3 83 93 5.2 €.8

H 7.4 1.0 8.2 7.6 7.9
Secoverine 8.8 8.8 8.2 3.5 9.3

Hean pKi, ni»3, SEM (3.3

The pka values shown in the table indrcate that the zites in (N and
RL have 2 simitar pharwacological profile. Pirenzepiny vas 2
relatively high affinity at these siter, but so0 do himbacine and
nethoctranine  This pha~macological profiie is differeat from that
of R, M2 or M3 receptors. Sccovering s slightiy =ore petent at
CH ond AL thzn 3t HI, M2 or M3, Although the sites in (H and QL
sppear siailar both ADAYP an¢ H-MetS have lcwer affinities for CH
than AL,

— — —

41 Pharmacological and biochemical
characterization of muscarinic receptors in
human airway smooth muscle

J. Zaagsma, H. Meurs, A, Timmermans®, C. R S. Elzinga
and A F. Roffel. Department of Pharmacology and
Therapeutics, University of Groningen; “Department of
Allergology, University Hospital; NL-9713 AW Groningen,
The Netherlands.

Hygan airway sanoth auscle toee 1s mainly controlied Dy the parasyspathetic
rervous systes, Iherefore, an 1ncrease in tne suscarinic cholinergic responsive-
ness of the airwavs has been suggested to play 3 role in the pathogenesis of
broachial asthea. horeover, suscarinic antagomists (anticholinerqics) do have in
1aportant place 1n the treataent of chronic odstructive lung disease, especially
chroaic tronchitis  ant esphysesa, Ihe present study was undertaken to charac-
terize the phareacologacal subtype of suscarinic receptors aedrating sscoth
auscle contraztion th husan cestral and peripherdl airways and to 1nvestigate
hyarolysis of phosphoraositides s a poss.dle transduction sechaniss in suscari-
rrc recestor-aedraied hudan peripheral  airwdy secoth suscle contraction. Using
seocth suscle straps frow husan tracheae obtatned at autcpsy and seall troachial
rings {1-3 o¢ dianeter) froe busan lung tissue odtained at surgery, it was found
that eethacholine-tnduced eontraction was blocked by euscarimic antagonists (AF-
B 116, 4-DAR7 eethodreside, orrenzepined with pAg-values characteristic of
quandularse th wiscle type auscarinic receptors. in addition. 1pritropius
broarde shomed  'gh affimty (pA239.25) and a slove of the Schald olot close to
epitv. Ying seall Broacnaal smooth suscle particles, it wis estadlished that
Aethazholine caised & ties- and concentration-dependent accusuiation of 1acsitol
shosphates walch wis progortional to the dsount of ilssue protein an¢ which could
be olocked cespletely By L p% atrodne, The lower pDy-value for 1nasytol phos-
prates producticn conjered to contraction (5.0 vs. 5.9) indicates an 1aportant
assuat of receptor reserve, s bas been found (Lo an even higher degree) an
voviae tracheai saooth suscle tNeors et al., 15831, In conclusion, the sustarimc
recepters aediating hosdn central a8 nerigaeral aievay seeoth muscle contraction
Save deen characterszed for the first tine to be of the glanduiar/ssooth suscle
{vpe 35 th bovine 3c0 svined pig tracheal Smooth ssscle. This studyv 1s also the
frest desonstration that the hesdn asrway secoth suscle recepters are coupled to
ohosphorrositice selibalise, which opeas a new possitilaly to investigate the
Siochenicsl Bas1s of crolinergic hyperrespons:veness ta droachids asthes.
Sepsorted Ly the Netherlands Ssthaa Fosrdatica,

irgsrs o al., fur. 3, Fharsacor. 1560 271 (198800,

42 Differential labeling of presynaptic and
postfi‘unctional muscar?nic r%cegtorp byqu—N-

methylscopolamine (NMS) in dog ileum

P. Kostka, S. Ahmad, L. P. Nifes, C. Y. Kwan and E.-
. Daniel. Dept of Biomedical Sciences, McMaster Univ.,
Hamiiton, Ontario, Canada.

Tie characteristics of atropine-sensitive binding of WMS
have oeen 1avestigated in preparations of 1solated axonal
varicosities frus myenteric (MP), deep auscular (DHP) and
sabzucos2]l {SMT) plexuses, and in purified swmooth nuscle
plasme mezbranes f{rom longatudinal (LM} and circelar (CK)
zuscles of dog rlewa. The contant of neurcnzil and smooth
enscle plasma Deabranes 17 menbrane fractions has been
evaluated by activities of ‘3H-gaxitoxin binding and 5'-
AMPase, as reported previocusly. In each mesbrane pre-
parction NKMS labiled apparently homogencus populations
ol non-anteracting oinding s:tes, as documented by the
linearity of Scatchard plots and by Bidl coefficients not
sagnifacantly different froa ', However, the affinities
of M3 for precyaaptic {varicose) receptors were
sigmx{icantly different fiom the affinxtizs for pest-
suncticnal (saoccth muscles receptors. In pastacular the
Re valuss for presyneptic receptors were 2-4 n¥f with Baax
valuss, in frol/ag, 393#32 (¥P), 195244 (DMP), and 612278

f2wG:  apanst D aehh o The v, wrdus S5 pastiunclisngd

receptors in both LX and €K was 26 nlf wath Baax valves
19912381 (1N} and 20832276 (“H). Carbachol and cxotre-
morine at concentratiors required for neir-zaxiezl dis-
piacexent of RMS Dnoiag caused approximaiely 25% inha-
Pitaon of forskolin-stimuletad adanylate cyrlage activity
in  a¥cnal varicosilies ot MP. Jt 1= concluded thal a/
presynaptic and pestjunctions! ausceriric receptors in
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: s -log EC 50
dog 1leur can be distinquished under conditions of in
vitro labeling by their affinities for NMS b/ the mus- Compound p.vxg-m RV‘;““” GEIZM:’
carinic receptor-mediated presynaptic inhibition of Aregolxne 6.6 7'9 770
neurotransmitter release in MP may involve the suppresion Sar achol 43 6.7 5'3.; 5'4
of cAMP-dependent pathway(s). M;§1;M§ESA'3 6“(]) 4'!;» ° 5'0,_,
N . ~H=- . . 4 »
{Supported by the Medical Research Council of Canada) Muscarine 7 7.7 6.6
oxotremorine 7. 7.8 7.6

blockade by telenzepine in the rabbi
isolated vas deferens

M. Eltze. Byk Gulden Pharmaceuticals, 7750 Konstanz,
FRG.

43 Onset and offset rate of M,-rece,?tor

Muscarinic M, -receptor selestive antagonists like telen-
zepite exe:% their inhib._ory action on gastrac acad
secretion by blockade of M -receptors located in the
vagal pathway to the parietal cells. In the rabbit
isolated vas deferens, stimulation of M -receptors by
M3N~A-343 inhibits electracally induced twitch contrac-
tions susciptible to conpetitive blockade by antimusca-
zinics (pA, values). This model was used tc study the
kinetic parameters of antimuscarinics on this receptor
aug!éype. Inhibition of twitch contractions induced by
10 M McN-A-343 (EC7 ) was reversad by antimuscaranics
{at concen:rations lo-goki hzgneg than pA,); the antago-
nist was then d.splaced by 3x10 ~ M McN=A-~343 (30-fold

sc7 ). The following t“ values of onset and >ffset
races at 31 C were obsexve%:

T /2 {man), at =log M
Prug phz Onseé Offset
Telenzepine 8.£¢ 24,5 162.0 7.86
Pirenzepine 7.79 3.0 13.0 6.79
Nuvenzespane 7.74 3.7 2.7 6.74
BIM~1086 R.44 14.0 5.8 7.44
Atropane 9.46 13.5% 4.2 3.46
Dicyclomine 7.70 9.0 1.8 6.10

Telenzepine exhibited the slowest rate of onset and off~
3sct  anmdng the muscarani( receptor antagonists Zested,
For telenzepine and pirenzepine onset was faster than
cffser rate; the converse was true for the other
antagonists. Thua, zhe kinetics of telenzepine observed
in vitrc can  partially explain 1ts long durataion of
acLion 18 vivo. Ganglionic Ml-zeceptots which bind tele-
nzepine wiil not respond rapidly to high conceatzations
of neuronally released acetylcholine: the receptor is
zhus protected from vagal overstimulation,

44 M,-Potencies of muscarinic agonists in
rapbit isolated vas deferens

B. Jokisch-Mehling?, 8. Feifs!'2, M. Eit2e3, J, F. Rodrigues
de Miranda?, G. Lambracht? and E. Mutschler! . 'Dept
Pharmacol., Univ. of D-60C0 Frankfurt, FRG., 2Dept
Pharmacol., Univ. of Nijmegen, 6500 HB Niimegen, The
Nethetlands, 2Dept Pharmaco!., Byk Guiden
Pharmacauticals, D-7750 Konstanz, FRG.

The rabbit vas deferens (RVD) has proiunctisnal
inhibitoxy Ml- and postiunctional facilitatory
¥2-receptcrs. In this stuay, Ml-potencies of
muscarinic agonists weze detemninad in isolated
preparations of RVD close to the prostate. The
inhibirtory effects obtaineu were antagonized Dy
pizenzepine (20 - 50 nM). The results were com-
pared with tiiose obtaired at M2-receptors in
epididymal segmente of RVD and at M3-receptoxs
in guinea-pig ileum (GPI). The rank order of
Ml-potency was different from that found at M2~
and M3i-receptors.

a.®luxe, KJP 131, 203 (1%60)) D.MRA=aflfeacts

Ain GPentria) C.intalinelc aoctiviwy O %7
{>H)-NMS/pirenzepine competition experiments
showed that 56% and 74% of the total muscarinic
ceceptor population are of the Ml-type in epi-
didymal and prostatic ends of RVD, respective-
1ly. In conclusicn, the prostatic end of RVD is
a simple functional model to determine apparent
Ml-peotencies of muscarinic agonists.

45 Functional determination of McN-A-343
afiinity for M; mAChRs

R Michelett, O. Angelici, L Giudici and A Schiavone Dept
of Pharmacclogy. Istituto De Angels, Via Seno 15, 20139
Milan, ltaly.

showed that HCN-A-343 eliclts
relaxation of 1solated rat duodenum and inhibi-
tion of twitch contractions in 1isolesied radbit
vas deferens by selectively stimulating M1 pAChRs
(Hichelettl et al., 1985, Eltze, 1988). Aim of
the present study was to investigate whether af-
finity or intrinsic efficacy were responsible for

Recent evidence

the observed selectivity of McN-A-343. Affinity
was determined by fractional inactivation of
recepters perfornmed with the irreversidle

muscarinic antagonist propylbenzylcholine mustard
(PrBCH). After constructing control concentra-
tion-response curves, duodenal preparations were
exposed o 1 uM PrBCM for 30 min. The tissue was
washed for 60 min before repeating agonist stimu~
lation., Vasa deferentia were Gxposed to 30 n¥
PrBCHM for 20 min. From a reciprocal plot of ago-
nist egquisctive concentrations the vaiue of pKa
was estimated. McN-A-343 relaxed rat duodenunm
with a petency (-log BCso) of 6.31 & 0.08 and
affinity (pKa) of 4.68 % 0.10 (n=6). In the same
preparation, McN-A-343 antagonized ACh-induced
contraction with & pKe of ¢.97 & C.14 (n=13). In
the vas deferens, the estimated ECse and pKa
values were. 5.87  0.09 and 5.17 £ 0.15 (n=8),
respectively. Thus, affinity of McN-A-343 for the
functional M: receptorz at which 1t acts as
agonist is in the range of 1ts affinities as
antagonist. Furthermore, Ef$so values lover than
K& indicate a substantisl receptor reserve. The
latter or a more efficient coupling of M1 recep-
tor to trarnsduction nechanisms seems therefore to
underlie McR-A-243 selectivity.

R litcheletti et al., J.P.E.T., 1988, 244, 680.
M. Eltze, EBur. J Pharmacol., 1988, 1561, 20%5.

46 Characterization of muscarinic receptors
in rat kidney

J. F. Rodrigues de Mirards, . L. M. Siero, Y. J. 8. van
Megen and C. A. M. van Ginpeken Inshtute of
Pharmacology, U.uversity of Ngmegen PO Box 9101, 6500
HB Nijmegen, The Netherlands.

Muoldl s0iv  TEALPLOIe i waswalisi SOUWY 50Ut
invoived sn  diuresis. The presence of these receptors in
Tat Xidney has been reported by radioligand bruding only
recentiv. However, nc detailed characterizatiop “2$ been
taken place. in this study we labeled the Ruscarinie
receptors in rat Xidney cortex hombgenate by *H.1-Q8B at
37°C. The dissociation constant, Ry, = 0.058 + 0.00% o
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and the receptor density, Buma», = 1.26 ¢ 0.07 pmol/g
tisgme {mean + SE, n = 7). 3H-NMS binding showed a
SImilar Buax. Bilnding was reversible and the dissociation
constant caiculated from the ratio of the rate constants
amounted to ©.019 nM. “H-1-QUB binding was inhibited by
the enantiomers of benzetimide with a Stereoselectivity
rat1d of 8,000. The inhibition of *H-1-QNB binding was
investigated with the subtype selective antagonists
o> cenzepine (K, = 226 + 24 nM), AF-DX 116 (K, = 1451 + 72
nM), methoctramine (K, = 1669 # 33 rM) and hexahydrosila
ditenidc? (X; = 40.4 + 1.8 nM) characterizing tae
muscarinic receptor in the rat Kidney as a M3 type.
Inhibitton of SH-I-QNB  binding Dby the agomsts
methylfurtrethor um, arecoline, isoarecoline ané arecai-
dine propargyl ester, displayed monophasic inhibition
curves. With c1§-2-methyl-4-dimethylaminoethyi-1,3-
droxolane methiodide in two out of four experiments, a
small (11} population of high affimity agonist sites
couid be detected Inciuding inhibitors of proteolysis
did not affe.t the agonist inhibition. The potassium
sparii  JivretiC amiloride inhibited H-1-ONB binding in
a comp.titive way {K: = 36 + 5 uM¥l. Inhibition appeared
to be dependent cn NaCl concentration. Autoracdiocraphic
analysis of the binding revealed the presence of specific
y-1-0NB  labeling in glomeruli. No specific labeling
could be observed in tubuli.

47 Histamine-liberating cells in the mouse
isolated stomach may bear muscarinic M;-
receptors

W. Kromer, E. Baron, R. Boer and M. Eltze. Byk Gulden
Pharmaceuticals. 7750 Konstanz, FRG.

Acid secretion induced in the mouse stomach
in vitro by the supposed M,-selective muscaxi-
nic agonist MaN-A-343 is iBhibited by antimus=~
carinics and H,-receptor antagonists, and is
prevented by prior histamine depletion by comp-
ound 48/80. 2TX has no influence. This suggasts
rmuacarine receptors to be located on histamine-
liberatinyg paracrine cells, In ogfder to charac-
torize the receptor typs, 9 muscarinic antago-
nigts with different selectivities were used at
a fixed concentraticn of 1 umol/l to inhibit
acid $ecretion stimulated by 18 umdl/i McN-A-~
343. Quasi ‘"concentratica"-inhibition curves
resulted £rom plotting percentages inhikition
vs ths concentration of 1 umol/l =xpressed as

nultiples «f K, values at M, H, and M, recep-
tors. K, value¥ were Cetermined®in bigging ex~
periment% with guineazpig cortical (“H-telen-

zepania, 5 M), atrial (YH-NMS, M,) and salivary
gland ( u-&us, M,) membranes. BY fitting of the
3 getw2 cf data “with a singie receotor model

this method of evaluation (Kromer, unpublished)
alicwe discrimination between :ecapter Lypes
invelved without the tize-consuming task of de-
cammining pA, values.

Our data“gave the best fit when calculating
the cuxve on the bacis of binding affinities to
the M, receptor. No fit at all or a much worse
£it wais found on the basis of binding affini-
ties at the M, and M, recoptcr, respectively.
The prezent dafa demon3trate for the first time
thay histamine-liberating cells 1in the mouse
stomach probably bear functional M,-type musca-
rine receptors. =

48 Muscarinic receptor hinding in rabbit
superior cervical qanglia

M. Gaivan, R. Boer and C. Schudt. Byk Guiden
Pharmacsuticals, Postfach 6500, 7750 Konstanz, FRG.

The rabbit superior cervical ganglion is a
neuyronal preparation often used for invesztigat-
ing muscarinic receptor-mediated slow synaptic

o — e n——— e —

potentials. The slow excatatory postsynaptac
potential (SEPSP) is elicited via actavataon of
Ml-receptors and the slow inhibitory postsynap-
tic potential (sIPSP) via M2-receptors.
Radioligand binding was performed on membra-
ne fractions, isolated from over 100 ganglia.
3H-NMS Dbinding was saturable; non-specific
binding was less than 30% of total binding.
Scatchard analysis indicated a single banding
site (KE-O.ZS nM; Bmax=364 fmol/mg protein). In
competifion experiments with telenzepine (TZP},
pirenzepine (PZP) and AF-DX 116, displacement
curves with a shallow slope were obtained; Hill
coefficients were less than unity. Fitting the
data with a two site model revealed that about
50% of the sites displayed high affinity for
TZP and PZP (Ml-receptors); AF-DX 116 bound
preferentially to the othexr 50% (M2-receptors).
Dissociation constants (-log K.) at the Ml and
M2 sites were: T2P, 9.03 and 7.75; P2ZpP, 7.73
and 6.23; AF-DX 116, 6.05 and 7.48 respective-~
ly. 3H-T2P banding revealed 2 singie binding

site for the (+)enantiomer (KB=0.64 nM;
Bmax=257 fmol/mg  protein). 1sgociation
constants (-log K at this site were: TZP,

)
9.02; PzP, 7.88 and AF-DX 116, 6.09.
The results demonstrate the existence of two
distinct muscarinic recephor sites in these
neurones.

49 [3H]-(+)-Telenzepine selectively labels
muscarinic My-receptors in calf superior
cenviczi ganglia

R. Feife!!:2, J. F. Rodrigues de Miranda?, C. Strohmann3, R.
Tacke3, G. Lamhrecht! and £, Mutschlert. ‘Dept
Pharmazs!., Univ of D-6000 Frankfur/Main, FRG; 2Dept
Pharmacol., Univ. of Nijmegen, 6500 HB Nijmegen, The
Netherlands; 3Dept Chem Univ of D-7500 Karlsruhe, FRG.

Sympathetic ganglia possess excitatory Ml- and anhibi-
tory M2-receptors. To study he affimties of antimusca-
rinic drugs at Mi-receptors a simple binding assay has
been developed by using the Hi-selective lygand [PH]-
(+)-telenzepine (Tz) (Byk Galden, Konstanz, FRG) and a
purified preparation of calf cuperior cervical ganglia
(CSCG) . Muscarinic receptor binding was examined 1n 1000
X ¢ snpernatants (20% of original wvet weight},These were
incubated for 120 minutes at 3J°C an Tris buffer(pH
7,4). The reaction vas termipated by rapsd filtration,

In this preparation {P#H}-(+)-Tz (0.05 - 8 n¥) bound to a
homogeneous class of binding siteg with high affamity
{corrected Ks-value {or the active (+)-enantiomer: 0 56
nM}  Equalibrium was reached withain 90-120 minutes.
Nonspecific binding wvas determined by 10 nM atropive and
amounted to 16% (maximal value) in saturation experi-
ments and 4% in competition experiments (0.8 nM [31]) -
(£)-Tz). The affimties of reterence antimuscarime
drugs obtained in competition experiments in CSCG were
very similar to those found i1r functional studies at Ml-
receptors in rabbit vas deferens (RVD)(Eltze, NSAP 337,
Suppl. R91, 1988).

~log Kt {€5C6) pAz_{(RVD-H1)

Pirenzepine r.n 1.79
Methoctramine 6.63 6.8%
HRS21D 1.65 7.92

In conclusion, CSCG homogenates ate well suited to de
ternine Ml-receptor affinities of antimuscarinmic drugs
using {?H}-{4)-Tz as radioligand.
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50 Differential responses upon M,
muscarinic receptor stimulation by various
agonists

H.W.G M. Boddeke Sandoz Preclinical Research, CH-4002
Basle, Switzerland.

At present, a discrepancy concernming possible diversity
of central muscarinic (M1) receptors exist. Whereas
Lambrecht et al.* according to different effects of the
antagon1sts hexahydrodifenidol and hexocyclium published
vhat the M1 receptors in ret ganglia and hippocampal
slices are different, no difference was found by Field
et al.*, Differential responses as well are found, how=
ever, when ganghionic or hippocampal M1 receptors are
stimylated by various muscarinic agonists. The compounds
muscarine, pilocarpir.:, McN-A-343 and 1ts 4-chloro-
analog acted as full M1 agon‘sts, whereas oxotremorine
displayed partial agonisvic benaviour. Conversely, Mch-
A-343 and its 4-chloro-analog elicited no responses in
rat hippocampal slices, whereas muscarine, pilocarpine
and oxotremorine acted as fuil ayomists. The differen-
tial activity of M1 agonists in r2t ganglia and hippo-
campal slices cannot be explained by a difference in the
number of Ml-receptors in both tissues. It remains to
establish whether a difference in the Mi receptor pro-
tein or a difference 1n the receptor to Second messenger
coupling 1s responsible for the diverging agomist act-
ity wn both tissues.

Lambrecht et al., TIPS suppl., abstr. 22, 1988.
Field et al., Soc. Neurosci. abstr. 435.11, 1988.

51 Mediation of phosphinositide metabolism
in rat cerebal cortex by My and M3
muscarinic receptors

Carios Forray and Esam E. El-Fakahany. Dept
Pharmacology and Toxicology, University of Maryland Schoo!
of Pharmacy, Baltimore, USA.

The stinulation of phosphoinositide (PI) metabolism by
muscarinic agonists was studied in cell aggregates from
rat cerebral cortex, prelabeled with {3H}m-inosfitol.
Muscarinic agonists assayed in the presence of LiCl pro-
duced a 4-fold scimulation vith the rank order of poten-
cies of: acetylcholine, oxotremorine-M > muscarine >
carbamylchoiine (CBC), methacholine (MET). With the
exception of MET, the PI response to a fixed concentra-
tion of the muscarinic agonists was {nhibited by piren-
zepine {PIR) {n a biphasic nmanner, with 62 to 75t of the
sites showing high affinity (pKi~B.1) and the remaining
sites of lower affinity (pKi=6.6). PIR inhibited MET
effect with a pKi of 7.9. Telenzepine (TEL) also showed
a biphasic inhibitlon of CBC effects with pK{ of 9.4
(76 3 of the sftes) and 7.3. The rest of the antagonists
assayed inhibiced the cffects of CBC in a monophasic
manner: atropine (pKi=9.0), 4-DAMP (pKi-§.6), hexa-
hydro-sila-difenidod (pKiw=7.5), AF.-DX 116 (pKi=~6.6).

PTR and TEL displaced [3H)NMS from multiple sites (50t
high affinity) and (3HiTEL from a single binding stite
with high affintzy. AF-DX 116 displaced 558 of [3IH]NMS
with low afffnity, similar to that obtained by competi-
tion with {3H]TEL (pKi=5.9). Alkylation of muscarinic
receptors with 30 n¥ propylbenzylcholine mustard in the
presence of 100 nM PIR ylelded a preparation with oniy
high affinficy sices for PIR both in PI responsc and
FIHINME hindlng  Baead onoshe zultighssic iunibviclon of
the PI response by PIR and TEL, our data indicate the
involvement of another muscarinic receptor besides the
H1 subtypo. Furthermore, the rank order of potenclaes of
the muscarinic antagonists provides streag evidence for
the involvement of a glandular M, subtype in the activa-
tion of Pl nmetabolism {n rat brain.

52 PC12 {phaeochromocytoma) cells
express a muscarinic receptor with high
affinity for teler epine

H. Bonisch, R. Bor M Dobler and C. Schudt. Dept
Pharmacology, University, D-8700 Wurzburg and Dept
Pharmacol. Byk-Gulden, D-7750 Konstanz, FRG.

Functional and binding experiments in PC1l2 cells
indicate that this neur' nal cell line is endowed
with Ml1- and probably also M3-receptors. Carba-
chol caus=2d an stropine-sensitive release of 2H-
noradrenaline (3H~NA) from preloaded cells which
was inhibited with high potency by the Mi-
selective muscarinic antagonist telenzepine (TZ2),
wath intermediate potency by pirenzepine (P2),
and wath low potency by the M2-selective antago-
nist AF-DX 116 (see Table). Inhibition of 3H-NHS
binding to PC12 membranes by these antagonists
showed the same inhibitory profile; in addition,
the affinities of several muscarinic antagonists
to the PC12 receptor was similar to that obtained
at Ml-receptors in guinea pig membranes labelled
with either 3H-TZ (M1) or 3H-NMS (112 and M3).
Saturation binding of 3H-TZ to PC12 membranes re-
vealed a R4 of 0.55 nmol/) and a Bmax of 766
fmol/mg protein. Dassociation of 3H-TZ (bound to
PC12 mnmembranes at a high concentration) was
biphasic indicating binding of 3K-T2 to Ml-sites
(80%}) and probably M3-sites (20%).
PC12 :iguinea pig membranes
3H-NA 3H-NMS : Ml M2 3
release binding:cortex heart gland

Compcund pA2 pKi : pKi PRi pKi

Atropane 8.62 8.52 : 8.97 8.55 8.75
Telenzepine .82 8.74 : 9.0C 7.64 8.10
4-DAMP ———- 8.46 : 8.79 7.94 8.70
Dicyclomine ——— 2.00 : 8.21 6.97 7.83
Pirenzepine 7.00 7.51 : 7,72 6.43 6.72
HHS2D 7.49 7.29 1 7.63 6.80 7.9
AF-DX 116 5.74 5.77 : 6.28 7.23 5.88

53 Novel selective muscarinic agonists

J. Baumgold, B. Bradbury and K. A. Jacobson. Lab. of Mol
and Cell. Neurobiology, NINDS and Laboratory of Chemistry,
NIDDK, NIH, Bethasda, Maryland, USA.

A series of analogues of the muscarinic agonmist BMS
were synthesized using the functionalized congener
approach to drug design (Jacobson et al., Mol.
Pharmacol. 2% 126, 1986). These compounds were
evaluated for subtype-specific agonist activity at the
second messenger level in a series of cell lines that
cach express a single muscarinic receptor subtype.
These cells include CHO cells transfected with ml
receptors, rat heart membranes that express conly n2
receptors, SK-N-SH human neuroblastoma cells that
express predominantly mnl3 receptors and NGI08-15
neuroblastoma x glioma cells that express only né
receptors. The parent compound, BY5, was found to
stimulate only the adenylate cyclase-coupled muscarinic
receptors, subtypes m2 and m4. It behaved as an
antagonist at the PI turnover coupled receptors,
rubtypes wl and m3. Therefore, BM5 is a
subtype-selective muscarinic agonist. Since BM5 has
been described as a post-synaptic agonist and a
pre-synaptic  antagunist (Nordstrom et al., Mol.
Pharnacol. 24 1-5, 1983), these studies indicate that
post-synaptic muscarinic receptors are adenylate
cyclage coupled, whereas pre-synaptic muscarinic
receptors are coupled to PI turnover. Like BM5,
savarsl of the  nowel LUBROUNGS  Were aiso
subtype-selective partial agonists ip that they
stimulated only the m2 and mé subtypes and were in-
active as agonists at nl or m3 receptor Ssubtypes.
These compounds are being evaluated further for thetr
potential in treating the cognitive deficits of
Alzheimers disease.
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54 Tetrahydropyridyl-oxadiazoles: ligands
used to map the muscarinic receptor

G. A Showell, K Merchant, R. Baker, S. 8 Freedman and
J Saunders. Merck Sharp and Dohme Research
Laboratonies, Neuroscience Research Centre, Terlings Park,
Harlow, Essex, CM20 2QR, UK.

Fully rigid ligands may not have the required
flexibilityl n “order to evoke the conformational
change of the receptor protein necessary for a full
agonist response, and are at best weak partial
agonfsts. We have synthesised a series of semi-rigid
t4gands based on arecoline fn order to explore the
distinct binding characteristics for both the high and
tow affinity states of the muscarinic receptor  These
compounds differ markedly both in their relative
affinity and efficacy as measured by our well described
bfochemical assay, the NMS/0X0-M binding assayl. The
oxadiazole 1 was synthesised from arecoline? and shown
to have greater affinity than the parent. Molecular
mechanics calculations have shown that the des-N-methyl
mnalogue 2 possesses a lower ring inversion barrfer than
1 thus has greater flexibility within the receptor.
Measurement of binding energies, when compared to
computed average binding energies3, revealed that 2 is
well matched particularly for the high affinity binding
site and this is reflected wn a correspondingly higher
level of efficacy. 1n contrast alkylation on the 5 or
6-positions of the tetrahydropyridyl ring creates a more
rigid framework relative to 2. This provides tigands
which do not fully utilise their available functional
groups in efficient binding possibly because of a
combination of steric and conformatioral factors.

o-N 1. J. Med. Chem., (1988), 31,

AP~ 86,
2. 3.€.5. _ Chem Commun, ,
ReMe (1988), 1618.

! 2 RH 3. ). Med. Chem , (1984), 27,
1648.

55 5-HKdroxy uinuclidine oxadiazoles: .
stereochemical probes for the agonist binding
state of the muscarinic receptor

R.J Snow, S. B. Freedman, R. Baker and J. Saunders.
Merck Sharp and Dohme Research Laboratories,
Neuroscience Centre. Terlings Park, Harlow, Essex, CM20
2QR, UK.

The oxadfazole 1, recently described! as a potent
muscarinic agenist, offers an ideal ooportunity to probe
the steric requirements of the muscarinic receptor by
introducing substituents into the rigid quinuclidine
skeleton. Modification of the 5-position was studied,
since this site is remote from the primary pharmacophore.
Insertion of a hydroxyl group was chosen to search for
additional hydragen bonding {interactions over thosc
already known to be involved.

AVl four diastereoisomers of the 5-hydroxy quinuclidine
oxadiazole 2 were synthesised by a3 route fnvolving
Ofeckmann cyclisation of a differentially protected
piperidine diester. Three of the isomers had
corsiderably reduced affinity for the receptor c¢...},
but one isomer, 2a, displayed greatly enhanced efficacy
as measured by the previcusly reported NHS/0X0-M
ratio2,3.Thus one particular orientation of hydroxy)
favours agonist binding; structucal properties of 2 wil}
be discussed in detail.

1. J. Saunders et al, J.C.S. Chem. Comm., 1988, 1618,
2. J. Saurders et al, J, Med. Chem., 1988, 31, 486.
2 S frozdmsn 8l 4V,8 J. Fhgrmacei., i1yvy, 93, a3l
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56 Heterocyclic muscarinic agonists as
expe?mental tools and potential therapedutic
agents

A Byrholt Hansen, E. Falch, I. S Jorgensen and

P Krogsgaard-Larsen Department of Organic Chemistry,
The Royal Danish School of Pharmacy, DK-2100
Copenhagen, Denmark

Bioisosteric ~odifications of arecoline, norarecoline and
130arecoline have led to a variety of CNS-active ruscari-
nic agents. The aim of this work 15 to develop therapeu-
tically useful muscarinic agents s:th optatally varanced
partial agonist character and receptor selectivity and
with pharracokinetic propertises acceptable for uss in the
human clinic. The partial agonist or auatagonist prof.ics
nf the covpounds at ¥-1 or ¥-2 receptors nave been esii-
nated ugsing binding and functional in vitro and ir vivo
tests. -

0,5-D1-¥e-THPO 13 an 1soxazole brorsostere of areco~
line, and 0,6-d1-Me-T¥IP is similarly related to 1sear -
coline. Whereas arecoline and isecarecoline have very si-
milar wuscarinic agonist profiies, those of their .espec-
tive 1soxazole bic.sosteres are quite diffcrent. Molecu=
lar modelling techniques have been used to =lu~:icate the
conforrational and electron.c characteristics of th.s
class of nmuscar.nlc agonists. Tnese studies nave lod to
Tuscarini¢ agonists ~ith potential clinical useiuirest

3 3 &
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P frogspgaard-Larsen, &, Falch, B 'ensen and I 5 .or-
gensen Drugs of the Future {1489} In press

57 Interaction of quaternary anticholinergics
with muscarinic receptors in bovine, guinea
pig and human airway smooth muscfe

A. F Roffel, C. R. S Elzinga, W Beitman, £ J J van
Tintelen and J Zaagsma Department of Pharmacology &
Therapeutics, University of Groningen NL-8713 AW
Groningen. The Netherlands.

Quaternary susCarirac antagoatsts fanticholingrS.cs, n2ve Seen  shows (o unteract
with tws gopulations of binding sites 1a doviae and rat brain, 1n contrast to
their tertiary snaiogues. Fecause we tound this D.nding heterogestiiv «i50 in
dovine tracheal sacoth auscle seadranes, we tested these cospdunss v ciatracticn
experiaents on denuded dovinge cracheal sedoth suscie strips to estatlish whether
this heterogtnesys Biaticg denavicer "2y funClictsl Ceasesusnces, bs resertes
(Roffel et al., N.S. Arch. Pharsacel, 133 Suppi & A2 /198811 yoratrosiue (IFRA)
a5 weli 3 Nesethviscosolasine (N25: 290 oryphesorine (01} 4ave Schijc slots witr
slog2s stgrificantiy creater thas unilv wien tleceing s2thacnoline-inducec adotn
suscle contraction, u©sing 3 30 ain equiladration oerige for the irtagonists. B
contrast, atroprae (A7) and stoooiasine oa Sovine traches ang §FFR oh quires pig
traches dave slcoes not sighiticantiv dibderent tros one, In the gresent stuly
these daty were extences usang 4-DARP selhodrompde (2hysSu, siceesh.iv ane
asthyidestropine A0} felooesd.0, P 8,008 ca Dovine trachesl saooth eusCie, M0
01 guines pig tracheal seooth suscle (5Rard.8, slopest.lv ong IPFA 0a Mutan sl
breachial saooth euscle (pRya9.2, slope=l.ot, Thee resuits sugqest that *ib Mgy
Schild plot slopes oxcur in bovine bub w0t §n GuInes 23§ a6C AUBIL AIrwE Se30tn
sascle prepiraticns, 11} therz 15 a0 relation telween hugh Sensid oot slepes
¢ deterogeneces Binding Sehavicer, Stace M) does not amdrt M Lotter 8
boving Lrain Jeeiranes, i8¢ {111+ Phs Acrnesars ab Riah SrhaTA alar elanar s omee
dependent on  Guaternary charatter nd aigh affinity arope. To investigate the
possadiity of jack of eqmlibrius ab fewer aetagcarst coscentraticns, P94 g
A2 were tested osing 3 3 hr ecmrintdration period. mithough the siioes decredses
for both cospoenss (1o 1.5 they were stiii siadsfacanluy graater taus wmiy

¥oreover, 1n one experiaent using 3 S br ecurlidvation perpod 1K skl quve s
stope of 1.5, We also tes'es tne effect of the atrovinesterase-yombitor sethyi
Butvrater both IFRA a6 D still vielsed Seatle slepes greater Ihif gmity s
these expersaents (1.9 4ag 2.1 respeciavel 1. Mowever, using & coadination of




N

g 108 OISO MNP N M A BN 2 eyt T

2

Subtypes of muscarinc receptors 1V

13

——

ATR¢IPRA and ATRAOX we found an overadditive right=smift of the aethacholing
dose-respense curves i bovine but not in Quines pig traches, We conclude that a
posttive cooperative anteraction dut not lack of equiirbriun 15 responcidle for
the high sioses 3n the Schal¢ olots of IPRA, NNS, OX and MD 1n bovine tracheal
saooth suscle. Supserted by the Netherlanss Asthes Foundation.

58 AQ-RA 741- a new cardioselective (My)
muscarinic antogonist

W. Eberlemn, W. Engel, G. Mihm, N. Mayer and H. Doods
Dr Karl Thomae GmbH, Birkendorfer Strafle 65, D-7950
Biberach 1, FRG.

Recently corpound AF-0X 116 (1) has been characterized as the first
cardioselective muscarinic receptor antagonist. In order to further
elucidate the structural requirements for M; selectivity, a series
of AF-DX 116 analogs has been prepared as indicated in formula II.

oo T
N
NPy . (f\"“z (AF—DX 116}

] "y
» U.-(cu,)-—uuz

¥ {au1=3 Pos.2,34)

[}
N

(AQ—RA 741)

(Cry ) nry

The biological profile of the new compounds has been assessed by
receptor binding studies (K¢-values: Cerebral cortex (My), bheart
(M2), submardibular gland (M3)] and functional tests (pAy-
values: heart and §leum}.

The results show that all corpounds exhibit a selectivity profile
analogus to that of AF-DX 116 with varying degrees of selectivity
and activity.

Most favourable results have been obtained with compounds carrying
the diethylaminoalkyl group in position 4 of the piperidine ring.
Compound AQ-RA 741 (II1) e.g., shows 2 30 fold higher affinity for
M2 compared to M3 binding sites. Functional studies revealed an
even higher dixrimination (90 fold) between atrial and §leal
muscarinic receptors.

Thus, concerning cardiac vs, glandular and cardrac v.. smooth muscle
selectivity AQ-RA 741 represents one of ‘he 7most selective M
receptor antagnists known so far. In addition AQ-RA 741 is 10 times
more active than AF-OX 116,

59 AQ-RA 741 and UH-AH 37 - two _
pirenzepine analogues with an opposite
selectivity for atrial and ileal muscarinic
receptors

H. N. Doods and H. W. Ziegler. Department of
Pharmacology, Dr. Karl Thomae GmbH, PO Box 1755, 7950
Biberach 1, FRG.

We investigated the selectivity of the novel
muscarinic antagonists AQ-RA 741 (11-[{(4-{4-
(diethylamino)butyl)-1l-piperidinyljacetyl]-5,11-
dihydro-6H-pyrido{2,3-b}[1,4)benzodiazepin-6-on
hydrochiorid) and UH-AH 37 (6-chloro-5,10-dihy-
dro-5-{(1-methyl-4-~piperidinyl)-acetyl}- 11H4-di-
benzo-{b,e)(1,4}diazepine-11-one hydrochloride)
for atrial and ileal muscarinic receptors, re-
spectively. Functional studies were performed
using spontaneously beating right atria and
ileal longitudinal muscle strips from guinea
pigs. Concentration-response cutrves were con-
atruactad by the cumnlativa addition of moatha.
choline in the absence or presence of ant.
agonist. Pirenzepine (PZ) was not able to dis-
criminate between the two tissues. However
AQ-RA 741 showed a marked cardiogelectivity
(87-fold). An opposite ileal sgelectivity was
observed for UH-AH 37 (14-fold). All three

—

—em———]
compounds proved to be competitive ant-
agonists. (see below)
pAy ileum slope

0.98
0.94
1.08

pA; heart slope
P2 6.64 (26) 1.01 6.80 (25)
AQ-RA 741 8.49 (32) 1.02 6.55 (28)
UH-AH 37 7.09 (30) 1.05 8.32 (38) .

( ) number of data points

Comparison of the selectivity of AQ-RA 741,
AF-DX 116 and methoctramine revealed that the
cardioselectivity of AQ-RA 741 is comparable
or even more pronounced. The same holds true
for the ileal selectivity of UH-AH 37 in com-
parison to 4-DAMP or HHS1D.

60 Hexocyclium derivatives with high
selectivity Tor smooth muscle muscarinic
receptors

“A. Donetti, R. Micheletti and *E. Cereda. Depts of
Pharmacology and *Medicinal Chemistry, Istituto De Angel,
Via Seno 15, 20139 Milan, italy

Among compounds able to differentiate between
atrial and smooth muscle mAChRs, those with
greater affinity for muscular receptors are only
noderately selective. Since  previous evidence
showed that introduction of a guanidino moiety
as cationic head can enhance pirenzepine selectiy
ity (Cereda et al., this meeting), the influence
of different amidino substitutions on the discrim
inative properties of » smooth muscle selective
antagonist was investigated. Modifications were
brought on hexocyclium onium head (H). Formamidi-
no-, acetamidine-, and guanidino derivatives of H
(compounds F, A and G, respectively) were evaluag
ed for antagonism of gulnea pig ileal contraction
and atric]l negative inotropism elicited by betha-
nechol. Affinity (pAz) was estimated from Schild
regression analysis. Compounds ylelded pAz of.
9.01 £ 0,28 (H), 8.56 £ 0.13 (F,, 7.68 + 0.14
(A), 7.40 £ 0.15 (3) at the ileal receptor, and

.32 ¢+ 0.27 (H), 6 39 2 0.09 (F), 5.74 t 0.05
(A). 5.85 2 0,07 (G) at the cardiac Mz receptor.
Although the substitutions performed were

generally detrimental to compounds affinity, the
pA2 values at the two receptors were reduced by &
significantly different extent. Thus, affinity
for cardiac receptors was drastically affected,

“ith a nminimum decrease of 85 folds and maximum
of = 470, conversely, changes in ileal pAz were
nuch Jlower, ranging from 2 8 to 41 folds The

overall consequence of such a different effect on
aftinities is that hexocyclium ability to distin-
guish between receptors results greatly augmented
In particular. F discriminates by over 2 orders
of magnitude, possessing the greatest selectivity
for smooth muscle receptors so far described

61 Antimuscarinic potencies of olefinic
analogues related to hexahydro-difenidol at
three muscarinic receptor subtypes

L. K. Chool, L\. Wagner!, B. Unterhalt?, C. Middelberg?,

R. Tacke?, C. Strohmann3, A, Tafel3, E. Mutschler! and

G, Lambrecht!. 'Dept Pharmacology, Univ of D-6000
Frankfurt, 2Inst Pharmaceutical Chem., Univ of D-4400
Munster, 3Inst. Inorganic Chem, Univ of D-7500 Karlsruhe,
FRG

Affinity profiles of olefinic analogues related to hexahydro-difenidol (1A)
were investigated at three muscarinic receptor subtypes Antagonist
potencies were determined In rabbit field-stimulated vas deferens (M1),
gulnea-pig electrcally-driven left atrium (M2) and guinea-plg Heal
longitudinal muscle (M3) pA2 values obtained from Arunlakshana-
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Schild plots are listed below

Q0  walo
VAR

2A/28 |CHECHIG) /N
Ko A-C“r'"Q 3A/3B | CH=CH (rans) *° B=cH-N_J

Mi M2 M3 M1 M2 M3
1A% 78 67 8.0 18 74 68 70
2A 71 65 75 28 69 68 64
3A 88 75 8.1 38 79 74 77

8Hexahydro-difenxdol

The results indicate that the selectivity profiles of the olefinic analogues
were quantitatively and qualtatively different from that of the parent
compounds {(1A/1B)

In both serles, the trans analogues (3A/3B) were mote potent than the
cis compounds (2A/2B) at all subtypes. In particular, the trans
compound 3A showed the highest affinity for the M1 receptor. its
affinities for the #M3. ano mz-receptors were 5- and 22-fold lower,
respectively

62 Pharmacophore model for antimuscarinic
agents related to difenidol and siladifenidol -
a molecular modeling study

J. Briiggmann?, H. -D. Héltje!, E. Mutschler2, G, Lambrecht?
and R, Tacke3. Dept of Pharmacy, Free University of
Berlin, FRG. 2Dept of Pharmacology, University of
Egsakfun, FRG. 3Dept of Chemistry, University of Karlsruhe,

In continyation of previous studies (1,2) antimuscarinic 51/C pairs
of the (sila-)procyclidine, (sila-)difenfosl, and (sfla-)hexocycliom
types were investigated using molecular mechanics and semi-empirical
quantum chemical methods.

for a group of 25 analog pairs a potentially bicactive conformation
has been estuulished nith the aig of a rultifit procedure (see Fig. 1),

From the correlation of electron densities at potentially pharmaco-
proric partial structures with affinities to ileal My receptors the
three binging sites previcusly postulated could be supported.

ITOIN B Ly fe eiaeing site 2 1

fig 2 8,

Calculations of electron densities were performed for the protonated
molecules complexed with a negatively charged binding-site mocel.

The rolecular electrostatic potentials (MEPs) of all sila~-compounds
carrying a cyclohexyl ring show a distinct negative region around the
pole of this ring system which does not occur in the charged compounds.
We believe that this negative potential reduces recentar affinity uwhon
this effect is taken Into account a strong correlation between theore-
tical data (STL) and M3 receptor affinities (pAz) is observes (see
fig, 2).

1} Busch, Th,; Dissertation Freie Universitat gerlin (1987).
2) Lambrecht, G. et al. in Trends in Med. Chem, 788",
Goot et al. (Eds.), Elsevier, Amstercam 1989, 265.

63 Potent and selective mAChR antagonists
with amidine cationic heads

E. Cereda, R. Michelett, A. Ezhaya, L. Gudici and
A. Donetti. Istituto De Angels, Via Serio 15, 20139 Milan,
italy.

Amidino molieties resemble tertiary amino or
quaternary ammonium groups according to basic
strength,ionization properties, nitrogen orbitals
hybridization pattern and size. Differences how-
ever exist in spatial arrangement, hydrogen bond
forming capacity and possible modes of interac-
tion with receptors. For the latter reasons,
variations in the affinity for mAChR subtypes may
be expected to occurr in amidino-subatituted
compounds. This hypothesis was tested by introduc
ing an amidino moiety as cationic head in the
structure of a non-selective antagonist, atropine
(ATR), and of an M1 selective compound. pirenze-
pine (PZ). Affinity (Ks) of compounds for M: and
Mz receptors was investigatea in functional in
vitro models, employing rat duodenum, in which
McN-A-343 stimulation of M1 receptors produces
relaxation, and guinea pig paced atrium, where
bethanechol evokes a negative inotropic effect by
activating M2 receptors. Results showed that the
guanyl  analogue or AlR displayed affinities
similar to those of the parent compound. A
different behaviour was observed for the guanyl
derivative of PZ. In fact, while affinity for M1
receptors was virtually unaffected, a sig-
nificant decrease in Ks value (15 folds) was
found at Mz receptors. Such uneven effect on the
recognition properties of compound is mirrored by
a remarkable selectivity for the M1 receptor

compound duodenun atriumn selectivity
K», nM ratio
ATR 1.2 1.8 1.5
guanyl-ATR 3.0 2.8 0.9
Pz 8.1 154 19
guenyl-P2 7.8 2250 288

64 Direct measurement of muscarmnic
agonists and antagonists in the mouse
central nervous system

S. B. Freedman, E. A. Harley and S. Patel. Merck Sharp
and Dohme Research Laboratories, Neuroscience Research
Centre, Terlings Park, Eastwick Road, Harlow, Essex, CM20
20R, UK.

Cholinomimetics produce a range of side effects including
hypothemia and tremor. Although these responses can be used to
estimate the 'in vivo' activity of muscarwnic agonists in the
central nervous system (CNS}, the approach is limited by
compensatory feedback mechanisms and the difficulty of equating
degree of receptor occupancy to effect. We have developed a novel
‘ex vive' assay to measure the potency and penetration of muscarwnic
agents 1ato the CNS.

'Ex-vivo' binding was determined tn brains of male KTO mice
(259) that had been previously administered test compound. whole
brains were homogenised 30 mins later in ice cold 20mM MEFES buffer
pH 7.4 containing lms MgCly. 100u1 aliquots of homogenate were
subsequently assayed with 0.6nM [3H) oxotremorine-H in a final
volune of Iml. Following a 40 min incubation at 309C samples were
filtered over Whatman GF/C filters. Specific binding was defined
with ipM atropine. Penetration of compound was calculated by
comparison with a calibration curve added to homogenates of saline
treated amimals. Results are shown below and were compared with the
ability of these compounds to induce (E0gg)/antagonise (i0gg)
centrally mediated hypothermia.
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l-mpound Hypothermia Ex Vivo Binding
€050/ 1050* €0gq % Penetration
(mg/kq) (mg/kg) into CNS
Pilocarpine 8.0 + 3.3 2t {15;30) 0.3t +0.096
RS86 1.0+ 0.5 i (L8 L5 «0.18
Scopolamine® 2.0+09 2.6 (2.1;3.1) 0.2' .+ 0,04
N_Methyl Scopolaminet 10 « 2.1 26 (20;32} 0.0059 + 0.0013

Results in brackets refer to range (n23).
geometric mean » SEM.

These results confirm that ‘ex vivo' binding represents a
reliable biochemical method of determining the potency and
penetration of muscarinic agents into the central nervous system.

All other values are

65 Identification of a small intraceliular
re%non_ of the rat m3 receptor responsit's for
selective coupling to Pl turnover

J. Wess, M. R. Brann and T. .. Bonner. National Institutes of
Health, Bethesda MD 20892, USA.

Molecular cloning studies have demonstrated the existence of
five different muscarinic receptor proteins (ml - m5). While
ml, m3 and m5 are coupled to stitnulation of phosphatidyl
incsitol {PI) metabolism, m2 and m4 are more efficiently
linked to inhibition of adenylate cyclase. An analysis of the
sequences of m1 - m5 reveals that a 16-17 amino acid segment
at the amino terrninal end of the third cytoplasmic loop (i3) is
highly conserved among m1, m3, and mS but different from
the sequence which is well conserved in m2 and m4 . In
order to investigate the role of this region in coupling
specificity, we constructed cDNAS encoding chimaeric m2/m3
receptors, in which the whole i3 loop and the small i3
fragment, respectively, have been exchanged between the
human m2 (Hm?2) and the rat m3 (Rm3) receptor. Transient
expression of these cDNAs in COS-7 cells showed that wild
type Rm3 and the Hm2 receptor hybrids containing either the
whole i3 loop or the short i3 fragment of Rm3 strongly couple
to PI turnover, carbachol leading to a 2 to 3-fold increase in
IPy production in the micromolar dose range. On the other
hand, wild type Hm2 and the Rm3 receptor hybrids with the
whole i3 loop or the short i3 segment of Hm2 induced Iess
than 0.3-fold increases in IP levels. These data strongly
suggest that the short segment comprising 17 amino acids of
the amino terminal end of i3 is sufficient to determine the
coupling specificity of muscarinic receptors.

66 Location of sulfydryl groups of the
muscarinic acetylcholine receptors involved
in intramolecular disul*Je bonds by peptide
r.apping studies

E Kurtenbach, E. K. Pedder, C. A. M. Curtis and

E. C Hulme. National Institute for Medical Research,

Mill Hilt, Loadon NW7 1AA, UK,

In punficd y receptors (mAChRs) the ligand binding
actinty and the proportion of the sites with high affinity for agonists wete
flected by -SH reagents (Besnstein ot al,, J. Newrochem, S0, 16871694, 1988)

Esght cysteinc residues are common to all five rat muscarinic recentor suhtynes
but the sumber 224 15285800 of the 5-5 bi.Jges is unksown. Recent studies
show that two conserved aspartate residues in the mAChRs can be alkylated
with 3H-PrBCM  Onc of thesc residues is immediately C terminal to a
conscrved cysteine which is probably invoived in a $-3 bond. Extended
proteolysis of the denatured, reduced and carb bylated mACHR alkylated
with SH-PrBCM, using Iys-C, yielded two major glycosylated labelled prod

(28 and >4 KDa). The polypeptide molecular weights cstimated after
enzymratic deglycosylation were 14 and 22 KDa. Ia contrast, cleavage with lys-C

of non-reduced receptor followed by deglycosylation showed products with
piolecular weights of 22 KDa and 34 KDa. However, after further reduction
and carboxymethylation, the oniginal pattern of peptides was regescrated. This
suggests that the 14 KDa peptide extends a disulfide bond which links it to
another proteolytic fragment. In the present study the sulfhydryl groups of
mAChRs involved wn intramolecular disulfide bridges were labelied with SH-N-
ethy)-maleimide (3H-NEM),

Cleavage of the 3H-NEM labelled mACBRs using lys-C yiclded two distinct
populations of labelied prod One populstion seems to cor d to the
labelled gly lated peptide resid b d after prot ','oflbcsﬂ
PrBCM-mAChRs (28-34 KDa peptides). This high molecular weight fraction
probably ins 2 inc residuc iavolved in a disulfide bond. Preliminary
studies using a small amount of this population submitted to a sccond cleavage
with CNBr, show the same peptides molecular weights as given by the H.
PrBCM-mAChRs in the same condition. The fractionation of the low MW,
peptides obtained from the COOH terminal of the mACHR should be a
powerful tool to study the location of the other probable S-S-bridge(s) 1 the
structure of the mACh receptors

67 Distribution of m1-m5 muscarinic
receptor mRNAs in rat brain1

D. M. Weiner and M. R. Brann. Laboratory of Molecular
Biology, NINDS. NiH, Bld, 38, Bm 30-02, Beinesoa MD
20892, USA and Research Scholars Program, HHMI, USA.

For each of the five muscarinic receptor mRNAs we prepared
three 48 base oligodeoxynucleotide probes which are subtype
specific. The specificity of these probes was verified based on
each of the three probes independently labeling the same pattemn
of mRNA using in situ hybridization to consecutive sections
through rat brain, and by northern blot analysis. The
distribution of the mRNAs was determined with a mixture of
the three probes, to increase specific activity and thus decrease
autoradiographic time. Strong signals were observed for all of
the receptor mRNAs within four weeks of autoradiographic
exposure. Each of the mRNAs have a distinct distribution,
For example, m1 mRNA is most abundant within the cerebral
cortex and hippocampus (fields CA1-4 and dentate gyrus); m2
mRNA in the basal forebrain, septum and hindbrain; m3
mPNA in the cerebral cortex and hippocampus (fields CA1-4);
m4 mRNA in the caudate putamen, nucleus accumbens and
olfactory tubercle; m5 mRNA in the hippocampus (fields CA1-
2), substantia nigra, pars compacta and globus pallidus. Data
at a cellular level of resoiution will be presented.

IThis work was supported in part by Receptor Genetics, Inc.

68 Regional e&ression of muscarinic
receptor {MChR) subtypes in rat brain; an
//gscg u hybridization/receptor autoradiography
study

M. T wilard, H. W, G M. Boddeke, K -H, Wiederhold,

U. Kischka® G Mengod and J. M. Palacios. Preclinical
Research, Sandoz Lid., Basel, Switzerland, * Kantonsspital,
Basel, Switzerland

We have combined in situ hybridization histoche-
mistry with synthetic oligonucleotide probes for
the M1, M2, M3, M4 MChR (Bonner et al.(1987)
Science 237:527-532 ) and receptor autoradioara-
phy using [32)-0 msthylscopolamine (NM5)  as
radioligand and several MChR antagonists (piren-
zepine, hexahydrosiladifenidol, methoctramine,
and AFDX 116) with differential receptor subtype
selectivity to examine the microscopic distribu-
tion of these receptors in the rat -brain.
Forebrain areas such as the neocortex, hippo~
campus, and caudate-putamen exhibited high levels
of hybridization for the M1 and M3 probes,
whereas the levels were lower with the M4 probe.
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M2 transcripts were at very low copy number and
only seen in medial <coptum and  pons. M3
transcripts were enriched in ‘thalamic and
midbrain areas, regions where M1, M2, and M4
mRNAS were hot detectzd. In our preliminary
binding studies we have not always found a good
agreement between the presence of mRNA and the
differential displacement of NMS binding by the
antagonists. Thus, in the hippocampus, a majority
of M1 receptor binding was found in spite of the
presence of M3 and M4 mRNAs. Finally, sites in
the midbrain (superior colliculus) were found to
belong to the M3 class, in good agreement with
the hybridization studies. Thus, the combination
of these two autoradiographic approaches allows
for the detailed delineation of the distribution
of the cell bodies and binding arcas where the
different MChR subtypes are preferentially
expressed.

69 Agonist pharmacology of cloned
muscarinic receptors?

E. A. Novotny and M. R, Brann Laboratory of Molecular
Biology, NINDS, Bld.36, Rm 3D-02, Bethesda MD 20892,
USA.

Five muscarinic receptors (ml-m5) have been cloned,
sequenced and expressed in mammalian cell lines. We have
examined the phammacology of m1-m4 receptors expressed in
A9 L cells by measuring cAMP levels. When stimulated by
agonists, m1 and m3 cause a rise in cAMP levels by coupling
with a pertussis toxin-insensitive G-protein, while m2 and m4
cause a decrease in CAMP levels by coupling to a pertussis
toxin-sensitive G-protein. Acetylcholine (EDsgs uM: ml, 4;
m2, 1.5; m3, 5; m4, 0.3), carbachol, oxotremorine-M and
muscarine were pure agonists at ail of the tested receptors, and
displayed ~ 10 fold lower EDsqs for the m2 and m4 than the

m1l and m3. Arecoline, McN-A-343, pitocarpine (EDsps uM /
% maximum for carbachol "%M" : ml, 10/ 25%; m2, 0.5/
80%; m3, 18/ 20%; m4, 0.5/ 65%) and RS 86 were partial
agonists with lower EDsgs and greater efficacy at the m2 and
m4 than at the ml and m3. Maximal ml responses to
carbachol were more sensitive to receptor depletion by NPBC
mustard than were m4 resoonses. These data are consistent
with the selectivity between receptor subtypes of the above
agonists being due, at least in part, to receptor spareness.
BM-5 was a potent agonist at m4 receptors (EDgq/ % M: 1/
75%) but had little effect at m1, m2 and m3 receptors (efficacy
< 10% M).

1 This work was supported in part by Receptor Genetics, Inc.

70 Drug selectivity and second messenger
(sd)stems in the cloned M, muscarinic receptor

W. R. Roeske, L. Mey, J. Lai, S. Waite, T Smith and
H. I. Yamamura. University of Arizona, Tucson, USA.

We have studied the relationship between the M
muscarinic R density and the R-mediated hydrolysis of
inositol lipids in cloned murine fibroblast B82 cells
which hava been trancfocted with the m: muszorinic R
gene, Of the 7 clones examined, the M) muscarinic R
densities in these cells charagterized by [3H](-)MQNB
binding ranged from 12 fmo1/100 cells fn LK3-1 cells
to.260 fmo1/106 calls in the LK3-8 cells. Carbachol-
/E3H(-)MONB competition curves for the LK3-1 cells
(with Tow R density) had a Hi11 coefficient of one.
The competition curves for carbachol in the clones with

higher R densities had Hill coefficients less than one
and were best fitted by a computerized nonlinear
Teast-squares regressjon program for the 2-site model.
Lgncentration-response curves for carbachol-stimulated
F3u3IPy accumulation were also obtained. A signi-
ficant correlation was observed between the density of
the My muscarinic_R with high affinity for carbachol
and the maximum E3H]IP1 accumulation in these

cells. There is no significant difference among the
ECso values, the Kp values obtained by the

Fgrchgott method and the Ky values of the carbachol/-
[3HI(-)MONB competition curyes. By using the flusc-3
method to determine the [Cac'); stimulation by car-
bachoi, we found an ECgp that agrses with the Ky.

Drug specificity for binding, [Cac*]j and hydroly-

sis of inositol 1ipids confirw an W) muscarinic R
profile. We conclude: (1)} The high affinity state for
carbachol may be the functional state of the My mus-
carinic R in the transfected 882 cells; (2) there was
evidence for the existence of spare Mj R in the

clones with high R densities but not in those with low
R densities.

71 Muscarinic receptor binding,
phosphatidylinosito! (P1) turnover and Ca2+
mobilization in cells transformed to selective-
ly express rat my muscarinic receptors

R.D. Schwarz, L.L. Coughenour, D.T. Dudiey, D K. Boyd.
J.H. Fergus, S.L. Myers, C.J. Spencer and C.R Clark.
Parke-Davis Pharm. Res Div, Warner tambert Co , Ann
Arbor, M! 42105, USA

Cloning, sequencing, and expression studies have
shown that there are five subtypes of muscarinic
receptors (m,-m:.). Recently, rat m, muscarinic
receptors we}e ?nserted into murine B82 cells
resulting in a cell line (MIC2) with a high level
of receptor expression. Using Scatchard analysis,
[°H]-QNB was found to bind with a Kd of 5.0 &
0.5pM and a B8max of 593 + 19fmol/mg protein was
determined. Muscarinic agonists and antagonists
bound to the receptor with Ki values ranging from
0.08nM (atropine) to 7653rM (carbachol). Receptor
occupation by muscarinic agonists resulted in the
stimulation of PI turnover with full agonists such
as carbachol producing maximal stimulation, and
other agonists {e.g. arecoline) producing similar
effects but of lower magnitude. Since production
of inositol trisphosphate results in an increase
in free Ca++ levels, intracelgular Ca++ was
measured by both fura-2 and "~Ca++ efflux
techniques. As with PI turnover, muscarinic
agonists increased free Ca++ with antagonists
reversing this effect. Thus, MIC2 cells possess
the characteristics of m, muscarinic receptors and
are proving a useful too} for studying receptor/
effector mechanisms (M1C2 cells provided by Dr.
J.C. Venter, NIH).

72 Physiological comparison of cloned

muscarinic receptor subtypes expressed in
HO cells

S. V. P. Jones, T. J. Murphy and M. R. Brann. Laboratones
of Neurophysiology and Molecular Biology, NINDS, National
Instiutos of Haalh, Bethesda, MD 20882, USA.

Transformed CHO cells which express comparable levels of the ruscannic
receptor subtypes m3, m4 and mS (Buwckley et al, Mol. Pharmacol. 35 469,
1989), were examined for physiological responses. CHO cells were
clectncally silent apart from a small TTX sensitive sodium current, as
determined with whole-cell petch clamp recordings, Activation of m3 and m5
receptors by ACh hyperpolasized the cell membrane, and increased
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conductance. Current-voltage curves showed the ACh-induced cond
reversed at around -65mV and shifted to around -20mV on increasing
extracellular potassium from 5 to 50mM. Outward ACh-induced currents
recorded at -S0mV were d by addition of IpM atropine, SmM Ba or
SmM Co 1o the bathing medium. Addition of SmM BAPTA intraceliularly,
prevented activation of the ACh-induced cond e i The results
indicate that both m3 and mS muscarnic recep d Ca-depend
potassium conductances in CHO cells. Inositol phosphate (IP) levels were
elevated 6-7 fold over bascline by carbachol stimulation of m3 and m5
p Intraceltular appl of 100uM 1P3 and raveed intracellular
calcium mimicked the ACh-mnduced curreat responses in both m3 and mS
{ that IP3 meduates the increase in intracellular Ca
which in tum activates the potassium conductances. Basal cAMP levels were
also elevated by acuvation of m3 and m5, however the response to m3 was 3-
5 fold greater than that for m5 receptors. Application of up to SmM 8-bromo-
CAMP had no electnically detectable effect, and thug, cAMP 1 net involved 1n

reported that carbachol causes the inbition of mutogenesisin AS L cells

transfected with m1 aud m3 receptors while m2 and m4 stimulation has

no effect on mitogenesis in these c2lls {Conklin et al PNAS, 85,

8698 8702) We have now examined simlar responeesin CHO cells

which have been transfected with m2.-m5 receptors (Buckley et al, Mcl

Pharm 35, 469-476). Mitogenesis, as measured by thynudine

meorporation, was inhibited by carbachol stimulation of m3, m4, and

m5, but not the m2 tranafected cells (see below), CHO cells are known to

undergo cell elongation when treated with cholera toxin or cAMP

analogs. We observed a similar cell elongabion with earbachol

stimulation of m3 and m5 transfected CHO ¢ells  Stimulation of the m2

or m4 transfected cells had little or no effect on morphology The

eloagation effect of the m5 receptor could be quantified, yailding an

EC-50 for carbacho) of 63 nM (Felder et al, FEBS lett , 245, 75.79) The mb

stimulated clongation does not appear to be due to a rise 1n cAMP since

the EC-50 for carbachol stimulated cAMP 15 150 fold greater (10uMf) The

effects of these receptors on the growth and morphology may reflect

biochemical differences in the actions of these receptors which are being
Tucrdated in further stud

production of the ACh-induced current responses. md did not chicit an m2 m3 mi m5
1 iy d ble resp h , the receptor was dtobe % rmtogencsis inhibition
functional, as forskolin-sumulated elevations n cAMP were reduced on (thymidine incorportation) 33 4742 1724 2713
warbachol M formed cel
apphicaton of 1o cells i e ccll elongation B 44 +/- 444

from 0 01 10 30 uM. Abovs these concentrations cAMP levels were elevated,

73 Regulation of muscarinic receptors
expression by nerve growth factor in
developing corticostriatal cells in culture

. Eva, S. Rice) Gamalero and E. Genazzani Institute of
Pharmacology. University of Tunn, Italy.

Recent studies suggest that nerve growth factor (NGF) exerts
a trophic effect on forebrain and striatal cholinargic neurcns
and stimulates centr. ~aptic cholinergic markers.Changes
in the erpression of mu cholinergic receptors (mAChR)
by NGF was studied in dev zort.costriatal calls in
cultura. Tris culture pr. contains a small population
of choline rietyltransferas itive neurons and
synthetize from the third day a {DIV) increasing amount
of ACh. MW.ChR density, determined t rasuring 3H-QNB binding
to cortisal cell hemogenate, increases by approximately 5
times during 12-13 days of culture. NGF treatment of cortico-
strizt sl cells (0.1 ug/ul) clevates intracellular content of
&Ch (ueasurnd by HPLC-ED) and the activity of ChAT by 60-100%
at the 8th~10th DIV. Resuvits indicate that NGP treatment of
coriicostriatal cells induces a draummatic increase of mAChR
rusber (Foax) that is sccompanied by a S0% Jecreass of the Kd.
The increase of 3P-QNL binding is dose-dependent and occours
hetween the 9tn and “he 1lth DIV, being maximal (3077 above
contyols) at the t0.h DIV. At the 12th DIV both control and
NGZ-treated cells ~ontain the same maximum levelz of mAChR
numbes (approximately 500 fmol/mg prot.). Our working hypo-
thezis is that W,F, by stimulating the activity of cholinergic
nrurons, ragula'.es the expression of mAChR during development
of corticostristal calls in cultures. Preliminary results
irdicate that this culture prepszration expresses messgnger
RNAs encoding, for Mp, M2, M3 and M4 mAChR subtypss,measured
by reverse transcriptase-polymerase chain reaction (RT-PCR).
we are currantiy investigating the effect of NCF on the
eszpuession of nRNAs encoding for muscacinic veceptor subtypes.

74 Curbachol stimulation causes inhibition of
mitoganesis and cell elongation in CHO cells
transiected with muscarinic receptor genes
Bruce R. Conklin, Mark R. Brann, Noel J. Buckley, Tom |,
Bonn:r, Alice L ia, Chnstian C Felder and Julius Axelrod
.‘w‘astional Institutes of Health,HHMI, Bethesda, MD, 20892,
USA

A family of genes encoding five distinet muscarinic receptors
{m1 m5) have been cloned and stably expressed in fibroblasts ( Bonner et

Note: Although the m2 transfected CHO cells had second messcager effects with
carbachol simulation, the results may not be directly comparable because the m?
transfected cells expressed approximately one tenth the number of receptors as
the 1n3, m4, and m5 transfected cells

75 Muscarinic receptors that mediate the
enhancement of the rat vas deferens neuro-
genic contractions by cholinergic agonists: a
new subtype?

G Ba'lejo and A R. Antonioil. Department of
Pharmacology School of Medicine of Riberrao Preto-USP-
SP- Brazil.

Cholinergic agonists augment the neurogenic con=
tractions of the rat vas deferens neurotrasnsmission via
ectivation of muscarinic receptors. At last five
subtypes of muscarinic receptor that differ pharmacolo-
gically functionally, and molecularly have been descri-
beG inthe rat. In order to characterize the effector
systems involved 1in the mugcarinic etfect in the RVD
neurotransmission, rats sere treated either with pertus-
9is toxin (PT) (10 g/kg/ i.v.) and studied three days
later or with lithium chloride (LiC1) (7 mmol/kg/day,
i.p. for 3 days) and studied 24 hours after the last in-
jection. PT treatment failed to alter the enhancing ef-
fect of Carbachol (CCh) in the RVD neurotransmission
while it decreased the potency of CCh to produce the
inotropic negative effect in the 1solated atria of the
same animals. LiCl trestment did not affect CCh action
‘n RVD ncurotransmission although it decreased the effi-
cacy of this agonist to produce contractions of the iso-
lated ileum from the same animals. We also dotermined
whether the muscarinic receptors of the RVD under study
exhibit plasticity when exposed to chronic blockade. In
aged rats (18 monchs) atropine treatment (100 mg/kg/day,
i.p. for i4 days) enhanced the potency of CCh to augment
the RVD neurotransmission while it did not modify CCh
action in the 1solated atria or ileun from the saue ani=
mals. In conclusion CCh enhsncing action of the RVD neu~
rotransmission appears to invoive neither a pertussis
toxin sensitive G protein ncy the phnsphatidyl inositol
phosphate system. In sdlition, in aged rats, the recep-
tors wmediating this effect appesr to up-regulate undar
conditions of chronic blockade.

- Supported by 3andoz Fdn For Gerortologicl Research.
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76 Chemical and biochemical studies of
restricted rotation isomers of BM-5

£ J Trybuiski, R Mangano, R Kramss, H Brabander and A.
Rusinko. Medical! Research Division of Amenican Cyanamid
Co., Lederle Labs., Pearl River, New York, USA.

Senile Dementia of the Alzheimer's Type (SDAT) is a
neurodegenerative disease which results in the progress-
wve impairment of memory. Autopsies of brain tissue
from SPAT patients have shown @ marked decrease 1n choi-
inergic neurons. Taken together these observations form
the basis for the cholinergic hypothesis for memory loss.
A series of chemical synthesis projects have been 1mit-
1ated in our geriatric program to discover selective
cholinergic agonists to ameliorate the symptoms of this
degenerative disease. From the chemst's point of view,
the search for a useful pharmacological agent begins with

the synthesis of a selective agent. Several cholinergic
agonists and partial agonists are known which can be

used as model> or leads for a chemical synthesis project.

One of these, N-methyl-N-(1-methyi-4-pyrroljdino-2-
butynyl)acetamde (BM-5) has been reported * to be a
presynaptic antagonist (which should disinhibit the
release of endogenous zcetylcholing) and a postsynaptic
partial agonist (which should mimic the effects of acet-
ylcholine?. Chemically BM-5 is a flexible molecule that
can assume a number of different conformations. The
present research descripes the asymmetric synthesis of
a series of derivatives of BM-5 1in which one degree of
freedom has been restricted systemically.

la. Resul, B.; Dahlbom, R.; Ringdahl, B.; Jenden, 0.J.
Eue. J. Med. Chem.-Chim. Ther. 1982, 17, 317;

b. Nordstrom, 0.; Alberts, P.; Westlind, A.; Unden, A.;
Bartfai, T. Molecular Pharmacology, 1983, 24, 1.
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RECEPTOR BINDING STUDIES
Stepping Ahead With New Instrumentation.
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“We’re wiik you every siep of the
way in Receptor Binding SindiesY

Accuracy, repreducibility and reliability...
three key ingredients for the successful con-
clusion of any experimental study.

This is especially true in receptor binding
studies since the results of each step can affect
the accuracy of the next. At Beckman, we view
receptor analysis as a series of six fundamental
steps:

* Purification of the ligand

= Preparation and quantitation of the target
tissue

¢ Accurate and reproducible binding assays

» Separation of the bound and free ligand

o (Quantitation ot the bound and trec hgand

e Calculation of receptor binding parameters

'To make these steps easier to perform, we
have designed an array of instruments to ensure
that:

~Vials and 96-well plates, used in sainple
preparation steps, fit directly into instruments
used in quantitation...

—Dala from ihese measurements are easity
transferred to a personal computer. ..

—Our receptor analysis software uses *“up-
to-date” algorithms and is easy to learn.

Target tissue preparation and
quantifation

2.0 From the initial step of
tissue homogenization (and
nerbans colubilization) it 1<
important to “isojate” the recep-
tor fraciion as quickly as possi-
ble. For faster membrane or
cvtoplasmic receptor protein
purification, the Beckman TL-100
table-top ultracentrifuge can spin
at 100,000 rpm, attaining over
500,000 g. This can reduce your
centrifugation time by 50%.

After isolation, the Beck:nan

DU™-Sertes of UV/ VIS spectro-
photometers provide accurate
protein quantitation with s little
as 50 uL of your precious recep-

Understanding your requirements for simple i tor preparation.
and successful receptor analysis helps Beckman
design a broad range of accurate, reliatle instru-
ments that “interlink”. .. making your studies
casier to perform. i

; i Purification of the ligand

, 1.0 Because less than 10% of
the total ligand is usually hound
at equilibriuns, radiochenucal
purity of ligaads is crucial for
accurate results. Combining the
Beckman 170 or 171 Radiotsotope
Detector with System Gold]¥ the
Personal Chromatograph, you
can quickly determine tne radio-
chemical punty of your ligand,
regardless of the radioisotope.
Simply push a button, and you
sample is automatically injected
with each resulting peak accu-
rately integrated and collected 1n
a single vial




o res e Y e @

v

Accurate and repyaducihie
binding assays

3.0 The Biomek™ 000 Auto-
mated Laboraiory Workstation
handles the repatitive pipetting
steps of resepior binding assays
with exact repreducibility. It can
accommodate 96-well plates o1
MiniTpe™ st tubes frons Becks
man according 0 your assay

requirerents. The optional Biorsek

SL features 2 robotic arm for
toading and unloading labware to

provide unatténded operation with

no operator intecveniicn. -

“« New'n

lm

Quantitation of the bound and
free ligand
5.0 Foraccurate counting

racke, containing your samples

[  predared ofvthe Brinde! System,

into & Liguid Scintillativn System
from Reckman. Data can'be conwe-
niently stored on disks using Data
Fogger and carried 10 your com-

~ puter for analysis. No more enter-
ing data by hand or tying up yout
personal computer to the fiquid
scintillation counter.

*Brandel Ceh Harvester and
Depout and Dispens.ng System
arc avastahlc theougit Beckman

simply insert the liquid scintlfation

:
i

Sepuration of ihe bound and
freeiigand

4.0 After sample incubation,
the Brandel * Cell Harvester
climinates the problem of filter-
fag individual samples oy pro-
cessing 48 MiniTubes {or half of
a 85-well plate) simuitangously.
The Automatic Depusit and
Lispensing Systemt punches these
48 filters directly into liquid scin-
tijlation vials contained in racks
compatible with Beckmat Jiquid

! scintiliation counters, The liquid

scintillation cockiail is then

Qur pHI¥ senes of easy 1@
- operate pH meters, with ihe tiec-
trodes that can sheasure samples as
sniall 28 100 pi., sure you that
each bufer iy prepared accurately.

i added to cach vial, atomatically.

Calculation of receptor
binding parameters

6.0 Using non-kinear fitting
techniques, the AccuFit™ Sertes
Software from Beckman allows
fast, accurate one Of two site re-
ceptor binding anatysis. Since
AccuFit™ software typicaby does
not require sxpenimental estimates
of non-specific binding (NSB),
mtore of your receptor protein can
be used for important binding
samples.
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Beckman's broad range of
instrumentation is especially
designied to help you link every
step in your experimental
protocol. See us for all your
needsin. ..

ISOLATICM
PURIFICATION
CHARACTERIZATION
QUANTITATION
DATA ANALYSIS

Uni:vd States
Call Toll-Fiee 800/742-2345
... for connection to
the office ncarest you

Fullrzon, CA Boston, MA
Palo Alto, CA Scmerset, NJ
Atiania, GA §t. Louis, MO
Arhngton #ieights, iL  Houston, TX
Cotumbra, MD

Interpationsa! Sales and Service Cfficcy
ia, Gladesville 2.516-5238

Auttria, Vienna 233 22 38 87
Canada, Mitsissauga {#16) 6701234
France, Gagny (1) 43-81.93-05
Germany, Munich 89-38871
Hong Kong 5-539236
Ttaly, Mifan 2-39911
Japan, Tokyo 3-221-5831
Mexizo, Mexico City 284-06-67
MNetherlands, Mi;deecht 02979-85651
Puerto Rico, Catolina (809) 762-3032
Scotland, Glearcthes 592771234
Sinzapore $342508/9
South Africa, Johannesburg (011) £05-2014/15
Spain, Madrid 17291665
Swedett, Bromma 8-985320
Swiizerland, Nyvon 22.63-11-31
‘Taiwan, Taipei 27111166
UK., High Wycombe 494-41181
US.A., Fullerton, CA (714) 8714848
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