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Muscarinic cholinergic receptors, which are located 
primarily on smooth muscle and in the CNS, appear 
to consist, at least on the basis of molecular weight, 
of only one or two peptides [l, 21. The receptors 
are linked through GTP-binding proteins to second 
messenger systems that mediate the various chol- 
inergic responses. The final common endpoint of 
receptor occupancy is the regulation of protein 
kinases, which have the capacity to alter various 
membrane conductances by the phosphorylation of 
specific proteins. 

A dynamic multisubunit structure for receptors 
provides the opportunity for elaborate control over 
their characteristics and, thus, functions. This raises 
the possibility of “isoreceptors”, similar to isoen- 
zymes, which contain subunits coded by different 
genes, leading to distinct characteristics for each 
isotype. The possibility of receptor isotypes leads to 
a fundamental question: Do the apparent subtypes 
of muscarinic receptors represent different con- 
formational states of the same entity, different pep- 
tides, or both? The isolation and characterization of 
muscarinic receptors are expected to shed light on 
this question. 

Regardless of the molecular details, the existence 
of selective muscarinic ligands-both agonists and 
antagonists-has proven useful for a functional 
understanding of muscarinic receptors and holds 
exciting promise for the eventual pharmacologic 
treatment of neurologic disorders involving chol- 
inergic deficits. The profound psychotomimetic 
effects of the potent anticholinergics in man [3,4] 
and the involvement of cholinergic neurons in both 
Alzheimer’s [5-8) and Parkinson’s disease [9], 
together with observed behavioral impairments in 
animals after lesions of cholinergic pathways [lo], 
attest to the importance of the central cholinergic 
system for memory and cognition as well as move- 
ment. In addition, muscarinic receptors in other 
brain areas serve major functional roles, such as the 
regulation of arterial pressure by the hypothalamus 
and brainstem [II]. 

Regional distribution of receptor subtypes 

Subtypes of mucarinic receptors have been defined 
by several different criteria, each having advantages 
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and limitations. Characteristics of associated ionic 
conductances [12], links to specific second messenger 
systems [13,14] and preferences for various ligands 
[15, 161 have all been employed to explore the het- 
erogeneity of muscarinic receptors. 

Distinguishing forebrain from brainstem receptors. 
The overall picture that has emerged from binding 
studies-both with radioreceptor assays of homo- 
genates and autoradiographic assays of sections- 
that address the regional differences in brain musca- 
rinic receptors shows a clear distinction between 
receptors in the forebrain compared with those in 
the brainstem. In addition to differences in the pat- 
terns of the binding of selective ligands, the two 
regions can be distinguished on the bases of inter- 
actions with sulfhydryl reagents [17,18], transition 
metal ions [ 18,191 and guanine nucleotides [20-231. 

Copper-deficient rats. Because Cu2+ displayed 
effects on agonist binding to muscarinic receptors at 
a concentration as low as 1 ,uM, well within the 
endogenous levels of Cu2+ in brain [19], muscarinic 
receptors were examined in the brains of rats made 
Cu2+-deficient, as confirmed by atomic absorption 
spectrophotometry, on a dietary regimen [24]. Mini- 
mally deficient animals showed dramatic decreases 
in the binding of carbachol to forebrain regions, 
compared with control animals fed the same diet 
supplemented with Cu2+, increasing lcsO values and 
derived dissociation constants. The effects on agonist 
binding could be reversed by adding Cu2+ exogen- 
ously to the binding assay in vitro. These findings 
suggest a role for Cu2+ in the endogenous regulation 
of muscarinic receptors in the forebrain. 

Binding studies with homogenates. Even within 
brainstem and forebrain, or substructures grossly 
dissected from each area, the binding of agonists was 
found to be heterogeneous, providing the basis for 
one of the classification schemes. Analysis of the 
binding of carbachol, measured indirectly by its abil- 
ity to compete for the binding of tritiated antagonists, 
suggested the presence of two or perhaps three bind- 
ing sites-designated high (H), low (L) and super 
high (SH)-within the brain [25]. Subsequently, it 
was demonstrated that pirenzepine [15,26] and gal- 
lamine [16] displayed heterogeneous binding within 
specific brain areas, with the binding of the former 
engendering the classification of muscarinic recep- 
tors as M, and MZ, designating receptors that have 
high or low affinity for pirenzepine respectively. 
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Quantitative autoradiogruphy. More recent auto- 
radiographic studies of ligand binding to muscarinic 
receptors in brain have confirmed and extended the 
results with homogenates. Indeed, the brainstem and 
forebrain possess receptors with predominately high 
affinities for gallamine [27] and pirenzepine ]28. 291 
with the superior colliculus and the dentate gyrus 
representing extreme examples respectively. More- 
over, autoradiographic technique permits the iden- 
tification of exceptional areas such as the septum, 
which is a forebrain structure having a relatively high 
affinity for gallamine [27]. Two somewhat different 
approaches to the mapping of receptor subtypes by 
autoradiography have been used. In the first, the 
distributions of high-affinity sites for a number of 
tritiated selective ligands were compared [29]. 
Although the method is free of possible com- 
plications and artifacts that may be introduced by 
competitive assays, direct quantitative comparisons 
are difficult due to several factors, including uncer- 
tainties in the absolute values of specific activities 
and the chemical purities of labeled ligands and 
the possibilities of differential penetration and other 
interactions with the tissue sections. Some of these 
factors are eliminated by indirect assays, comparing 
the abilities of various ligands, several of which can 
be used in the same assay, to compete for the binding 
of a tritiated antagonist such as [‘Hlquinuclidinyl 
benzilate ([3H]QNB) which has a high affinity for all 
receptors. 

Agonists. As labeled agonists became available. 
they were used to map the regional distribution of 
muscarinic receptor subtypes. The utility of tritiated 
agonists for this purpose is limited, however, by their 
inability to label all sites as well as the possible 
complications that may arise from the agonist- 
induced coupling of receptors to their effector 
systems. 

Recently, Gurwitz and his associates [30] used the 
tritiated transmitter itself, [3H]acetylcholine, in the 
presence of the cholinesterase inhibitor diisopropyl 
fluorophosphate to examine muscarinic receptors 
with high affinity for acetylcholine in rat cortical 
membranes. The data confirmed the result with com- 
petition experiments that receptors with high affinity 
for typical agonists represent only a minor proportion 
of muscarinic sites in the cortex. In addition. an 
increase in the number of high-affinity sites as a 
result of treatment with transition metal ions could 
be demonstrated directly, the effect being reversible 
by guanine nucleotides. 

The results of binding studies with the agonists 
[3H]cis-methyldioxolane (311 and [3H]oxotremorine- 
M [32] have shown that, similar to [“H]acetylcholine. 
they also label fewer muscarinic receptors than the 
classical antagonists. There is some evidence to sug- 
gest that [3H]oxotremorine-M at low concentrations 
labels M, muscarinic receptors selectively [33]. The 
ligand, which was found to be suitable for auto- 
radiographic analysis, bound uniformly to sections 
of the rat inferior colliculus with an affinity in the 
low micromolar range. 

Selective antagonists. The antagonist pirenzepine. 
the selectivity of which defines the M, subtype, has 
been used indirectly in unlabeled form [34] and as 
[3H]pirenzepine [26, 351 to map the distribution of 

M, muscarinic receptors throughout the brain with 
comparable results, showing the preponderance of 
Mr receptors in forebrain regions as mentioned 
above. On the other hand, the antagonist gallamine 
has been used only in indirect studies [27], probably 
owing to its relatively low affinity even for its “high- 
affinity” sites. The regional distribution-similar to 
that for carbachol but the opposite of pirenzepine- 
of sites having a high affinity for gallamine in the rat 
brain suggests that gallamine is selective for Mz 
muscarinic receptors. 

There has been some controversy with respect to 
the nature of the binding of gallamine to muscarinic 
receptors. Ellis and Hoss [16] first presented evi- 
dence suggesting that gallamine binds in a com- 
petitive manner to brain muscarinic receptors when 
measured by its ability to reduce the binding of 
the universal antagonist [3H]-I-QNB to rat brain 
membranes. Subsequently, Stockton et al. [36] 
showed by kinetic measurements that the effect of 
gallamine on the binding of [3H]N-methylsco- 
polamine ([3H]NMS) to both rat heart and brain 
membranes was allosteric, reducing both the on- 
and off-rates of [3H]NMS in a differential manner. 
Although Ellis and Lenox [37] were able to cor- 
roborate the effects of gallamine on the binding of 
[3HiNMS, no such effects of gallamine on the binding 
of [ HI-I-QNB were observed. With the caveat that 
the appropriate conditions for observing allosteric 
effects of gallamine on the binding of [3H]-f-QNB 
may not have been attained, a likely explanation of 
the results is that NMS and QNB see muscarinic 
receptors differently. Indeed, as discussed below, a 
one-to-one correspondence between receptors occu- 
pied by the two ligands is lacking. 

The overall distribution of M, and MS muscarinic 
receptors together with the finding that chemical 
denervation of basal forebrain areas in rats produced 
a selective reduction in Mz receptors in the cortex 
[38], suggested a post- and presynaptic locus for M, 
and M, receptors respectively. In another study [39]. 
however, denervation of the nucleus basalis in rats 
produced a 14% loss of sites having low affinity for 
carbamylcholine (roughly corresponding to the M, 
subtype) at 72 hr and a 287~ increase in sites having 
high affinity for agonists (roughly corresponding to 
the M, subtype) without changing the total number 
of receptors in the rat cortex after 5 weeks. The 
disparity between the two reports may reside in 
the method of lesion or the choice of ligands for 
measuring receptors. 

The functional selectivity of both gallamine and 
pirenzepine is evident in the muscarinic cholinergic 
responses of the rabbit superior cervical ganglion 
measured electrophysiologically [12]. Whereas gal- 
lamine selectively suppresses the slow-inhibitory 
postsynaptic potential, pirenzepine selectively sup- 
presses the slow-excitatory postsynaptic potential. 
These results suggest the existence of distinct musca- 
rinic receptors coupled to separate effector systems 
in this preparation. 

Classical antagonists. The antagonists (jH]-I-QNB 
and (‘HINMS, especially the latter in more recent 
times because of its faster kinetics and thus more 
rapid attainment of equilibrium. have been 
employed as the principal ligands for measurements 
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of muscarinic receptors. Two recent reports [40,41] 
suggest, however, that NMS does not see all of 
the receptors identified by QNB. Since the same 
disparity is observed with the N-methylated deriva- 
tives of other classical antagonists including scopol- 
amine, atropine and QNB itself, it is likely that the 
differences in total numbers of receptors identified 
by a particular classical antagonist is related to its 
tertiary or quaternary nature. In other words, quat- 
ernary derivatives of classical muscarinic antagonists 
distinguish between subtypes of musca~ni~ receptors 
with the same specificity as the quaternary atypical 
antagonist gallamine. 

It is evident from the foregoing discussion that 
selective ligands fractionate muscarinic receptors 
into different assemblies of subsets, which, although 
overlapping, may not directly correspond to each 
other. 

Second messengers 

Activation of muscarinic receptors in brain as well 
as other tissues has been associated with a number 
of biochemical responses, including inhibition of 
adenylate cyclase [42], stimulation of CAMP-depen- 
dent phosphodiesterase [43], stimulation of guan- 
ylate cyclase 144-463 and stimulation of phos- 
phoinositide turnover [13,14]. The emerging idea 
that various GTP-binding proteins may couple 
muscarinic receptors to each of these and other as yet 
undefined second messenger systems concomitantly 
adds depth to, and helps direct, new research efforts 
aimed at the understanding of muscarinic cholinergic 
responses. 

Regulation of CAMP levels. Muscarinic agonists 
inhibit the activity of the enzyme adenylate cyclase 
in both whole cells and cell-free homogenates of 
brain [42], as well as many other tissues, and cultured 
ceil lines derived from neurons 1471. An additional 
mechanism for the receptor-mediated reduction in 
CAMP levels---activation of CAMP-dependent 
phosphodiesterase-has been observed with certain 
clonal cell lines [43]. With the astrocytoma line 
1321Nl this activity is Ca*+/calmodulin dependent 
and thus may be linked to phosphoinositide metab- 
olism discussed below [48,49]. This picture is some- 
what reminiscent of light-induced stimulation of 
cGMP-dependent phosphodiesterase, with its 
relationship to Ca*+ and mediation by the GTP- 
binding protein transducin, in the outer segments of 
retinal rod cells [50]. 

Similar to other hormone receptors linked in an 
inhibitory manner to adenylate cyclase, inhibition of 
the enzyme is GTP dependent [42,51], and GTP (or 
its stable analogs) reduces the binding of agonists 
but not antagonists to the receptor [21]. A great 
deal of evidence now suggests that these effects are 
mediated through the GTP-binding protein Gi, a 
multisubunit protein complex that interacts with both 
inhibitory receptors and the catalytic unit of adeny- 
late cyclase [52]. An important advance in this area 
has been the development by Murayama and IJi 
1531 of pertussis toxin, which catalyzes the ADP- 
dependent ribosylation of the alpha subunit of G,, 
as a tool for its selective inactivation; thus, treatment 
with pertussis toxin eliminates the ability of musca- 
rinic agonists to inhibit adenylate cyclase and reduces 

their affinity [54]. It had been discovered earlier 
that a similar protein, G,, which couples hormone 
receptors linked in a positive manner to the catalytic 
unit of adenylate cyclase, could be inactivated by 
cholera toxin [55]. The specificities of the toxins are 
not absolute, since transducin, a distinct protein 
complex, is a substrate for both [56,57]. Further, 
the inability of cholera or pertussis toxins to inhibit 
either the muscarinic agonist-induced activation of 
CAMP phosphodiesterase [58] or the binding of car- 
bachol to muscarinic receptors on 1321Nl astro- 
cytoma cells [59] suggests that phosphodiesterase is 
linked to muscarinic receptors via a GTP-binding 
protein distinct from G, or Gi. 

Cholera and pertussis toxins are not isolated 
examples, but rather members of the class of so- 
called A-B toxins including tetanus, botulinurn and 
diptheria toxins, the last of which catalyzes the ADP- 
dependent ribosylation of elongation factor 2, result- 
ing in the inhibition of protein synthesis [60]. The 
discovery of additional toxins that inactivate GTP- 
binding proteins other than G, and Gi can be 
expected in the future. 

Stimulation of GTPase. Apparently as a means of 
inactivating receptor-effecter coupling, the alpha 
subunit of Gi, as well as other GTP-binding proteins, 
hydrolyzes bound GTP to GDP, creating by this 
GTPase activity a form of Gi that is incapable of the 
coupling process [61,62]. Exchange of bound GDP 
for GTP then restores the ability of G-proteins to 
couple muscarinic receptors to their effecters 1631. 

Hormone-stimulated GTPase activity can be 
measured by utilizing gamma [32P]GTP as a substrate 
for the enzyme [61], providing an additional index 
of receptor activation that is independent of the 
particular second messenger system and more proxi- 
mal to receptor occupancy. Muscarinic agonists pro- 
duce a saturable, concentration-dependent stimu- 
lation of low K,,, GTP hydrolysis with synaptic 
membranes prepared from rat forebrain 1641. Both 
carbamylcholine and oxotremorine, which is more 
potent but less efficacious, stimulate GTPase in this 
preparation, having ECSO values of 5.8 and 0.16 @I 
respectively. Since, in the brain, oxotremorine has 
virtually no ability to stimulate phosphoinositide 
metabolism 165,661 but is a full agonist for inhibiting 
adenylate cyclase 1421, oxotremorine-stimulated 
GTPase activity may represent the component linked 
to adenylate cyclase. The Hill coefficients for the 
agonists are approximately 0.5, suggesting the pres- 
ence of receptor multiplicity, negative cooperativity, 
or both. The selectivity of oxotremorine compared 
with carbamylcholine may be related to the dif- 
ference between tertiary and quaternary amines. 

Maximal carbachol-stimulated GTPase is inhibited 
by muscarinic antagonists in the order of potency 
atropine > pirenzepine > gallamine, consistent with 
the overall affinity profiles for these agonists in fore- 
brain regions [64]. The Hill coefficients for the inhi- 
bition are approximately 0.4, further evidence for 
multiple receptors and/or negative cooperativity. 
These findings bolster the notion that multiple GTP- 
binding proteins are involved in muscarinic responses 
in the brain. The production of monoclonal anti- 
bodies to individual G-proteins associated with 
muscarinic responses will aid in the mapping of the 
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regional distribution of G-proteins, providing a com- 
parison with known distributions of muscarinic 
receptor subtypes. 

Stimulation of PI turnover. Muscarinic agonists 
have long been known to stimulate phosphoinositide 
(PI) turnover in brain [67,68]. Receptor-mediated 
PI turnover can be assessed in brain slices by 
measuring released inositol phosphates after 
incorporation of [3H]inositol to equilibrium with 
reincorporation of released products blocked by Li+ 
[69]. Under these conditions, carbamylcholine stimu- 
lates PI turnover with a flattened dose-response. 
reaching a maximum value at approximately 1 mM. 

The ability of selective muscarinic antagonists to 
inhibit PI turnover in rat striatal slices has been 
compared to the binding of the same ligands to 
muscarinic receptors under the same conditions [70]. 
Trihexyphenidyl, which has been reported to be 
selective for central versus peripheral muscarinic 
receptors [71], and pirenzepine were highly potent 
inhibitors of carbachol-stimulated PI turnover. Tri- 
hexyphenidyl was equipotent in occupying receptors 
and in inhibiting PI turnover. Pirenzepine was, how- 
ever, much less potent at occupying receptors in the 
rat striatal slices, displaying nearly complete inhi- 
bition of PI turnover at 1 PM with only a small 
proportion of receptors occupied. Gallamine was 
much weaker than either of the others at both the 
inhibition of PI turnover and receptor occupancy. 
These findings may reflect the selectivity of piren- 
zepine for M, muscarinic receptors, which in the rat 
striatum appear to be linked to PI turnover. In 
contrast to these findings, pirenzepine was not selec- 
tive for inhibiting the PI turnover response in embry- 
onic chick heart cells, showing a higher potency for 
the adenylate cyclase response [72]. 

According to current concepts, activity in the PI 
cycle produces two different intracellular mess- 
engers-diacylglycerols, which activate protein 
kinase C. and inositoi triphosphate, which releases 
CaZ+ from the endoplasmic reticulum 1731. Thus, 
muscarinic receptor-mediated stimulation of PI turn- 
over may secondarily activate processes, such as 
guanylate cyclase and phosphodiesterase activities. 
which are sensitive to increased intracellular Ca’+. 

There is a striking overlap between the distribution 
of the binding of phorbol esters [74]. which potently 
activate protein kinase C by occupying the diacyl- 
glycerol site [75], and muscarinic receptors in the rat 
forebrain (Hoss and Messer, unpublished obser- 
vation). In other systems, protein kinase C produces 
a negative feedback on stimulated PI turnover by 
phosphorylating (and inhibiting) a protein (B-50) 
that catalyzes one of the steps in the PI turnover 
cycle [76]. Accordingly, phorbol myristate acetate 
prevents the muscarmlc stimulation of PI turnover 
in embryonic chick heart cells [72]. 

The idea of the regulation of a PI response by a 
GTP-binding protein is not novel. Using pituitary- 
derived GH., cells, the thyrotropin-releasing hor- 
mone (TRH), which binds to specific receptors. 
stimulates PI turnover [77] and low K,,, GTPase 
without affecting adenylate cyclase [7X]. 

Possible relationships between receptors 

The knowledge of whether the apparent het- 

erogeneity of muscarinic receptors in the brain is a 
reflection of distinct receptor peptides, the identical 
binding unit coupled with multiple effecters. dif- 
ferent conformational states of the same receptor, 
or some other factor, is dependent upon the charac- 
terization of pure isolated receptors. Further. it is 
expected that studies of isolated receptors will lead 
to a deeper understanding of the molecular nature 
of the receptor, its interaction with second messenger 
systems, and eventually to cloning of the c-DNA and 
complete sequence determination of the subunits. 

Properties of receptors isolated from heart and 
brain. Although the solubilization of muscarinic 
receptors had been achieved several years ago in a 
number of laboratories [79-811, only recently has a 
suitable affinity ligand been developed. Purifications 
of-muscarinic receptors from porcine atria [1] and 
cerebral cortex [2,82] using 3-(2’-aminobenz- 
hydryloxy)tropane linked to Sepharose have now 
been reported. Whereas the purified receptor from 
heart consists of an 80 kilodalton (kD) peptide that 
contains the binding site and a smaller peptide of 
14 kD [ 11, the purified brain receptor has an apparent 
molecular weight of 70 kD with a lesser amount of 
the 14 kD species [2]. 

There is some evidence that the solubilization 
process itself affects the receptor subtype distribution 
for a given tissue. For the receptor from heart, which 
has been studied more extensively, solubilization 
converts receptors from high to low affinity for agon- 
ists 1831. Interestingly. digitonin-solubilized recep- 
tors from brain retam their response (conversion 
from low to high affinity for carbachol) to low con- 
centrations of copper [84]. suggesting that receptors 
with low affinity for agonists such as carbachol. 
roughly corresponding to the M, subtype. may be 
solubilized preferentially by these methods or that 
the solubilization process converts receptors from 
high to low affinity. It is also important to note that 
purified receptor reconstituted with GTP-binding 
protein displays a GTP effect on the binding of 
agonists [85]. 

Possible monomer-dimer equilibrium. Based on 
photoaffinity labeling experiments, the suggestion 
was made that brain muscarinic receptors can exist 
as a monomer or dimer of an 86 kD peptide [86]. 
corresponding to low (M,) and high (M,) agonist 
affinity states of the receptor respectively. It is also 
possible based on other systems that the higher mol- 
ecular weight species represented the receptor 
associated with a GTP-binding protein [87,88]. 

Protection experiments. By inactivating certain 
subsets of receptors, for example those having low 
affinity for a particular ligand. it is possible to ex- 
amine the remaining receptors in relative isolation. 
Experimentally this has been achieved by incubating 
receptors with unlabeled irreversible or very slowly 
reversible ligands in the presence of a selective 
reversible ligand, washing to remove the unbound 
and selective ligands. and subsequently examining 
the binding properties of remaining receptors. In 
general. such experiments have confirmed the het- 
erogeneity of muscarinic receptors, that is. remaining 
receptors retain their original properties and do not 
spontaneously interconvert to the original mixture 
of subtypes [ 16. X9]. The selective protection of sites 
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having a high affinity for gallamine points to the 
usefulness of this ligand for distinguishing between 
receptor subtypes [37]. 

Link between muscarinic receptors and memory 

Effects of central anticholinergics in man. The 
potent centrally-acting antimuscarinic agents such as 
QNB and its congeners are psychotomimetic and 
produce a long-lasting amnesia in man [3,4]. Intoxi- 
cation produces confusion, delirium and halluci- 
nations, leading often to behavior that resembles an 
acute schizophrenic episode. Based on these obser- 
vations and studies demonstrating memory deficits 
after the administration of scopolamine [90], it 
appears that central cholinergic pathways are impor- 
tant for human memory and cognitive function. Post- 
mortem studies of Alzheimer’s patients have 
revealed a loss of presynaptic cholinergic markers 
[5-71, loss of cells in the nucleus basalis [8], which is 
the major source of cholinergic neurons innervating 
the cortex, and subiculum [91], which contains the 
pathways that link the cortex and hippocampus. 
Neurons are also lost within the hippocampus [92], 
a structure known to be important in memory. Bio- 
chemically, it has been reported that Mz, but not M,, 
receptors are lost in the cortex [38]. This important 
observation has led to the suggestion that Mi 
agonists, by enhancing activation of postsynaptic 
receptors, or M, antagonists, by preventing the regu- 
lation of acetylcholine release presynaptically, may 
have therapeutic value in Alzheimer’s disease. It is 
of interest in this regard that an oxotremorine analog, 
N-methyl-N- (1 - methyl-Cpyrrolidino - 2 - butynyl)- 
acetamide, acts both as a presynaptic antagonist and 
a postsynaptic agonist [93]. 

Representational versus dispositional memory in 
animals. Memory has been divided into a number of 
overlapping dichotomous distinctions ranging from 
primary versus secondary [94] to working versus 
reference [95] memories. We have employed the 
distinction set forth by Thomas and his colleagues 
[lo, 961 of representational versus dispositional 
memories because of its simple operational desig- 
nation. Dispositional memory is implied if correct 
discriminations are made when the necessary stimuli 
are available to the sensorium at the time of choice; 
representational memory, similar to recognition- 
recall in humans, requires (in addition) information 
not present in the sensorium but represented in the 
brain. Experimentally, a non-matching to sample 
task is employed with rats in a T-maze, recording 
percentage of correct choices and run times. Lesion 
[lo] and pharmacologic [97] studies using this para- 
digm have demonstrated the importance of the septo- 
hippocampal pathway and muscarinic cholinergic 
system for representational memory. 

Antimuscarinic-induced deficit and subsequent 
adaptation. Recently, in this laboratory it has been 
shown that the Mr-selective antagonist pirenzepine 
produces a representational memory deficit sub- 
sequent to its injection directly into the hippocampi 
of trained rats [98]. On the other hand, the less 
selective antagonist scopolamine produced increases 
in response times as well as decreases in percentage 
of correct responses associated with a specific rep- 
resentational memory deficit. The data suggest that 

Mr receptors in the hippocampus may be involved 
specifically in representational memory processing. 
The finding that gallamine, which has a low affinity 
for hippocampal structures, was unable to antagonize 
excitatory responses in CA1 pyramidal cells elicited 
by muscarinic agonists [99] is consistent with this 
view. Behavioral adaptation, which develops for 
both muscarinic antagonists (and which may be an 
expression of drug tolerance), is seen as an increased 
ability to perform the task with repeated exposure 
to the drugs [98]. 

Receptor upregulation. To examine the possible 
role of muscarinic receptors in the development of 
adaptation to the antagonists, muscarinic receptors 
were examined autoradiographically after the con- 
clusion of behavioral testing [loo]. Animals that 
developed tolerance (i.e. adapted) to pirenzepine 
displayed an increase in receptor number in all areas 
of the cortex and in the CA3-CA4 region of the 
hippocampus as well. This receptor upregulation was 
not seen in animals that were tolerant to 
scopolamine. 

Animals that were tolerant to the two antagonists 
could be differentiated further on the basis of affin- 
ities of muscarinic ligands measured indirectly by 
their abilities to displace [3H]QNB in coronal sec- 
tions in vitro. The affinities for both antagonists, but 
not carbachol, were decreased in the same areas 
showing receptor upregulation for the animals tol- 
erant to pirenzepine. Receptors from rats that were 
adapted to scopolamine displayed increases in affin- 
ity for carbachol in other brain areas. These results 
suggest that the increased receptor number together 
with decreased affinity for antagonists may be 
involved in the mediation of behavioral tolerance to 
pirenzepine, while increases in agonist affinity are 
associated with adaptation to scopolamine. The 
results lend support to the hypothesis that muscarinic 
receptor subtypes reflect functional differences that 
can be selectively examined in vivo. 

Perspectives for future research 

Taken together, the binding data indicate the exist- 
ence of multiple muscarinic receptors in the CNS. 
Receptors in the brainstem appear fundamentally 
different from those in the forebrain in terms of 
ligand specificity and regulation by metals, sulfhydryl 
reagents, and GTP. A role for protein sulfhydryl 
groups in regulating forebrain receptors is strongly 
implied by the effects of sulfhydryl alkylating 
reagents and metals in vitro and the effects of Cu2+ 
deficiency in vivo. 

Comparing ligand specificities for various bio- 
chemical responses in different tissues and clonal cell 
lines suggests the lack of a simple correspondence 
between receptor subtypes as defined by the binding 
of selective ligands and activation of specific second 
messenger systems. This underscores the need to 
demonstrate muscarinic receptor-mediated pro- 
cesses directly in various brain areas (in addition to 
peripheral systems and cultured cells). 

Although there remains some controversy regard- 
ing the nature of the binding of gallamine, the avail- 
able evidence indicates that pirenzepine and gal- 
lamine are selective antagonists for forebrain (M,) 
and brainstem (MJ receptors respectively. Fore- 
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