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The autoradiographic
distribution
of Ml and M2 muscarinic
cholinergic
binding sites was studied in the striatum of the
cat, monkey, and human, and concurrent
binding assays
were carried out on striatal tissue sections from the cat. Ml
sites were directly labeled with 3H-pirenzepine;
M2 sites were
labeled as a consequence
of binding competition
between
pirenrepine
and 3H-Kmethylscopolamine.
Serial section
analysis with autoradiograms
and stained tissue sections
allowed for comparisons
among Ml and M2 binding distributions and AChE staining patterns.
The 2 subtypes
of binding sites demonstrated
distinct
striatal distributions.
M2 sites were virtually homogeneous
except in the ventral striatum, where zones of sparse and
especially dense binding were observed. Striatal Ml sites
were generally more abundant
than M2 sites and showed
similar heterogeneity
in the ventral striatum. Dorsally, however, patches of dense Ml binding were found, and proved
to correspond
with AChE-poor
striosomes,
hallmarks
of
striatal compartmentalization.
The finding of differing distributions for the 2 subtypes of muscarinic
cholinergic
binding sites suggests a mechanism
for the intrinsic spatial segregation of striatal cholinergic function. Further, the striosomal
patterning
of Ml binding indicates that certain aspects of
cholinergic
function in the striatum may be constrained
and
thus regulated by the compartmental
ordering characteristic
of this region of the basal ganglia.

Subtypesof muscariniccholinergic binding siteshave been defined basedupon analysisof binding assaysfor agonists(Birdsall
et al., 1978) and for the nonclassicalantagonist pirenzepine
(Hammer et al., 1980). Such assaysyield binding curves that
mostclosely approximate curves modeling heterogeneouspopulations of binding sites.Classesof binding site subtypesshowing low, high, or superhigh affinity for agonistshave beentermed
L, H, or SH; alternatively, binding sites demonstrating high
affinity for pirenzepine (PZ) have beentermed M 1, while those
Received

June 16, 1987; revised Sept. 8, 1987; accepted Sept. 10, 1987.

We thank Dr. Rudolf Hammer for his gift of pirenzepine, Dr. George R. Uhl
for the use of his densitometer,
and Mr. Henry F. Hall for his help with the
photography. This work was supported by NSF BNS83 19547, the Seaver Institute,
the McKnight
Foundation,
and a Whitaker Health Sciences Fund Fellowship
(M.A.N.).
Correspondence
should be addressed to Mary A. Nastuk, Department of Brain
and Cognitive Science, E25-6 18, Whitaker College of Health Science, Technology
and Management,
Massachusetts Institute ofTechnology,
Cambridge, MA 02139.
Copyright 0 1988 Society for Neuroscience
0270-6474/88/031052-l
1$02.00/O

and Management,

having low affinity for pirenzepine are called M2. Further distinctions among muscarinic subtypeshave been characterized
by their differential binding affinities in the presenceof the
sulthydryl reagentIV-ethylmaleimide (Ehlert et al., 1980; Korn
et al., 1983;Flynn and Potter, 1985)or in varying concentrations
of divalent cations (Potter et al., 1984) or sodium (Watson et
al., 1983).Such effectsmay reflect variations in the coupling of
receptor moleculesto associatedregulatory proteins, or G proteins. However, a full understandingof the molecular mechanismsspecifyingparticular subclasses
of muscarinicbinding sites
is not yet in hand. Possibilitiesinclude the ability of receptor
moleculesto interconvert amongdifferent affinity states,differencesin local membrane environments, and the existence of
more than one speciesof receptor molecule.The latter hypothesisis supported by the recent cloning of a muscarinicreceptor
thought to be the Ml subtype (Kubo et al., 1986).Nonetheless,
all of these possibilitiesprobably contribute in somecapacity
to an explanation of the pharmacologicalobservationsindicating the presenceof multiple muscarinic binding site subtypes.
They are alsolikely to be involved in specifyingamonga variety
of cellular responsesmediatedby muscarinicreceptors,including breakdownof phosphoinositides
(Fisherand Agranoff, 1987),
inhibition of adenylate cyclase(Olianas et al., 1983a),and the
regulation of certain potassium,sodium, and calcium channels
(North, 1986).
The first efforts to localize muscarinicbinding sitesto specific
regionsof the mammalianbrain involved autoradiographywith
ligandsthat did not recognizesubtypes,suchas3H-quinuclidinyl
benzilate OH-QNB) and 3H-propylbenzilylcholine mustard()HPrB). These early studies pointed to the striatum as a brain
region with a notably dense,uniform level of 3H-QNB and 3HPrB binding (Kuhar and Yamamura, 1976;Rotter et al., 1979a;
Brand, 1980).It waslater possibleto showwith autoradiograms
of varying exposure times that in the cat there were hints of
patterning in striatal 3H-PrB binding, and serialsectionanalysis
revealed that patches of particularly densebinding coincided
with AChE-poor zonesknown asstriosomes(Nastuk and Graybiel, 1985).Further, vivid patchesof 3H-PrB binding were seen
in the developing striosomal system of the fetal striatum of
several species,including human (Rotter et al., 1979b, Nastuk
and Graybiel, 1985). These findings raisedthe possibility that
striatal muscarinic cholinergic function might be spatially parcelled. The fact that the patterning was obscure at maturity,
though, suggestedthat either the heterogeneity wasonly subtle
at adulthood or, as is true for striatal opiate receptors (Moskowitz and Goodman, 1984), a more overt compartmental-
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ization was present but masked due to the simultaneous demonstration of muscarinic binding site subtypes having different
distributions.
Autoradiographic and biochemical methods have been developed for studying subclasses of muscarinic binding sites directly with subtype-selective ligands such as 3H-pirenzepine and
others, and indirectly through competition among multiple ligands (Potter et al., 1984; Wamsley et al., 1984; Yamamura et
al., 1985; Giraldo et al., 1987). With methods such as these we
have analyzed the distributions of M 1 and M2 muscarinic binding sites (see also Nastuk and Graybiel, 1986) in the striatum
of the cat, monkey, and human after first confirming that the
binding to be studied in this way had a valid biochemical basis.
The principal autoradiographic finding is that in all 3 species,
striatal Ml sites in the dorsal striatum are especially concentrated in dense patches aligned with striosomes, whereas M2
sites do not demonstrate this type of patchiness. In midventral
and ventral regions of the dorsal striatum, zones of sparse binding are evident for both types of muscarinic binding sites. In
the ventral striatum, small patches of especially dense M2 binding are evident. These results suggest that some, but not all,
aspects of striatal cholinergic function may be compartmentalized, with such spatial organization reflecting the molecular
and functional characteristics of muscarinic receptor subtypes.
Materials
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and Methods

Observations were made on striatal tissue from 7 adult cats, 3 adult
monkeys (cynomolgus), and 5 adult humans (3 male and 2 female, ages
74-84). Human tissue was obtained at autopsy (postmortem delay 424 hr) from individuals with no known history of neurologic disease.
At autopsy, blocks from the striatum were quickly dissected out and
frozen on crushed dry ice. The blocks were kept at -70°C prior to
sectioning as described below for the animal tissue. Tissue from the cats
and monkeys was obtained without perfusion under conditions of deep
barbiturate anesthesia. Brains were quickly removed, frozen on crushed
dry ice, and mounted on cryostat chucks. For biochemical experiments,
brains were cut into left and right halves before freezing; once mounted
and in the cryostat, blocks were trimmed as close to the edges of the
striatum as possible. Coronal sections through the striatum were cut in
the cryostat at - 12 to - 14°C. Section thickness was either 15 pm (for
autoradiography and histochemistry) or 10 pm (for binding assays).
Sections for binding assays were taken from midrostral levels of the
striatum, where rostrocaudal variability in cross-sectional area was minimal. Sections were thaw-mounted onto gelatin-coated slides, to be
orocessed for M 1 or M2 l&and binding autoradiography. AChE staining
by a modified Geneser-Jensen and Blackstad protocol (Geneser-Jensen
and Blackstad, 1971), or binding assays. For all procedures involving
ligand binding, sections were placed temporarily after thaw-mounting
into racks at about 4°C and then kept under vacuum at 0°C for 2-4 hr
in a vacuum desiccator buried in crushed ice and containing Drierite
capsules. Slides were then stored at -20°C in sealed boxes containing
Drierite for at least 2 weeks before further processing (Lewis et al., 1982).
For ligand binding autoradiography, sections were preincubated in
50 mM sodium nhosnhate (NaHPO,) buffer at DH 7.4 containing 10
mu ethylenediamineietraacetic acid (EDTA) andO. 1 mM N-ethylmaleimide (NEM) for 15 min at 4°C to uncouple binding of endogenous
agonist without affecting antagonist binding (Potter et al., 1984). Incubations were then carried out for 1 hr at room temperature in 50 mM
NaHPO, buffer containing 1 mM EDTA and either 10 nM 3H-PZ (76.0
Ci/mmol; New England Nuclear) for M 1 binding or 0.3 nM 3H-iV-methylscopolamine (3H-NMS; 85.0 Ci/mmol; New England Nuclear), and
100 or 200 nM unlabeled PZ (gift of R. Hammer) for M2 binding. These
concentrations of PZ were chosen to occlude as many Ml sites (& ca.
10 nM) as possible while leaving most M2 sites (& ca. 600 nM) free for
labeling. For blanks, 1 pm atropine was added to the incubation solution.
To terminate binding, the sections were immersed for 5 min in chilled
(4°C) 50 mM NaHPO, buffer containing 1 mM EDTA. Two very brief
rinses in distilled water at 4°C followed, and the sections were then dried
under a stream of cool air. Slides were apposed to LKB tritium-sensitive
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Figure 1. A, Saturation analysis of )H-PZ binding to striatal tissue
sections from the cat. Specific binding (0) is the difference between total
binding and nonspecific binding. Nonspecific binding (0) was determined in the presence of 1 PM atropine. Each point represents the mean
counts from 3 experiments, each carried out in quadruplicate (3 animals,
4 sections per animal per point). B, Scatchard analysis of the specific
binding of )H-PZ. Linear regression analysis was performed to determine Kd and B,,,.
film for 12-29 d at room temperature. Films were developed in Kodak
D19 for 4 min at 20°C and then fixed in Kodak Rapid Fixer S.p&t
section comparisons were made among striatal Ml binding distributions, M2 binding distributions, and AChE staining patterns. Densitometry was performed on Ml autoradiograms of feline and human
tissue to estimate the degree of variability in binding density within a
given tissue section. For each of 5 sections per case, 5-14 pairs of
measurements of grain density were made from visible patch and neighboring nonpatch regions in the dorsal striatum of 1 cat and 1 human.
The percentage difference in grain density in and out of patches was
averaged for each section; then, an overall mean percentage difference
was determined for each case.
For direct binding assays, sections from blocks trimmed down to the
striatum as described were preincubated under the same conditions as
were sections destined for autoradiography. Groups of 3 or 4 sections
were then incubated in various concentrations of )H-PZ or 3H-NMS
(under the same conditions as for autoradiography) with and without
1 PM atropine. Concentrations of ‘H-PZ ranged from 0.3 to 50 nM, and
. .
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Figure 3. Ability of PZ to compete with )H-NMS (0.3 nM) for binding
to striatal tissue sections from the cat. Concentrations of PZ ranged
from 0.1 nM to 10 FM. Each point represents the mean percentage
occupancy in 3 experiments, each conducted in quadruplicate. Specific
binding of ‘H-NMS in the absence of displacer was taken as 100%
occupancy. Curve fitting was performed with nonlinear regression analysis.
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placer. Points for a competition curve were plotted from the resulting
counts, and nonlinear curve fitting was performed with the LIGAND
program (Munson and Rodbard, 1980) to determine whether there was
a better fit to a I- or a 2-site model. A Hill plot was also constructed
from the occupancy concentration data, and a Hill coefficient was calculated.

Results

Biochemical studies
Figure 1A shows a direct binding

0

500

1000

%H-NMS BOUND

2000

1500

(fmol/mg

prot)

Figure 2. A, Saturation analysis of )H-NMS binding
the striatum of the cat. Specific (0) and nonspecific
determined in the same way as was done for ‘H-PZ.
resents mean values for 3 experiments performed in
Scatchard analysis of the specific binding of )H-NMS.
analysis was performed to determine Kd and B,,,,,.

to sections from
(0) binding were
Each point repquadruplicate. B,
Linear regression

‘H-NMS concentrations from 0.03 to 30 nM. Following binding termination and rinsing, sections were wiped off slides with Whatman
GF/B glass fiber filters or were dried and scraped off, and were placed
individuallv into scintillation vials. Protosol. 1 ml (New England Nuclear), was added to each vial, and the vials were capped andleft overnight at 4°C. A few hours prior to counting in a liquid scintillation
counter, 0.1 ml of 30% hydrogen peroxide (to prevent coloration) was
added to each vial, followed by 10 ml of Betafluor (National Diagnostics). Specific and nonspecific binding were calculated from counts,
and the Lowry method (195 1) was applied to estimate the amount of
protein per section. Binding curves were plotted and Scatchard analysis
was performed for each of the 2 ligands. Linear regression analysis with
the RSl statistics program was applied both for nonspecific binding
curves and Scatchard plots.
For competition experiments, the same procedures were followed as
for direct binding assaysexcept that the incubation solutions contained
0.3 nM ‘H-NMS and concentrations of unlabeled PZ ranging from 0.1
nM to 10 PM. Nonspecific binding of ‘H-NMS was determined in the
presence of 1 PM atropine. Counts were expressed as percentage occupancy, with 100% being the specific counts in the absence of any dis-

curve for low concentrations
of 3H-PZ (incubations
in very high ligand concentrations
were
not included here, as the present experiments serve to characterize high-affinity 3H-PZ binding, i.e., binding to the M 1 site).
For this concentration
range, 3H-PZ binding had a saturable
specific component and a nonspecificcomponentthat increased

linearly (correlation coefficient r = 0.99) asligand concentration
was increased.At 10 nM 3H-PZ, the concentration
chosen for
subsequentautoradiographic experiments, nonspecificbinding
comprised lessthan 0.5% of total binding. Scatchard analysis
(Fig. 1B) yielded a linear plot (Y = 0.97) and revealed that, for
our experimental conditions, )H-PZ bound to a population of
striatal siteswith a Kd of 8.9.
Specific direct binding of 3H-NMS to striatal tissuewas saturable (Fig. 2A), and nonspecificbinding rose linearly with increasingligand concentration (r = 0.97). Lessthan 4% of total
binding was nonspecificat an incubation concentration of 0.3
nM 3H-NMS, the concentration usedfor autoradiography. The
plot obtained with Scatchardanalysis(Fig. 2B) demonstrateda
linear fit (r = 0.79) and indicated that 3H-NMS binding in the
striatum

of the cat had a Kd of 0.47. However,

it was found that

3H-NMS adhered relatively readily to the glasswalls of the
incubation vesseland to the glassslideson which the sections
were mounted.
The occupancy concentration curve for the competitive binding of PZ and 3H-NMS (Fig. 3) showsthat under the present
experimental
conditions, PZ competes with 3H-NMS for binding to striatal sites.The data points fit well (p < 0.05) to a curve

describing2 populations of PZ binding sites.High-affinity (Ml)
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Figure 4. Photographs of consecutive serial coronal sections through the striatum of a cat showing the Ml binding distribution (A. dark field),
AChE staining (B, light field), and M2 binding distribution (C, dark field). For dark-field photographs, areas rich in binding sites appear lighter
than areas of sparse binding. Zones of particularly dense M 1 binding in the dorsal striatum correspond to AChE-poor striosomes (asterisks). Farther
ventrally, some sparse zones are present in all 3 marker patterns (X ‘s). The insula major of Calleja (arrows), intensely stained with AChE, is weakly
labeled with Ml binding and partially labeled with dense M2 binding. CN, caudate nucleus; P, putamen; NA, nucleus accumbens; ZC, internal
capsule. Scale bar, 1 mm (A-C at same magnification).

sitespredominatedin number over low-affinity (M2) sites,with
a ratio of approximately 14:1, as determined from curve fitting
to a 2-site model with LIGAND analysis.The Hill coefficient, IZ”,
for the competition data was0.44, indicating alsothe presence
of more than one PZ binding site.

Autoradiographic studies
In all speciesstudied,high-affinity 3H-PZ binding (M 1 binding)
to striatal tissuesectionswasdensebut not uniform. Figure 4A
showsM 1binding in the cat’s striatum, where zonesof elevated
binding density can be seen. These patches were irregularly
shapedwith widths of about 0.5-0.8 mm. The patches were
most often found middorsally in the striatum (seeasterisk in
Fig. 4A); they rarely appearedin the extreme dorsolateralquadrant (the region to the right of the label “CN” shown in Fig.
4B), and when found midventrally (in the region at the level of
the X in Fig. 4, A-C’), they were not well delineated. Irregularly
shapedpatches of denseMl binding also were found in the
dorsal striatum of the monkey (Fig. 5A) and human (Fig. 6A),
where their widths rangedfrom about 0.5 to 1.O mm.
Autoradiograms of tissuesectionsprocessedfor the binding
of 3H-NMS in the presenceof PZ (M2 binding) exhibited few
or no densitiesin the dorsal striatum (Figs. 4C, 5C, 6B). Most
sectionsshowedvirtually uniform binding that was lessdense
than the M 1 binding (optimal exposuretimes were nearly twice
aslong for M2 binding asfor Ml binding). For the dorsal striaturn, exceptionsto this uniformity were found caudally in all 3
species,where occasionalpatchesof very slightly elevated M2

binding were in register with particularly marked Ml patches
(resultsnot shown).
Serial-sectioncomparisonsbetween striatal M 1 binding distributions and AChE stainingdemonstratedthat patchesof dense
binding correspondedto zones of pale AChE staining, or striosomes(Graybiel and Ragsdale,1978),in the dorsal striatum of
the cat (Fig. 4), monkey (Fig. 5), and human (Fig. 7). It was
observed in the cat that at certain rostrocaudal levels the Ml
patcheswere more distinct medially, whereasstriosomesstood
out best laterally (though both macroscopiclabeling patterns
showedpatch-for-patch alignment). Another topographicaldifferencebetweenthe 2 marker patterns wasthat the Ml patches
were more crisply delineated caudally than rostrally, but the
striosomesseemedequally well demarcatedat all levels. This
rostrocaudaldifferencein clarity of M 1 patcheswasnoted in all
3 speciesstudied and can be seenin the human tissueon comparing Figures6A and 7A. Figure 7 alsorevealsthat in the dorsal
putamen of the human, the Ml binding distribution is more
decidedly patterned than is the AChE staining.
To substantiatethe visual impressionof greater Ml binding
in the patchesrelative to that in the surrounding nonpatch regions,densitometry wasperformed on autoradiogramsof feline
and human tissue.For sectionsfrom the cat, Ml patcheswere
found to be an averageof 20% denserthan their surround; for
the human sections,this averagepercentagedifferencewas 16%.
In generalthe difference in grain density for patchesand matrix
measuredwithin each section varied; perhapsthis was due to
mediolateral and dorsoventral differencesin patch and matrix
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Figure 5. M 1 binding (A, dark field), AChE staining (B, light field), and M2 binding (C, dark field) in serially adjacent sections from the striatum
of a cynomolgus monkey. Patches densely labeled with M 1 binding are in register with striosomes (see asterisks). Such patches are absent in the
M2 binding autoradiograph. P, putamen; IC, internal capsule. Scale bar, 1 mm (A-C at same magnification).

Figure 6. Dark-field photographs of M 1 (A) and M2 (B) binding in serial sections through the human caudate nucleus and putamen. M 1 binding
is patchy and generally denser than M2 binding, which lacks discrete patterning. Both types of binding are densest in the region of the ventral
striatum (arrows indicate its rostral pole). CN, caudate nucleus; P, putamen. Scale bar, 3 mm (A and B at same magnification).
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Figure 7. M 1 binding (A, dark field) and AChE staining (B. light field) in a serial pair of sections through the human striatum at a level caudal
to that shown in Figure 6. Patches of dense Ml binding in the caudate nucleus correspond to striosomes (see asterisks), although in the putamen
the pattern of binding does not have a ready counterpart in the enzyme staining. There are virtually no silver grains over the GPe. Note ventrally
the punctate zones of dense binding, some of which are matched by AChE-rich patches. ZC, internal capsule; AC, anterior commissure; GPe,
external segment of globus pallidus. Scale bar, 3 mm (A and B at same magnification).
grain density, but a quantitative topographic analysis was not
done.
Patterns of autoradiographic labeling in the ventral striatum
and nucleus accumbens differed from those found dorsally, both
for Ml and M2 binding. This ventral region in the cat (Fig. 8,
A, A’), monkey (Fig. 8, B, B’) and human (Fig. 9, A, C) contained
not only zones of dense Ml and M2 binding, but also areas of
sparse binding for each receptor subtype. The labeling patterns
appeared very complicated, especially in the human tissue, with
its instances of interdigitation among zones dense and sparse in
binding sites. Comparison of the Ml and M2 binding distributions in all species yielded examples of correlations between
areas sparse in both types of binding. Such patches were often
found ventrally within the putamen (see Fig. 9, A and C, for the
human, and Figure 8, A and A’, for the cat) and corresponded
to AChE-rich zones. But as Figure 8, A and A’, also shows,
patches of sparse binding also occurred ventral to the caudate
nucleus. In addition, in the olfactory tubercle there were patches
dense in both M 1 and M2 binding sites (see Figs. 7-9) that were
rich in AChE as well. It is unclear whether all of these small
patches corresponded to islands of Calleja. Nissl staining of
adjacent sections (results not shown) indicated that there was
some degree of overlap among patches and islands. The insula

major of Calleja was distinct in Nissl stained sections (not shown)
and in autoradiograms (see arrows in Fig. 4 and asterisks in Fig.
8) from cat and monkey; it was noteworthy because it contained
sparse M 1 binding, although a part of it had dense M2 binding.

Discussion
The primary findings of this study are that tissue sections processed for ligand binding autoradiography show differing macroscopic distributions of striatal Ml and M2 binding sites in
the cat, monkey, and human, and that striatal tissue sections
from the cat demonstrate valid biochemical characteristics when
processed for Ml and M2 muscarinic binding under experimental conditions that were the same as those employed to
generate sections for autoradiographic study.

L&and binding to striatal tissue
Both 3H-NMS binding and high-affinity 3H-PZ binding exhibited saturable specific and linear nonspecific components. Levels
of nonspecific binding for each radioligand were extremely low,
a phenomenon substantiated by the near invisibility of autoradiographic film images for sections incubated in the presence
of atropine. The Kd values obtained here for 3H-NMS binding
and high-affinity 3H-PZ binding in the cat’s striatum agreed with
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Figure 8. Dark-field photographs showing muscarinic ligand binding in the ventral striatum of the cat (A, A’) and cynomolgus monkey (B, B’).
Serial pairs of sections are shown for each species; Ml binding is depicted in A and B, and M2 binding is shown in A’ and B’. Inhomogeneities
are present for both M 1 and M2 binding. Islands of Calleja are prominently labeled in the monkey for both M 1 and M2 binding. The insula major
of Calleja (see asterisks) in both species is notable because it is particularly sparse in Ml binding, though a zone within it contains very dense M2
binding. Scale bar, 1 mm (A, A’) and 1 mm (B, B’).

values reportedby severalgroupsfor the binding of theseligands

to brain tissuefrom other mammalian species(Birdsall et al.,
1976; Hulme et al., 1978; Hammer et al., 1980; Hammer and
Giachetti,

1982; Watson et al., 1983; Yamamura

et al., 1983;

exposuretimes werenecessaryto obtain appreciablestriatal M2
labeling than were required for Ml labeling. However, the autoradiographic findingsalso demonstrateespeciallyconcentrated M2 sites in certain regions of the ventral striatum. This

Luthin and Wolfe, 1985). The B,,, for nonselective 3H-NMS
binding to striatal tissue was not greater than that for high-

indicates that, although M 1 binding sites are generally viewed
as predominating in the striatum (and certainly they do in the

affinity ‘H-PZ

dorsal striatum in our material), striatal M2 sitesare also likely
to be of importance and, in particular, may be of unique importance in the ventral striatum. This may be of relevance in
the caseof clinical syndromessuchas Alzheimer’s diseasethat

binding.

Cartes et al. (1986),

who

reported

a

similar discrepancyfor B,,, values, suggestedthat the problem
may arise from an underestimation of the Kd for high-affinity
3H-PZ binding. However, another possibleexplanation may reside in our finding that ‘H-NMS sticks to glassfairly readily.
Thus, valuesfor total bound )H-NMS could be erroneouslylow
whentissuesamples,which contain relatively small amountsof
the ligand, are placedin glassscintillation vials for counting.
The competition between PZ and 3H-NMS for binding to
striatal muscarinicsitesin the cat yielded a curve that wasbest
fit to a 2-sitemodelin which M 1 sitesweremuch more abundant
than M2 sites.The autoradiographysupportedthis in that longer

include

degenerative

changes in the basal forebrain.

Our autoradiographicanalysisshowsthat for a rangeof mammalian species,subtypesof striatal muscariniccholinergicbinding siteshave different anatomical distributions. Local concentrations of Ml binding correspond to the striosomal
compartmentsinherent to the dorsal striatum, whereasthe distribution of M2 binding sites is nearly uniform except in the
olfactory tubercle and nucleusaccumbens.Even in the ventral
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striatum where both subtypes have heterogeneous distributions,
their density profiles are not fully matched, and in some sections
appear inverse.
Functional meaning of deferent striatal Ml and M2 binding
distributions
The present findings may prove critical for understanding the
spectrum of cholinergic function in the striatum. First, the spatial distributions of muscarinic binding sites, where heterogeneous, are aligned with the compartmental
arrangement
characterizing almost all known connections and neurotransmitter-related markers in the striatum, including other cholinergic markers. Second, because the receptors thought to be represented by the Ml and M2 binding are likely to have distinct
cellular functions and to be located on different cellular elements, the nature of cholinergic receptor function in the striosomal and matrix compartments may differ. This means that,
depending upon their location in striosomes or matrix, certain
striatal pathways and neurotransmitter
systems could be affected in unique ways by Ml and M2 muscarinic stimulation
or inhibition.
It is reasonable to ask whether all the binding sites that are
made visible in an autoradiographic study would be functional
under physiological conditions. To obtain direct evidence linking the observed macroscopic heterogeneity of striatal muscarinic binding sites with true functional heterogeneity is not yet
possible given the presently available experimental approaches.
However, a wide variety of cellular effects has been ascribed to
muscarinic receptor activation in the striatum, including changes
in the spontaneous and evoked release of ACh and dopamine
(see Chesselet, 1984) inhibition of adenylate cyclase (Olianas
et al., 1983a), and enhancement of phosphatidylinositol tumover (see Fisher and Agranoff, 1987). Subtype-selective muscarinic stimulation results in discrete electrophysiological effects
that have not yet been characterized in striatal tissue but that
include both inhibition (M2) and slow excitation (M 1) of cortical
pyramidal cells (McCormick and Prince, 1985), as well as hypet-polarization of cells in the parabrachial nucleus (Egan and
North, 1986) and the reticular nucleus of the thalamus (McCormick and Prince, 1986) with a resultant increase in membrane potassium conductance. Further analysis of muscarinic
receptor function in the striatum should take into account the
distinctions in anatomical distribution of M 1 and M2 binding
sites.
Muscarinic binding sites in relation to cholinergic neurons and
neuropil
Markers for the striatal cholinergic system other than muscarinic
binding sites also exhibit macroscopic heterogeneity. AChE
staining, choline acetyltransferase (ChAT)-positive cells (Graybiel et al., 1983) and neuropil (Graybiel et al., 1987a), and
choline uptake sites (Lowenstein et al., 1986) are all distributed
more densely in the extrastriosomal matrix than in striosomes.
These distributions are in direct contrast to that of M 1 binding
sites (which show the reverse compartmentalization), and differ
also from the largely uniform M2 binding site distribution.
These discrepancies suggest that although cholinergic cell bodies and processes are concentrated outside striosomes, either
cholinoceptive cell bodies and processes are more concentrated
in striosomes than in matrix or the striosomal cholinoceptive
elements maintain greater densities of muscarinic receptors than
do cholinoceptive elements found in the matrix. For the subset

Figure 9. Comparison of Ml binding (A. dark field), AChE staining
(B, light field), and M2 binding (C, dark field) in serial sections through
the ventral striatum of the human. All 3 labeling patterns are intricate,
showing instances of heavily and lightly labeled patches that are not
always in complete register. Patches of dense M2 binding stand out
particularly well against a surround of sparser binding. Scalebar, 3 mm
(A-C at same magnification).
of muscarinic receptors termed autoreceptors, the second explanation is more likely to hold since such receptors would be
found on cholinergic neurons themselves, and ChAT-like immunoreactivity is sparse in striosomes (although it cannot be
discounted that cholinergic processes within striosomes merely
may express lower levels of ChAT than do those in the matrix).
Pharmacological evidence obtained from ACh-release studies
(James and Cubeddu, 1987) indicates that striatal muscarinic
autoreceptors in the rabbit may be of the M2 subtype, though
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M2 receptors may well subserve other functions in this tissue,
and there may also be more than one kind of M2 receptor in
the brain (Hammer et al., 1986). It will be necessary to accumulate more evidence of the type that has been found in the
cortex (Raiteri et al., 1984; Mash et al., 1985; Meyer and Otero,
1985) to show whether some or all striatal M2 receptors are
presynaptic. The present autoradiographic results cannot distinguish autoreceptors from among the entire pool of striatal
muscarinic receptors (which may include spare receptors lacking
function); but it is an interesting possibility nonetheless that
differing distributions of autoreceptors in striosomes and matrix
could provide for differential and perhaps compartmentalized
self-regulation of ACh release across the striatum. More generally it may be the case that greater numbers of muscarinic
receptors are required within striosomes, where, judging from
ChAT immunoreactivity, less ACh seems to be available. Higher
densities of receptors there could serve as a form of local amplification of cholinergic transmission.
Muscarinic binding and the nigrostriatal dopamine-containing
innervation
Several studies have shown that muscarinic agonists can facilitate the release of dopamine from nigrostriatal terminals, presumably through presynaptic action (see Chesselet, 1984). It has
been suggested also that cholinergic augmentation of striatal
dopamine release may be mediated by the MI muscarinic receptor (Raiteri et al., 1984; deBelleroche and Gardiner, 1985).
If so, then striosomes may represent sites where such an effect
preferentially occurs. Quite another level of interaction between
the 2 systems has been proposed with the suggestion that dopamine itself can regulate the affinity of striatal muscarinic receptors (Ehlert et al., 198 1). Interactions such as this between
the 2 neurotransmitter systems may be governed, at least in
part, by the compartmentalization of striatal muscarinic receptors. In addition, many lines of evidence indicate that the nigrostriatal dopaminergic system also obeys striosomal ordering.
Tyrosine hydroxylase-like immunoreactivity
is more concentrated in the extrastriosomal matrix than in striosomes in both
human (Graybiel et al., 1987b) and cat (Newman-Gage and
Graybiel, in press). In the rat, fibers labeled by 3H-dopamine
uptake are concentrated in patches (Doucet et al., 1986) and
islandic dopamine-containing fibers may have lower rates of
dopamine turnover than do fibers in the matrix (Olson et al.,
1972). Such compartmentalization may be related to differences
in the sites of origin of mesostriatal fibers innervating striosomes
and matrix (Jiminez-Castellanos and Graybiel, 1985, 1986,
1987). There is now also evidence that striatal dopaminergic
binding sites are ordered striosomally. Dopaminergic binding
sites of the D2 type are distributed more densely in the extrastriosomal matrix (Joyce et al., 1986; Loopuijt et al., 1987),
whereas Dl binding sites are more concentrated in striosomes
(Besson et al., 1988). The above findings, taken together with
the present observations, suggest that a functional parallel exists
at a macroscopic level between the striatal dopamine and ACh
systems: for both, neurotransmitter availability, as well as action, may differ with location in striosomes or matrix.
At a molecular level, striatal dopamine and ACh receptors
may be linked through mutual coupling of certain receptor subtypes to adenylate cyclase. There is evidence that in the striatum
of the rat, enhancement of adenylate cyclase activity by dopamine can be inhibited by muscarinic receptor stimulation, and
coupling of both neurotransmitter receptors to the same domain
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of adenylate cyclase has been proposed as a mechanism for this
interaction (Olianas et al., 1983b). It is thought that the Dl
subtype of dopamine receptor is involved in this phenomenon
(Kelly and Nahorski, 1986). A possible subtype for the muscarinic receptor in question has not yet been identified. Based
on studies of the pharmacology of PZ in the rat brain, however,
it has been suggested that low-affinity PZ binding sites may
mediate muscarinic inhibition of adenylate cyclase activity. By
contrast, high-affinity PZ binding sites may be responsible for
muscarinic enhancement of the breakdown of phosphatidylinositol, another important second-messenger system (Gil and
Wolfe, 1985). Although it is generally far from clear that, for all
tissue, the same muscarinic receptor subtype is necessarily always linked to the same second-messenger system (Harden et
al., 1986) differential effector coupling of Ml and M2 receptors
in the striatum would provide for topographically distinct actions of ACh there. If such a spatial distinction among striatal
muscarinic receptors exists at the level of second-messenger
systems, then it might provide for the compartmentalization of
at least some sequelae of cholinergic receptor activation, including changes in intracellular calcium levels and alterations
in neurotransmitter release.
Compartmentalization of cholinergic function in the striatum
Modulation of neurotransmitter release and receptor affinity, as
well as direct or indirect action on ion channels and secondmessenger systems, could be expected to lead to changes in the
electrical activity of single neurons or collective groups of neurons. If striatal Ml and M2 receptors involved in such effects
act and are acted upon in distinct ways, then their differing
anatomical distributions might provide a substrate for transstriatal sorting of information flow as it is represented by local
perturbations in electrical activity. Such alterations, if present,
would likely be subtle because the striatum is well known to be
electrically quiescent; but in the face of such quiescence, even
small changes in electrical activity could be expected to assume
greater relative importance as signaling mechanisms. The inhomogeneities in the density of muscarinic binding site subtypes, as well as of other binding sites found in the striatum
(Herkenham and Pert, 198 1; Goedert et al., 1984; Moskowitz
and Goodman, 1984; Faull and Villiger, 1986; Joyce et al., 1986;
Besson et al., 1988), raise the possibility that variations in physiological activity are both spatially and temporally ordered within the striatum, perhaps with respect to its striosomal compartmentalization.
The present findings indicate that compartmentalization may
critically effect receptor-mediated function of the striatal cholinergic system at levels ranging from molecular to macroscopic.
At the molecular level, muscarinic receptors serve as part of the
linkage between the binding of ACh and subsequent local membrane effects mediated by various ion channels. At the cellular
level, muscarinic receptors mediate events such as changes in
levels of cytosolic calcium and in the dynamics of neurotransmitter release. Macroscopically, by virtue of their distributions,
at least some muscarinic receptors are in a position to exert
different molecular and cellular effects on groups of neurons
depending upon the locations of these cells relative to striosomes. Muscarinic receptor activation occurring in striosomes
may have profoundly different effects on neuronal communication from that occurring extrastriosomally or at the borders
separating striatal compartments.
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