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The purpose of our work was to investigate how the cholinergic
environment influences the targeting and the intracellular traf-
ficking of the muscarinic receptor m2 (m2R) in vivo. To address
this question, we have used immunohistochemical approaches
at light and electron microscopic levels to detect the m2R in
control rats and rats treated with muscarinic receptor agonists.

In control animals, m2Rs were located mostly at postsynaptic
sites at the plasma membrane of perikarya and dendrites of
cholinergic and NPY–somatostatin interneurons as autorecep-
tors and heteroreceptors, respectively. Presynaptic receptors
were also detected in boutons. The m2Rs were usually de-
tected at extrasynaptic sites, but they could be found rarely in
association with symmetrical synapses, suggesting that the
cholinergic transmission mediated by m2R occurs via synaptic
and nonsynaptic mechanisms. The stimulation of muscarinic
receptors with oxotremorine provoked a dramatic alteration of
m2R compartmentalization, including endocytosis with a de-
crease of the density of m2R at the membrane (263%) and an
increase of those associated with endosomes (186%) in

perikarya. The very strong increase of m2R associated with
multivesicular bodies (1732%) suggests that oxotremorine ac-
tivated degradation. The slight increase in the Golgi apparatus
(126%) suggests that the m2R stimulation had an effect on
the maturation of m2R. The substance P receptor located
at the membrane of the same neurons was unaffected by
oxotremorine.

Our data demonstrate that cholinergic stimulation dramati-
cally influences the subcellular distribution of m2R in striatal
interneurons in vivo. These events may have key roles in con-
trolling abundance and availability of muscarinic receptors via
regulation of receptor endocytosis, degradation, and/or neo-
synthesis. Further, the control of muscarinic receptor trafficking
may influence the activity of striatal interneurons, including
neurotransmitter release and/or electric activity.
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Receptors coupled to G-proteins belong to a large family of
receptors mediating the functions of most classical neurotrans-
mitters, such as norepinephrine, dopamine, acetylcholine (ACh),
or neuropeptides, including substance P or neurotensin. In vitro
experiments using cells transfected with G-protein-coupled re-
ceptors demonstrated that their agonist stimulation induces
different events, including phosphorylation, endocytosis of the
receptor, dissociation of the ligand from the receptor, dephos-
phorylation, and either degradation of the receptor or recycling to
the plasma membrane (Koenig and Edwardson, 1997). These
events are triggered via mechanisms involving changes in the
subcellular compartmentalization of receptors, including their
translocation from the plasma membrane into endosomes (Koe-
nig and Edwardson, 1997). However, the mechanisms regulating
in vivo the compartmentalization and recycling of receptors in
neurons and their control by neurotransmitters in physiological,

experimental, and pathological circumstances are still poorly un-
derstood. Recent studies have shown that in vivo the acute acti-
vation of G-protein-coupled receptors for neuropeptides (sub-
stance P, neurotensine, and opiates) or monoamines, such as
dopamine, provokes dramatic changes in their subcellular com-
partmentalization directly linked to the type of stimulation and
the cellular response (Faure et al., 1995; Sternini et al., 1996;
Marvizon et al., 1997; Dumartin et al., 1998). Dumartin et al.
(1998) have recently demonstrated that the acute activation of
dopamine receptors induced internalization of D1 receptor in
endosomes and recycling at the membrane in striatal dopamino-
ceptive neurons.

To better understand the subcellular trafficking of classical
neurotransmitter receptors after their activation in vivo, we have
investigated whether the cholinergic environment may influence
the compartmentalization and metabolism of ACh receptors in
striatal neurons. ACh plays a key role in striatal function, includ-
ing regulation of motor behavior (Hornykiewicz, 1981; Jabbari et
al., 1989; Nieoullon and Kerkérian-Le Goff, 1992). ACh regulates
striatal neuronal activity, as well as neurotransmitter release or
neuropeptide gene and proto-oncogene expression (Kemel et al.,
1992; Stoof et al., 1992; Bernard et al., 1993; Nisenbaum et al.,
1994; Wang and McGinty, 1996a,b, 1997; Wang et al., 1997). The
cDNAs coding for five muscarinic receptors have been cloned
(m1R–m5R) (Bonner et al., 1987, 1988; Bonner, 1989). In situ
hybridization and immunohistochemical studies have shown that
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m1R and m4R are present mostly in efferent neurons as hetero-
receptors but also in cholinergic neurons as autoreceptors (Levey
et al., 1991; Bernard et al., 1992; Hersch et al., 1994; Rouse et al.,
1997; Ince et al., 1997). In contrast, m2R is expressed exclusively
in striatal interneurons as a presynaptic autoreceptor in cholin-
ergic neurons (James and Cubeddu, 1987; Weiler et al., 1984;
Bernard et al., 1992) and as a heteroreceptor in somatostatinergic
interneurons. The m2R is thus of particular interest, because it is
involved directly in autoregulation of ACh release in striatum
(Weiler et al., 1984; James and Cubeddu, 1987; Murakami et al.,
1989; Billard et al., 1995; Rouse et al., 1997). The subcellular
events after the stimulation of m2R may play a key role in the
function of cholinergic interneurons, especially in the regulation
of their neuronal activity and/or of the inhibition of ACh release.

In this context, the purpose of the present study was to deter-
mine whether the cholinergic environment may control and mod-
ify the subcellular localization of m2R in striatal interneurons in
vivo by using immunohistochemical approaches at light and elec-
tron microscopic levels. First, we have examined the cellular and
subcellular distribution of m2R in striatal neurons of control
animals. Second, we have studied the effect of the stimulation of
muscarinic receptors with agonists on the localization of m2R at
cellular and subcellular levels, and we have determined the time
course of this effect. To better understand the fate of the receptor
after activation, we have quantified the modification of the dis-
tribution of m2R gold immunolabeling in the different subcellular
organelles by using image analysis. Third, to investigate the
specificity of the mechanisms involved in the regulation of the
distribution of receptors, we have determined whether cholin-
ergic agonists may regulate also the subcellular localization of
receptors for another neurotransmitter receptor coexpressed in
the same neurons, the substance P receptor (SPR) (Gerfen, 1991;
Kaneko et al., 1993). For this purpose, we have compared the
distribution of the SPR and m2R after stimulation of muscarinic
receptors.

MATERIALS AND METHODS
Animals and tissue preparation. Sprague Dawley male adult rats (200–300
gm; Centre d’élevage Janvier, Le Genest St. Isle, France) were used in
this study. Environmental conditions for housing the rats and all proce-
dures that were performed on them were in accordance with the guide-
lines of the French Agriculture and Forestry Ministry (decree 87849,
license 01499), with the approval of the Center National de la Recherche
Scientifique, and in accordance with the policy on the use of animals in
neuroscience research issued by the Society for Neuroscience.

The rats received the following treatments: (1) several groups of rats
were treated with a single injection of a muscarinic receptor agonist
(oxotremorine or pilocarpine) (Table 1); (2) one group of rats was
pretreated with atropine, a muscarinic receptor antagonist, 15 min before
oxotremorine to block the effect of the agonist; and (3) control animals
were treated with saline as a single injection or in association with
oxotremorine or atropine. All drugs were injected intraperitoneally (0.1
ml/100 gm). The animals were usually euthanized 45 min after the last
injection of each drug. To examine the time course of the effect of
oxotremorine, the animals were allowed to survive from 90 sec to 24 hr
(Table 1). All drugs were diluted in 0.9% NaCl. Oxotremorine free base,
pilocarpine hydrochloride, and atropine sulfate salt were obtained from
Sigma (St Louis, MO).

The rats were deeply anesthetized with sodium chloral hydrate and
then perfused transcardially with 50–100 ml of 0.9% NaCl, followed by
250 ml of fixative consisting of 4% paraformaldehyde (PFA) with 0.2%
glutaraldehyde in 0.1 M phosphate buffer (PB), pH 7.4, at 4°C at a rate of
;15 ml/min. The brain was quickly removed and left overnight in 4%
PFA at 4°C. Sections from neostriatum were cut on a vibrating mic-
rotome at ;70 mm and collected in PBS (0.01 M phosphate, pH 7.4). To
enhance the penetration of the immunoreagents in the preembedding
procedures, the sections were equilibrated in a cryoprotectant solution

(0.05 M PB, pH 7.4, containing 25% sucrose and 10% glycerol) and
freeze-thawed by freezing in isopentane cooled in liquid nitrogen and
thawed in PBS (von Krosigk and Smith, 1991). The sections were then
preincubated in 4% normal goat serum (NGS) in PBS for 30 min at room
temperature.

Immunohistochemistry. The m2R was detected by immunohistochem-
istry using a monoclonal antibody raised in rat against a fusion protein
derived from a sequence of the receptor corresponding to the third
intracytoplasmic loop (Levey et al., 1995). The specificity of the antibody
has been described in detail previously (Levey et al., 1995). The SPR was
detected using a polyclonal antibody raised in rabbit against a fusion
protein containing a C-terminal intracellular portion of the receptor
(Shigemoto et al., 1993). The cholinergic and somatostatin–neuropeptide
Y (NPY) neurons containing m2R immunoreactivity were identified by
their expression of choline acetyltransferase (ChAT) or NPY immuno-
reactivity, respectively. ChAT and NPY were detected using polyclonal
antibodies raised in goat (Chemicon, Temecula, CA) or rabbit (Tabarin
et al., 1992), respectively.

Immunofluorescence. Sections of striatum were treated for the detec-
tion of m2R by single immunofluorescence or for the simultaneous
detection of m2R and SPR, m2R and ChAT, or m2R and NPY by double
immunofluorescence. After perfusion–fixation as described above, 70-
mm-thick sections were cut on a vibratome and incubated in 4% NGS or
normal donkey serum (NDS) for 30 min and then in either the antibody
against m2R (1:500) or in a mixture of m2R (1:500) and another anti-
body: SPR (1:4000), ChAT (1:400), or NPY (1:8000) antibodies, supple-
mented with 1% NGS or NDS for 15 hr at room temperature (RT). The
sections were then washed in PBS and incubated in goat anti-rat IgG
coupled to the fluorochrome cyanine 3 (CY3) (Jackson Immuno-
Research, West Grove, PA) for the single detection of m2R. For the
double detection of m2R and SPR or m2R and NPY, the sections were
incubated in a mixture of CY3-conjugated goat anti-rat IgG and fluo-
rescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch) at a dilution of 1:400 in PBS for 45 min at RT. For the
double detection of m2R and ChAT, the sections were first incubated in
biotinylated donkey anti-goat (1:200) and then in a mixture of CY3-
conjugated goat anti-rat IgG (1:400) and FITC-conjugated streptavidin
(1:1000). After washing, the sections were mounted in Vectashield
mounting medium (Vector Laboratories, Burlingame, CA) and examined
by fluorescence microscopy with filters selective for FITC and CY3. The
specificity of the labeling techniques was proven by the absence of m2R
labeling when the primary antibody (single detection) or one or both
secondary antibodies (double detection) were omitted.

Preembedding immunogold method. The preembedding immunogold
method was performed as described previously (Bernard et al., 1997).

Table 1. Treatments and number of animals used

Treatment
Dose
(mg/kg)

Number
of animals

Survival
time

Muscarinic
agonists oxotremorine 0.5 2 90 sec

0.5 2 3 min
0.5 2 10 min
0.5 2 20 min
0.5 17 45 min
0.5 2 90 min
0.5 2 3 hr
0.5 1 7 hr
0.5 1 24 hr

pilocarpine 1 2 45 min
10 3 45 min
50 2 45 min

Blockade
experiments atropine 1 oxotremorine 5 1 0.5 2 45 min

Controls saline 9 15 45 min
saline 1 oxotremorine 9 1 0.5 2 45 min
atropine 1 saline 5 1 9 2 45 min
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Some spare sections from the same animals were treated also for the
immunofluorescence localization of m2R. Briefly, the sections were
incubated for 15 hr at RT with constant gentle shaking in primary
antibody solutions (m2R and SPR at a dilution of 1:500 and 1:4000,
respectively) diluted in PBS that was supplemented with 1% NGS. After
washing [two times in PBS and two times in PBS supplemented with 2%
bovine serum albumin-c (BSAc) and 0.5% cold fish gelatin (PBS-BSAc)
(Sigma)], they were incubated in goat anti-rat or goat anti-rabbit IgGs
conjugated to gold particles (1.4 nm in diameter; 1:100 in PBS-BSAc;
Nanoprobes, Stony Brook, NY) for 2 hr at RT. The sections were then
washed (three times in PBS) and post-fixed in 1% glutaraldehyde in PBS
for 10 min. After washing (two times in PBS and two times in sodium
acetate buffer and 0.1 M, pH 7.0), the gold labeling was intensified using a
silver enhancement kit (HQ silver; Nanoprobes) for 5–10 min at RT in the
dark. The sections were finally washed in acetate buffer and then in PB.

Preparation for electron microscopy. Immunogold-treated sections were
post-fixed in osmium tetroxide (1% in PB 0.1 M, pH 7.4) 10 min at RT.
After washing (three times in PB), they were dehydrated in an ascending
series of dilutions of ethanol, which included 1% uranyl acetate in 70%
ethanol. They were then treated with propylene oxide (two times in 10
min), equilibrated in resin overnight (Durcupan ACM; Fluka, Buchs,
Switzerland), mounted on glass slides, and cured at 60°C for 48 hr.
Immunopositive neurons were first visualized in the light microscope.
Areas of interest were cut out from the slide and glued to blank cylinders
of resin. The selection was made to have several labeled neurons on the
same block (usually four to five). All of the immunoreactive neurons
identified on thick sections were cut in semithin sections (1-mm-thick)
and then in ultrathin sections on a Reichert Ultracut S. Ultrathin sections
were collected on pioloform-coated single-slot copper grids. The sections
were stained with lead citrate and examined in a Philips CM10 electron
microscope.

Quantitative analysis of the distribution of m2R in striatal neuronal
compartments. The distribution of m2R in different compartments of
striatal perikarya in NaCl- and oxotremorine-treated animals was ana-
lyzed from immunogold-treated sections at the electron microscopic
level. The analysis was performed on negatives of micrographs at a final
magnification of 39003, using the Metamorph software on a personal
computer (Universal Imaging Corporation, Paris, France). After scan-
ning the negative (Magic scan, version 3.1; Umax), the image was
converted into a positive picture and magnified to allow the identification
of the subcellular element showing immunoparticles. The measures were
performed on three NaCl-treated and three oxotremorine-treated rats. A
mean of 15.7 6 1.7 neurons per animal was analyzed. The immunopar-
ticles were identified and counted in association with six subcellular

compartments. The five compartments are the plasma membrane,
endosome-like vesicles, multivesicular bodies, the Golgi apparatus, and
the endoplasmic reticulum. Some immunoparticles were classified as
associated with a sixth unidentified compartment, because they were
associated with either no detectable organelles or an organelle that could
not be identified as one of the five previous ones. The results were
expressed as (1) the percentage of immunoparticles associated with the
different subcellular compartments in normal animals, and (2) the num-
ber of immunoparticles per membrane length (micrometers), cytoplasmic
surface (square micrometers), multivesicular body, or Golgi apparatus in
normal and treated rats (see Fig. 7). We assume here that the number of
immunoparticles is proportional to the absolute number of m2R. The
values from NaCl- and oxotremorine-treated rats were compared using
the nonparametric Mann–Whitney U test.

RESULTS
Cellular and subcellular distribution of m2R
immunoreactivity in the striatum in control rats
Light microscopic observations
Immunoreactivity for m2R was detected in occasional neurons
in the normal striatum, as evidenced by observations of
immunofluorescence-treated sections at the light microscopic
level. These neurons were either medium- or large-sized and had
an indented nucleus and thus were characterized as aspiny inter-
neurons (Figs. 1, 2, 3). Double-immunofluorescence experiments
demonstrated that the large-sized m2R immunoreactive neurons
also express immunoreactivity for ChAT and that the medium-
sized ones express NPY immunoreactivity (Fig. 1). No labeling
was detected in neurons with characteristics of medium-sized
spiny neurons. The m2R labeling was intense and clearly associ-
ated with the neuronal membrane (Figs. 1A,B, 2A,B, 3A). Min-
imal weak staining was detected in the cytoplasm. Immunoreac-
tive neurons frequently displayed labeling in proximal dendrites.
Occasional dendritic shafts were also strongly immunoreactive
for m2R throughout the striatum. No obvious difference was
observed in the labeling between neostriatum and the nucleus
accumbens and along the rostrocaudal and dorsoventral axes. The
immunogold labeling, as observed in the light microscope, showed

Figure 1. Phenotypical identification of the striatal
interneurons expressing m2R immunoreactivity in
normal animals using a double-immunofluorescence
method. A, A9, A large-sized neuron expressing m2R
immunoreactivity located at the membrane (A) is
also immunoreactive for ChAT (A9). B, B9, A
medium-sized neuron expressing m2R immunoreac-
tivity (B) is also immunoreactive for NPY (B9).
Scale bar (in A), 10 mm.
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a similar pattern of staining to that produced by the immunofluo-
rescence method. No glial cell labeling was observed in the striatum.

Electron microscopic observations
The subcellular localization of m2R was performed by analysis of
immunogold-treated sections (Figs. 4–6). The observation at the

electron microscopic level confirmed the light microscopic analy-
sis that m2R was detected only in cell bodies with characteristics
of aspiny interneurons, i.e., an indented nucleus and a large
volume of cytoplasm (Fig. 4A). The m2R immunoreactivity was
localized at postsynaptic sites in cell bodies and dendritic shafts
and at presynaptic sites in boutons (Fig. 4A,C–E). The immuno-

Figure 2. Detection of m2R in striatal interneu-
rons after treatment with muscarinic agonists us-
ing an immunofluorescence method. A, B, In a
control animal, m2R immunoreactivity is de-
tected at the membrane of large-sized ( A) and
medium-sized neurons (B). A very faint labeling
is seen in the cytoplasm (A). C–G, Evolution of
the m2R labeling as a function of the survival
time. Three ( C) and 20 min ( D) after treatment,
m2R immunoreactivity is present in the cyto-
plasm in a perinuclear area. A labeling is detect-
able at the membrane. Three hours after treat-
ment ( E), the m2R immunolabeling is weak in
the cytoplasm and strong at the membrane. Seven
(F) and 24 hr (G) after treatment, an intense
labeling is detected at the membrane. H, m2R
immunoreactivity is localized at the membrane
when the rat is treated with atropine 15 min
before oxotremorine. I, After treatment with pi-
locarpine, the m2R labeling is restricted to the
plasma membrane. Scale bars (in A–I ), 10 mm.
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particles were mostly associated with the internal cytoplasmic side
of plasma membranes. No labeling was detected in dendritic
spines. In cell bodies and dendrites, the immunoparticles were
usually detected at extrasynaptic sites, although they could be
localized rarely in association with postsynaptic specializations of
symmetrical synapses (Fig. 4A,C–E). In perikarya, the immuno-
particles were identified and counted in association with six sub-
cellular compartments: plasma membrane, endosome-like vesi-
cles, multivesicular bodies, Golgi apparatus, endoplasmic
reticulum, and unidentified compartments. The endosome-like
vesicles were small (100–200 nm in diameter) round or irregular-
shaped vesicles. The multivesicular bodies were large round ves-
icles (500–600 nm in diameter) containing small round-shaped
vesicles with a clear content. The immunoparticles were mostly
associated with the internal side of the plasma membrane (47% of
the total number of immunoparticles) (Figs. 4A, 7A). Immuno-
particles were also detected in the cytoplasm in association with
the cytoplasmic side of the endoplasmic reticulum (18%), endo-
somes (17%), Golgi apparatus (3%), and multivesicular bodies
(0.5%) (Fig. 4A,B, 7A).

Control for specificity of the immunohistochemical labeling
The specificity of the labeling techniques was proven by the
following data: (1) the cellular localizations were in agreement
with the results described previously using the same antibodies or
by in situ hybridization (Bernard et al., 1992; Hersch et al., 1994;
Levey et al., 1995; Rouse et al., 1997); (2) the localization of
immunoparticles for m2R on the internal side of the plasma
membrane was in agreement with the localization of the epitope
included in the fusion protein [third intracytoplasmic loop (Levey
et al., 1995)]; and (3) the absence of m2R labeling at the light
microscopic level when the primary antibody (single detection)

or one or both secondary antibodies (double detection) were
omitted.

Cellular and subcellular distribution of m2R
immunoreactivity in the striatum after treatment with
muscarinic agonists
After treatment with oxotremorine
The observations of the labeling immunofluorescence- and
immunogold-reacted sections at the light microscopic level
showed dramatic modifications of the distribution of m2R immu-
noreactivity in striatal interneurons (Figs. 2C,D, 3B); an intense
labeling appeared in the cytoplasm and was particularly strong in
the perinuclear area. These modifications of the labeling were
seen in all immunoreactive large- and medium-sized interneu-
rons. An intracytoplasmic labeling was detectable as early as 3
min after injection of oxotremorine with a faint intensity and was
strong at 20, 45, and 90 min (Figs. 2C,D, 3B) and was very weak
again after 3 hr (Fig. 2E). Seven and 24 hr after injection, m2R
immunoreactivity was similar to the labeling observed in control
animals (Fig. 2F,G). Pretreatment of rats with atropine, a mus-
carinic receptor antagonist, completely abolished the effect of
oxotremorine on m2R immunoreactivity (Fig. 2H).

The analysis at the electron microscopic level confirmed the
modifications of the compartmentalization and demonstrated a
decrease of the density of immunoparticles located at the plasma
membrane and an increase of the density of immunoreactivity in
the cytoplasm of striatal interneurons in oxotremorine-treated
rats compared with control animals (Figs. 5, 7B). The quantitative
analysis demonstrated indeed a decrease of the relative abun-
dance of immunoparticles at the plasma membrane (263%) (Fig.
7B). In contrast, the percentage of particles significantly increased
in cytoplasmic organelles (Figs. 6A,B, 7B). A very strong increase

Figure 3. Comparative localization of m2R and SPR
immunoreactivity in striatal interneurons in control
animals and in animals treated by oxotremorine (45
min) using a double-immunofluorescence method. A,
A9, In a control animal, m2R and SPR immunoreac-
tivities are colocalized in a same neuron at the plasma
membrane. B, B9, After treatment with oxotremorine,
m2R labeling is detected in the cytoplasm (B),
whereas the signal for SPR is still at the membrane
(B9). Scale bar (in A ), 10 mm.
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Figure 4. Subcellular distribution of m2R immunoreactivity in the striatum of control rats using preembedding immunogold method with silver
intensification. A, Immunopositive cell body with an indented nucleus ( n) and large volume of cytoplasm, characteristic of striatal interneurons. The
immunoparticles are associated primarily with the internal side of the plasma membrane (triangles). Some immunoparticles are associated with the
endoplasmic reticulum (er), the Golgi apparatus (G), small vesicles (arrows), and multivesicular bodies ( frame). B, Detail of the frame in A, showing two
multivesicular bodies (stars), one having an immunoparticles associated with it (arrow). C–E, Some immunoparticles are associated with the internal
membrane of dendrites (d) (D, E) and a bouton (b) (C). Part of the immunoparticles are located at extrasynaptic sites (single arrows). Some immunoparticles
are located on the main body of postsynaptic membrane of symmetrical synapses (double arrows). Scale bars: A, 5 mm; B, C, E, 0.5 mm; D, 0.2 mm.
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was detected for the frequency of particles associated with the
multivesicular bodies (1732%). There was also increased labeling
associated with endosome-like vesicles (186%) and with the
Golgi apparatus (126%). No significant difference was shown
after treatment in the percentage of immunoparticles associated
with the endoplasmic reticulum or with unidentified organelles. In
dendrites, endosome-like vesicles and multivesicular bodies dis-

played m2R immunoreactivity similar to cell bodies (Fig. 6C, D).
All of the immunoparticles detected in terminals were associated
with the membrane.

After treatment with pilocarpine
The m2R immunoreactivity observed at the light microscopic
level after treatment with pilocarpine did not differ from the

Figure 5. Subcellular distribution of m2R immunoreactivity in the striatum of rats treated with oxotremorine using preembedding immunogold method
with silver intensification. The immunopositive neuron has the characteristic features of a striatal interneuron [indented nucleus (n) and large volume
of cytoplasm]. Numerous immunoparticles are detected in the cytoplasm with a preferential perinuclear localization. They are associated with small
vesicles (arrows), multivesicular bodies (mvb), the endoplasmic reticulum (er), and the Golgi apparatus (G). Some immunoparticles are associated with
the plasma membrane (triangles). Scale bar, 5 mm.
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Figure 6. Subcellular distribution of m2R and SPR immunoreactivities in the striatum of rats treated with oxotremorine using preembedding
immunogold method with silver intensification. Detail of m2R immunolabeling in the cytoplasm of cell bodies (A, B) and dendrites (C, D). Numerous
immunoparticles are associated with small vesicles (arrows) and multivesicular bodies (stars). Some immunoparticles are associated with the plasma
membrane (triangles). E shows a very dense labeling for SPR at the plasma membrane of a cell body (triangles). Few immunoparticles are detected in the
cytoplasm. n, Nucleus; G, Golgi apparatus. Scale bars: A–D, 0.5 mm; E, 1 mm.
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labeling in striatal interneurons of control animals, regardless of
the dose. The staining was strong at the membrane with little or
no immunoreactivity detected in the cytoplasm (Fig. 2I).

Comparative distribution of m2R and SPR in striatal
neurons in control and oxotremorine-treated rats
In control and treated rats, the light microscopic observations
showed that SPR immunoreactivity was also detected in large-
and medium-sized neurons with characteristics of interneurons,
i.e., scattered neurons with an indented nucleus as described
previously. The double-immunofluorescence experiments indeed
demonstrated a colocalization of m2R and SPR immunoreactiv-
ity at the plasma membrane of the same interneurons (Fig.
3A,A9). In control rats, SPR immunolabeling was primarily re-
stricted to the plasma membrane (Fig. 3A9). After oxotremorine,
the SPR immunoreactivity was identical to the labeling observed
in control animals, i.e., remaining at the plasma membrane,
whereas m2R immunoreactivity primarily redistributed to the
cytoplasm (Fig. 3B9). Electron microscopy confirmed these data
in control, as well as in oxotremorine-treated, rats (Fig. 6E).

DISCUSSION
The present study demonstrates for the first time that acute
stimulation of muscarinic receptors dramatically alters the com-
partmentalization of m2R in striatal interneurons. In control
animals, m2R is located primarily at the plasma membrane of
cholinergic and somatostatin–NPY interneurons. Treatment with
oxotremorine induces internalization of m2R and modification of
intracytoplasmic trafficking. The quantitative analysis at the elec-
tron microscopic level revealed a dramatic decrease of the recep-
tor at the plasma membrane in oxotremorine-treated rats. Con-
currently, the m2R immunolabeling increased in the cytoplasm,
strongly in endosome-like vesicles and in multivesicular bodies
and weakly in Golgi apparatus. In contrast, oxtremorine had no
effect on the localization of SPR in striatal interneurons.

Cellular and subcellular distribution of m2R in striatal
interneurons in control animals
Our results confirm and expand previous data demonstrating the
expression of m2R in subsets of striatal neurons with hallmarks of
interneurons (Levey et al., 1991; Bernard et al., 1992; Hersch et
al., 1994; Levey et al., 1995). Light and electron microscopic
observations revealed that two types of interneurons displayed
m2R immunoreactivity. The first type was large-sized neurons,
which we identified as cholinergic aspiny interneurons in agree-
ment with previous data (Bernard et al., 1992; Rouse et al., 1997).
The second type was medium-sized aspiny interneurons, which
we have identified as neurons producing NPY and somatostatin.
These results suggest that m2R may play the double function of
autoreceptors in cholinergic neurons and heteroreceptors in so-
matostatin–NPY. This is in agreement with biochemical data
showing the involvement of m2R in the regulation of ACh release
(James and Cubeddu, 1987; Dolezal and Wecker, 1990; Billard et
al., 1995). Our data suggest also that m2R may also regulate the
activity of somatostatin–NPY neurons.

Our electron microscopic study demonstrated that m2R is
primarily located at the plasma membrane at presynaptic and
postsynaptic sites. Indeed, m2R has a postsynaptic localization at
the membrane of cell bodies and dendrites. Immunoreactivity for
m2R was also detected at the membrane of some boutons. Some
of them have been identified by Rouse et al. (1997) as cholinergic
boutons. The wide distribution of m2R along the dendritic and
axonal tree suggests that m2R could be directly involved in the

Figure 7. Quantitative analysis of the subcellular distribution of m2R in
the striatum of control rats and rats treated with oxotremorine using
preembedding immunogold method with silver intensification. A, Propor-
tion of immunoparticles associated with different subcellular neuronal
compartments in normal animals. For each neuron, the number of immu-
noparticles associated with each compartment was counted, and the
proportion in relation to the total number was calculated. Data are the
result of countings in three control rats (16 neurons per animal). The
largest portion of immunoparticles are associated with the plasma mem-
brane ( 1). In the cytoplasm, the immunoparticles are detected in associ-
ation primarily with small vesicles ( 2) and endoplasmic reticulum ( 5). A
small proportion of immunoparticles are associated with the Golgi appa-
ratus (4) and multivesicular bodies (3). Some immunoparticles are not
seen in association with any identified compartment ( 6). B, Effect of the
treatment with oxotremorine on the localization of m2R immunoparticles
in cell bodies of striatal interneurons. For each neuron, the number of
immunoparticles associated with each compartment was counted in rela-
tion to the membrane length (in micrometers) for the plasma membrane
(1), to the surface of cytoplasm (square micrometers) for small vesicles
(2), the endoplasmic reticulum (5), and the unidentified compartment
(6). For the multivesicular bodies (3) and Golgi apparatus (4), the values
are expressed as the number of immunoparticles per multivesicular bodies
and Golgi apparatus, respectively. Data are the result of countings in
three control rats and three treated rats in ;16 neurons per animal. The
results are expressed in relation to an arbitrary unit (100) of the control
values. The statistical analysis (nonparametric Mann–Whitney U test)
shows that the labeling strongly decreases at the plasma membrane and
increases in small vesicles, very strongly decreases in multivesicular bod-
ies, and more weakly decreases in the Golgi apparatus.
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regulation of different functions of cholinergic and somatostatin–
NPY neurons, including the modulation of ionic movement
through the membrane or the regulation of the release of neuro-
transmittors. The localization of m2R at the level of terminals
provides anatomical evidence in favor of a direct role of presyn-
aptic m2R in the ACh release.

Most m2Rs were detected at nonsynaptic sites in cell bodies, as
well as in dendrites. This suggests that the cholinergic transmis-
sion in the striatum is primarily a nonsynaptic transmission. This
hypothesis is supported by several lines of evidence: (1) most
m2Rs are located at the cell surface, whereas cholinergic
perikarya receive very little afferents, including cholinergic ones,
making synaptic contacts with them (Bolam et al., 1984; Wainer
et al., 1984; Phelps et al., 1985); (2) very few symmetrical synapses
with characteristics of cholinergic synapses were positive for
m2R; and (3) a nonsynaptic component of the neurotransmission
has been described in striatum for acetylcholine, as well as for
other neurotransmitters, such as dopamine (Descarries et al.,
1997). The m2R are likely functional, because they are responsive
to their stimulation by modifying their compartmentalization.
Alternatively, some extrasynaptic receptors may not be func-
tional and represent a recruitable pool of receptors that would
diffuse to the synaptic sites in case of modification of the neuronal
environment, as it was shown for AMPA receptors in hippocam-
pus (Rao and Craig, 1997). Nevertheless, we cannot exclude that
the preembedding method did not allow us to detect receptors
located in the main body of the synapse because of the restricted
access of the reagent to the active zone, as suggested previously-
(Baude et al., 1995; Nusser et al., 1995; Bernard et al., 1997).

In normal rats, the m2R was detected in the cytoplasm in
association with subcellular organelles: primarily with endoplas-
mic reticulum and with small vesicles but also with the Golgi
apparatus. The m2Rs associated with the endoplasmic reticulum
and the Golgi apparatus are probably receptors in the process of
synthesis before being targeted to the plasma membrane and are
thus unlikely functional. The m2Rs associated with endosome-
like vesicles may be receptors undergoing normal turnover either
before degradation in lysosomes or recycling to the plasma
membrane.

Effect of muscarinic agonists on the subcellular
distribution of m2R in striatal interneurons
We demonstrate here the translocation of m2R from the plasma
membrane into the cytoplasm. The changes in the distribution of
m2R are visible in large- and medium-sized cells, i.e., in cholin-
ergic and somatostatin–NPY neurons, suggesting that the modi-
fication of the cholinergic environment influences the compart-
mentalization of autoreceptors, as well as heteroreceptors. The
intracellular mechanisms involved after activation of receptors
are not completely clear. However, endocytosis seems to be the
classical fate for a receptor after its activation, but it has been
rarely visualized in vivo and in vitro (Koenig and Edwardson,
1997; Dumartin et al., 1998). Our detailed electron microscopic
analysis supports this hypothesis, because we have demonstrated
a decrease (263%) of the frequency of immunoparticles associ-
ated with the plasma membrane after stimulation and, at the
same time, an increase of 86% of m2R associated with endosome-
like vesicles with characteristic ultrastructural features of endo-
somes. Our studies are the first data strongly suggesting endocy-
tosis of an acetylcholine muscarinic receptor in vivo in the CNS in
response to the stimulation by a muscarinic agonist. Our data are
in agreement with in vitro studies in transfected cells concerning

internalization of muscarinic receptors after their pharmacolog-
ical activation (Koenig and Edwardson, 1996; Barnes et al., 1997)
or neuropeptide receptors (Roettger et al., 1995; Koenig and
Edwardson, 1996, 1997; Koenig et al., 1997; Marvizon et al.,
1997) but also in vivo for dopamine or neuropeptide receptors
(Faure et al., 1995; Mantyh et al., 1995a,b; Dumartin et al., 1998).

The internalization of the receptor is the first step in the
cascade of events occurring after stimulation. The fate of
G-protein-coupled receptors after endocytosis is not well under-
stood. They could be either recycled to the plasma membrane
and/or degradated in lysosomes. In the present study, we bring
the first anatomical evidence suggesting degradation and matu-
ration of a receptor, the m2R, after its activation. Indeed, the
number of m2R immunoparticles associated with multivesicular
bodies increased more than seven times. These organelles are
thought to be the result of the fusion of endosomes and have the
function of lysosomes (van Deurs et al., 1993). It may suggest that
a process of degradation of the receptor is set up after stimula-
tion. At the same time, we have demonstrated that the relative
quantity of m2R immunoparticles is the same in the endoplasmic
reticulum but slightly increases in the Golgi apparatus after stim-
ulation. This suggests that there is no neosynthesis of m2R, but
there may be activation of the maturation, including phenomena-
like glycosylation, sulfatation, or proteolysis. Receptors stored in
the endoplasmic reticulum may transfer to the Golgi apparatus to
mature and then be recycled to the membrane to compensate for
the loss of receptors at this plasma membrane.

We have shown that the m2R internalization is triggered very
quickly, because it starts up as soon as 3 min after injection of
oxotremorine. This phenomenon is a transient event, because the
labeling is back to normal after ;3 hr. In the present study, we
have described the distribution of m2R 45 min after stimulation.
The sequence of events may vary at different times, and we cannot
exclude that there is a dissociation of the effects on the endocy-
tosis, the recycling, the neosynthesis, or the degradation as a
function of the time.

We have not detected any modification of the distribution of
m2R in striatal interneurons after treatment with pilocarpine. We
cannot exclude that the absence of effect was attributable to the
fact that the schedules of treatment (doses and time) were not
able to induce internalization. However, this could be because of
the difference of specificity of both drugs for muscarinic recep-
tors. Although all muscarinic receptors are responsive to the
stimulation with both drugs, oxotremorine has a higher affinity for
m2R than pilocarpine (McKinney et al., 1991). This suggests that
there could be a relationship between the affinity of an agonist for
a receptor and the ability of the drug to induce internalization of
this receptor, as it has been suggested for opioid receptors (Ster-
nini et al., 1996). An alternative reason for the lack of effect of
pilocarpine may be that its structure prevents this ligand from
interacting with the part of the m2R that signals internalization in
the same way that oxotremorine does, as it has been demonstrated
with opiate receptor ligands and opioids (Keith et al., 1998).

Specificity of the mechanism of internalization
We have demonstrated here that m2R and SPR were colocalized
in the same striatal interneurons, and SPR and m2R seem to
colocalize at the plasma membrane in control animals. The SPR
is able to be internalized when stimulating with substance P
(Mantyh et al., 1995a). We demonstrate in the present study that
the stimulation of muscarinic receptors specifically alters the
compartmentalization of m2R, because SPR remains at the mem-
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brane. Our data suggest that there is no heteroregulation by the
cholinergic environment of the subcellular distribution of this
receptor and that two G-protein-coupled receptors located in the
same neurons may have independent trafficking and fate under
stimulation. Our data suggest that SPR and m2R are localized on
different domains of the membrane, because SPR does not seem
to be internalized in endocytotic vesicles internalizing m2R.

Functional implications
The functional signification of internalization and trafficking of
m2R has to be considered in light of the hypotheses on the
localization and functions of G-protein-coupled receptors in stri-
atal interneurons. One of the main findings of the present work is
that the stimulation of muscarinic receptors acutely and dramat-
ically modifies m2R localization in neurons, including the m2R
pool extrasynaptically located at the surface of striatal cholinergic
and NPY–somatostatin interneurons. Because m2R is strongly
involved in regulating acetylcholine release and electrical prop-
erties of cholinergic neurons (James and Cubeddu, 1987; Dolezal
and Wecker, 1990; Billard et al., 1995; Rouse et al., 1997), it can
be hypothesized that internalization and modifications of abun-
dance of available m2R at the plasma membrane of neurons may
be a means to modulate in vivo the response to stimulation of
muscarinic receptors after activation of cholinergic transmission
in physiological or pathological conditions, such Parkinson’s dis-
ease. It is known that the motor disorders observed in this disease
are attributable, at least in part, to cholinergic overactivity
(Nieoullon and Kerkérian, 1992; Calne, 1993). The overstimula-
tion of muscarinic receptors may induce a decrease of the avail-
ability of m2R in striatum and thus may be involved in the
changes in the neuronal activity and in the clinical symptoms.
Further studies using animal models of human diseases may help
to elucidate whether modifications of the compartmentalization
and traffic of muscarinic receptors may have functional conse-
quences and contribute to regulation of the response of cholino-
ceptive neurons.
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