1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
J Comp Nevurol. 2006 October 20; 498(6): 821-839. doi:10.1002/cne.21082.

Subcellular Distribution of M2-muscarinic Receptors in Relation
to Dopaminergic Neurons of the Rat Ventral Tegmental Area

Miguel Garzon2 and Virginia M. Pickel?
1Department of Neurology and Neuroscience, Weill Medical College of Cornell University, New
York, NY 10021, USA

’Departamento de Anatomia, Histologia y Neurociencia, Facultad de Medicina UAM, Madrid,
28029, Spain

Abstract

Acetylcholine can affect cognitive functions and reward, in part, through activation of muscarinic
receptors in the ventral tegmental area (VTA) to evoke changes in mesocorticolimbic
dopaminergic transmission. Of the known muscarinic receptor subtypes present in the VTA, the
M2 receptor (M2R) is most implicated in autoregulation, and also may play a heteroreceptor role
in regulation of the output of the dopaminergic neurons. We sought to determine the functionally
relevant sites for M2R activation in relation to VTA dopaminergic neurons by examining the
electron microscopic immunolabeling of M2R and the dopamine transporter (DAT) in the VTA of
rat brain. The M2R was localized to endomembranes in DAT-containing somatodendritic profiles,
but showed a more prominent, size-dependent plasmalemmal location in non-dopaminergic
dendrites. M2R also was located on the plasma membrane of morphologically heterogenous axon
terminals contacting unlabeled as well as M2R or DAT-labeled dendrites. Some of these terminals
formed asymmetric synapses resembling those of cholinergic terminals in the VTA. The majority,
however, formed symmetric, inhibitory-type synapses, or were apposed without recognized
junctions. Our results provide the first ultrastructural evidence that the M2R is expressed, but
largely not available for local activation, on the plasma membrane of VTA dopaminergic neurons.
Instead, the M2R in this region has a distribution suggesting more indirect regulation of
mesocorticolimbic transmission through autoregulation of acetylcholine release and changes in the
physiological activity or release of other, largely inhibitory transmitters. These findings could have
implications for understanding the muscarinic control of cognitive and goal-directed behaviors
within the VTA.
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Introduction

Muscarinic cholinergic receptors in the ventral tegmental area (VTA) are prominently
involved in both cognition and reward (Yeomans, 1995; Yeomans and Baptista, 1997;
Ikemoto and Wise, 2002; Ikemoto et al., 2003; Miller et al., 2005). The cognitive actions are
largely attributed to muscarinic modulation of VTA dopaminergic neurons projecting to the
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prefrontal cortex. In contrast, VTA dopaminergic neurons projecting to the nucleus
accumbens and other limbic targets are most highly implicated in reward and emotional
responses also affected by activation of muscarinic receptors in the VTA (Forster and Blaha,
2000; Greba et al., 2000). Changes in the sensitivity of dopamine D1/D2 receptors during
cocaine withdrawal may be mainly due to M2R activation (Ushijima et al., 2000). Together,
these observations indicate the crucial importance of understanding the cellular sites for
modulation of dopaminergic transmission through activation of muscarinic receptors in the
VTA.

Cholinergic input to the VTA originates in the mesopontine cholinergic nuclei (Henderson
and Sheriff, 1991; Oakman et al., 1995) and potently excites VTA dopaminergic neurons
(Lacey et al., 1990; Gronier and Rasmussen, 1998). Moreover, muscarinic activation of
VTA neurons increases dopamine release in their cortical and limbic target territories
(Niijima and Yoshida, 1988; Westerink et al., 1996, 1998; Enrico et al., 1998). Both these
actions are consistent with our demonstration that cholinergic terminals form mainly
asymmetric, excitatory-type synapses on VTA neurons, some of which express varying
levels of the dopamine transporter (DAT) (Garzén et al., 1999). The VTA cholinergic
terminals, however, more frequently, contacted non-dopaminergic neurons (Garzon et al.,
1999) that are largely GABAergic (Steffensen et al., 1998). The cholinergic activation of
VTA GABAergic neurons could result in collateral inhibition of dopaminergic neurons and
increased GABA release in cortical and limbic brain regions receiving GABAergic
projections from the VTA (Van Bockstaele and Pickel, 1995; Carr and Sesack, 2000). These
observations suggest a highly complex and cell-type specific cholinergic modulation of
neurons in the VTA that may be mediated through several receptor subtypes.

Five muscarinic receptor genes have been cloned (Kubo et al., 1986; Bonner et al., 1987,
1988; Peralta et al., 1987), and their receptors have been localized in the rat brain (Levey et
al., 1991). Pharmacological and behavioral studies in mice lacking functional M2 receptors
(M2R) have shown the involvement of the M2R in central muscarinic actions such as
antinociception, hypothermia and tremor (Gomeza et al., 1999, 2001; Wess et al., 2003).
M2R involvement in cognition (Comings et al., 2003) is supported by M2R-selective
antagonists effects, such as spatial memory enhancement or cognitive improvement in
Alzheimer disease (Clader & Wang, 2005; Youdim & Buccafusco, 2005). The M2R has a
subcellular distribution consistent with actions as a presynaptic auto- and hetero-receptor
and a postsynaptic receptor in several different brain regions (Rouse et al., 1997, 1998,
2000). Mesocorticolimbic dopaminergic flow is known to depend partially on muscarinic
activation (Forster and Blaha, 2000, 2003). Together, these observations suggest that
dopaminergic neurons within the VTA are subject to regulation by cholinergic agents that
bind the M2R. The cellular mechanisms mediating the actions of M2R ligands in the VTA
are, however, unclear. Furthermore, there is no ultrastructural evidence for the specificities
of targeting of M2R to dopaminergic neurons or their afferents in this region. Thus, to
address these questions we examined the electron microscopic immunocytochemical
localization of antipeptide antisera against M2R and dopamine transporter (DAT) in single
sections through the rat VTA.

Material and Methods

Antisera

The M2R immunoreactivity was detected with a rabbit polyclonal antiserum (product
number AMR-002, Lot AN-08, Alomone Labs Ltd, Jerusalem, Israel). This antiserum was
directed against a synthetic fusion protein containing Glutathione S-transferase fused to a
part of the i3 intracellular loop of human M2R (residues 225-356) (Bonner et al., 1987;
Peralta et al., 1987; Levey et al., 1991). The identity of the fusion protein was confirmed by

J Comp Neurol. Author manuscript; available in PMC 2008 October 31.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Garzon and Pickel

Page 3

DNA sequence and SDS-PAGE Western blotting of rat brain membranes. In order to verify
the value of this antiserum for immunohistochemistry, its specificity for the immunogen
peptide (product number AMR-002, Lot AN-08, Alomone Labs Ltd, Jerusalem, Israel) was
tested in the rat VTA. The M2R antiserum (1pg/ml) was added to an excess of the
immunogen fusion protein (3ug/mg) and incubated with gentle agitation for 24 hr at 4°C.
Sections were then processed by using solutions of M2R antiserum, pre-adsorbed M2R
antiserum, or incubation buffer without antiserum. As additional controls for selective
recognition of the M2 receptor, sections through the VTA of two M2R knockout (Gomeza et
al., 1999) and two adult wild-type mice were examined for immunoperoxidase labeling
using the M2R antiserum. Since knockout mice are known to sometimes show
developmental compensations for loss of a required protein, we also included sections
through the VTA from two M5R knockout mice (Yamada et al., 2001) to serve as additional
positive controls. The null mice were adult (3 weeks) males (129/J1, CF1-M2r stock #789
and 129/S6, CF1-M5R stock #1261) supplied by Taconic farms (Germantown, NY). The
observed presence of M2R immunolabeling in both wild-type and M5, but not M2 knockout
mice is consistent with specificity of the antiserum for the M2R.

A commercially available rat monoclonal antibody raised against DAT (Catalog number
MAB369, Chemicon, Temecula, CA) was used for the immunocytochemical labeling of
dopaminergic neurons in the VTA. This antibody is directed against the N-terminus
(residues 1-66) of the human DAT (Pristupa et al., 1994) fused to Glutathione S-transferase
(GST) (Ciliax et al., 1995); its specificity has been exhaustively demonstrated by
immunoblot analysis studies with cloned and native brain proteins (Ciliax et al., 1999;
Hersch et al., 1997, Miller et al., 1997). The DAT antibody has been characterized by
Western blot analysis, in which it recognized its fusion protein, without cross-reactivity to
GST (Hersch et al., 1997). Additional characterization and specificity tests were done by
immunoblotting using a stable SK-N-MC cell line expressing human DAT, untransfected
SK-N-MC cells, and HeLa cells transiently expressing either the human serotonin or
norepinephrine transporters; in these experiments, the DAT antibody recognized a single
protein band of 85-KD molecular weight in the stable SK-N-MC cell line expressing DAT
(Hersch et al., 1997; Miller et al., 1997), with no cross-reactivity to the serotonin and
norepinephrine transporters (Miller et al., 1997). Thus, in rat brain membranes, the antibody
binds to a single protein band with the same mobility as the cloned transporter (Hersch et al.,
1997)

The specificity of the DAT antibody was also characterized by immunohistochemistry in
brain tissue (Hersch et al., 1997; Ciliax et al., 1999). The distribution of the DAT antibody
in rat brain agreed with known dopamine cell groups and their projections, and was identical
to the distribution observed using polyclonal antibodies (Ciliax et al., 1995). Moreover,
specificity of this antibody for DAT has been also tested by immunostaining brain sections
from rat and monkey that received unilateral nigrostriatal lesions with 6-hydroxy-dopamine
and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine [MPTP], respectively (Hersch et al.,
1997; Ciliax et al., 1999). Those neurotoxic lesions completely abolished DAT
immunoreactivity in striatal regions ipsilateral to the lesion (Hersch et al., 1997; Ciliax et al.,
1999).

In addition, we also tested specificity for secondary antisera in our particular experimental
conditions in control experiments by replacing the M2R and the DAT antisera with normal
sera, which produced no detectable labeling.

Tissue preparation

Preparation of the tissue prior to immunocytochemistry was done according to procedures
described by Leranth and Pickel (1989). All efforts were made to minimize animal suffering,
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and to use the minimal necessary number of animals. The experimental protocol strictly
conformed with National Institutes of Health guidelines for the Care and Use of Laboratory
Animals and was approved by the Institutional Animal Care and Use Committee of Joan and
Sanford I. Weill Medical College and Graduate School of Medical Sciences of Cornell
University. Four (250-300 g) male Sprague-Dawley rats (Taconic, Germantown, NY) were
deeply anesthetized with 100 mg/kg i.p. sodium pentobarbital. The brains were fixed by
aortic arch perfusion with (1) 20 ml of heparin (1000 U/ml) in saline, (2) 50 ml of 3.8%
acrolein (Polysciences, Warrington, PA) in a solution of 2% paraformaldehyde in 0.1 M
phosphate buffer (PB; pH=7.4), and (3) 200 ml of 2% paraformaldehyde in 0.1 M PB. The
six mice used for immunolabeling specificity control experiments (two wild-type, two M2R
knockout and two M5R knockout) were anesthetized and perfused using a similar protocol
to that of the rats. The exceptions in mice include perfusion through the left ventricle of the
heart, and reduction of the volume of acrolein to 20 ml and the 2% paraformaldehyde to 100
ml. Both rat and mouse brains were removed from the cranium, dissected and postfixed for
30 minutes in 2% paraformaldehyde. Coronal sections were collected through the midbrain
region including the VTA. These were cut at 40-50 um thickness into 0.1 M PB at 4°C on a
Leica Vibratome VT1000 S (Leica Instruments GmbH, Nussloch, Germany). These sections
of tissue were incubated for 30 minutes in a solution of 1% sodium borohydride in 0.1 M PB
to remove excess of active aldehydes, and rinsed in 0.1 M PB until bubbles disappeared. To
enhance the penetration of immunoreagents, the sections were then cryoprotected for 15
minutes in a solution of 25% sucrose and 3% glycerol in 0.05 M PB, frozen quickly in liquid
chlorodifluoromethane (Freon, Refron Inc., NY) followed by liquid nitrogen, and thawed in
0.1 M PB at room temperature. After extensive rinsing in 0.1 M Tris-buffered saline (TS;
0.9% NaCl in 0.1 M Tris, pH=7.6), the sections were incubated for 30 minutes in 0.5%
bovine serum albumin (BSA) in 0.1 M TS to minimize nonspecific staining, and then
processed for dual-immunocytochemical labeling.

Immunocytochemistry

Rat brain sections prepared as described above were processed for dual
immunocytochemical detection of M2R and DAT using a protocol described by Chan et al.
(1990). The primary antisera against M2R and DAT were raised in rabbits and rats,
respectively, and therefore could be recognized by appropriate species-specific secondary
antibodies. Most of the sections were processed for immunogold detection of M2R and
immunoperoxidase detection of DAT, since the immunogold method gives a more precise
subcellular localization of the receptors than the immunoperoxidase method. In two animals,
peroxidase and gold labels were switched in some sections, however, in order to verify the
distribution of the receptor using two markers known to differ in resolution and sensitivity
(Leranth and Pickel, 1989). Sections prepared as described above were incubated for 36-42
hours at 4°C in a solution containing: (1) rabbit polyclonal antiserum for M2R (diluted
1:100 for immunogold or 1:2,000 for immunoperoxidase) and (2) rat monoclonal antibody
for DAT (diluted 1:2,000 for immunogold and 1:20,000 for immunoperoxidase). After
incubation in these primary antisera, sections were first processed for immunoperoxidase
and afterwards for immunogold labeling. All the incubations were carried out at room
temperature with continuous agitation on a rotator and were followed by several rinses in 0.1
M TS, 0.1 M PB and 0.01 M phosphate-buffered saline (PBS; 0.9% NaCl in 0.01 M PB,
pH=7.4).

For the immunoperoxidase visualization of antigens, the avidin-biotin complex (ABC)
method (Hsu et al., 1981) was used for dual labeling in rat or for single labeling in either rat
or mouse tissue. For this, the incubation in primary antisera was followed by incubation in
secondary biotinilated antibody (goat anti-rat IgG for DAT, Chemicon, Temecula, CA, or
goat anti-rabbit 1gG for M2R, Vector Laboratories, Burlingame, CA; 1:400) for 30 minutes
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and then in ABC (1:100, Vectastain Elite Kit, Vector Lab.) for another 30 minutes. The
immunoreactivity bound to the tissue was visualized by a 6 minute incubation in 0.022%
3,3'-diaminobenzidine and 0.003% hydrogen peroxide in 0.1 M TS, pH=7.6.

The sections used for dual labeling were then prepared for silver-enhanced immunogold
labeling by the method of Chan et al. (1990). Thus, they were rinsed in 0.1 M TS,
transferred to 0.01 M PBS, blocked for 10 minutes in 0.8% BSA and 0.1% gelatin in 0.01 M
PBS, and incubated for 2 hours in colloidal gold (1 nm)-labeled antibody (goat anti-rat 1gG
for DAT, Electron Microscopy Sciences, Fort Washington, PA, or goat anti-rabbit 1gG for
M2R, Amersham, Arlington Heights, IL, 1:50). After this, the sections were fixed for 10
minutes in 2% glutaraldehyde in 0.01 M PBS and reacted with a silver solution IntenSE™M
kit (Amersham, Arlington Heights, IL) for either (1) 4-7 minutes for electron microscopy, or
(2) 10-12 minutes for light microscopy. Sections processed from rat or mouse brain for light
microscopy were rinsed in 0.05 M PB and mounted on glass slides. After overnight drying
in a dessicator, they were dehydrated through immersion in a series of increasing-
concentration alcohols, and defatted in xylene (J.T. Baker, Phillipsburg, NJ). Finally, the
slides were coverslipped and examined using a Nikon Microphot-FX light microscope
(Nikon, Garden City, NY) equipped with a digital CoolSNAP camera (Photometrics,
Huntington Beach, CA). The acquired images were equally adjusted for contrast and
brightness using Photoshop 6.0 software.

Electron microscopy

Immunolabeled sections for electron microscopy were postfixed in 2% osmium tetroxide in
0.1 M PB for one hour, dehydrated through a series of graded ethanols and propylene oxide,
and incubated overnight in a 1:1 mixture of propylene oxide and Epon (EMbed-812;
Electron Microscopy Sciences, Fort Washington, PA). The sections were transferred to
100% Epon for 2 hours and flat-embedded in Epon between two sheets of Aclar plastic
(Allied Signal, Pottsville, PA). Ultrathin sections (40-50 nm) were cut from the outer surface
of the tissue with a diamond knife (Diatome, Fort Washington, PA) by using an
ultramicrotome (Ultratome, NOVA,; LKB-Productor AB, Bromma, Sweden). The regions
examined were located in the VTA at the levels of anteroposterior planes -5.2 to -5.6 mm
from Bregma of the rat brain atlas of Paxinos and Watson (1986). The sections were
collected on 400-mesh copper grids, counterstained with uranyl acetate and lead citrate
(Reynolds, 1963), and examined with a Tecnai Biotwin 12 (Serial # D271) electron
microscope (FEI Company, Hilsboro, OR).

Only sections near the surface of the tissue at the Epon-tissue interface were examined in
order to reduce false negatives due to inadequate penetration of antisera. The classification
of identified cellular elements was based on the descriptions of Peters et al. (1991). Axon
terminals were identified by the presence of numerous synaptic vesicles and were at least 0.2
um in diameter. Small unmyelinated axons were <0.2 um and rarely contained small
vesicles. Neuronal somata were identified by the presence of a nucleus, Golgi apparatus, and
rough endoplasmic reticulum. Dendrites usually contained abundant endoplasmic reticulum,
and were distinguished from unmyelinated axons by their larger diameter and/or abundance
of uniformly distributed microtubules. In addition, dendrites were in many cases
postsynaptic to axon terminals. The term “somatodendritic profiles” was used to design the
pooled number of neuronal somata and dendrites, expressing the whole population where
M2R activation might occur at postsynaptic sites within VTA neurons. Asymmetric
synapses were recognized by thick postsynaptic densities (asymmetric synapses, type Gray
1), while symmetric synapses had thin pre- and post-synaptic specializations (symmetric
synapses, type Gray Il) (Gray, 1959). Zones of closely spaced parallel plasma membranes,
which lacked discernible synaptic densities, but were otherwise not separated by glial
processes, were defined as appositions or nonsynaptic contacts, and were not included in the
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quantification unless specifically stated. A profile was considered to be selectively
immunoperoxidase labeled when it contained cytoplasmic precipitates making it appear
more electron dense than morphologically similar profiles located within the same section.
A profile was considered to contain immunogold labeling when two or more gold particles
were observed within large profiles. However, in dendrites less than 0.5 um diameter and in
small unmyelinated axons a single particle was considered positive immunogold-labeling,
since almost no gold-silver deposits were seen over myelin and other tissue elements not
known to express muscarinic receptors. The validity of this approach was established
previously (Garzon et al., 1999). In dendrites, the particles were considered extrasynaptic
when located > 50nm away from the edge of the nearest postsynaptic specialization (Fig. 2)
and perisynaptic when detected on plasmalemmal surfaces < 50nm away from these
synaptic borders, regardless of the dendritic size.

The ultrastructural quantitative analysis was carried out in 15 vibratome sections with M2R-
immunogold and DAT-immunoperoxidase labeling that were obtained from four animals.
All immunoreactive processes (n=3084) were counted in randomly sampled electron
micrographs at magnifications of 4,500-30,000 x from an area of 9,776.8 um?, with an area
of at least 1,420.3 um? examined in each animal. The tissue was quantitatively examined to
determine the relative frequencies with which the immunoreactive products were localized
within neuronal somata, dendrites, axons or glial cells. In addition, morphologically
recognizable synaptic relationships of each labeled profile were also quantified, as well as
non-synaptic appositional contacts among M2-immunoreactive and/or DAT-labeled profiles.
ANOVAS were used to determine whether there was significant variability in total labeled
profiles per square micron of analyzed surface with respect to different animals. Variations
in the density (mean number per cross-sectional surface unit) of asymmetric and symmetric
synapses established by either M2R-immunolabeled terminals or M2R-immunoreactive
dendrites were assessed using Student t-tests. To evaluate the localization of M2R labeling
in plasmalemmal versus cytoplasmic sites in VTA dendrites, M2R immunogold particles
density (number of particles/analyzed surface) within these compartments were calculated;
data were collected independently for dendrites showing cross-diameter >1um or <lum in
both single-M2R and dual-DAT+M2R dendrites. Batteries of Chi-square tests were applied
to the data obtained from dendrites immunoreactive for M2R to assess the statistical
association among pairs regarding (1) M2R subcellular distribution, (2) dendritic size and
(3) presence of concomitant DAT-immunolabeling in those profiles.

The electron micrographs used for the figures were acquired with an AMT digital camera
(Advanced Microscopy Techniques Corporation, Danvers, MA) on a Microsmart Computer
using a Windows 2000 operating system. Adobe Photoshop (version 7.0; Adobe Systems
Inc., Mountain View, CA), Canvas (version 8.0.4; Deneba Systems, ACD Systems, Miami,
FL) and Adobe Illustrator (version 9.0; Adobe Systems, Inc.) software programs were
utilized for adjustment of contrast and brightness, and to build and label the composite
illustrations.

Pre-embedding immunocytochemistry achieves good ultrastructural preservation of the
tissue and assures the identification of antigens that are sensitive to plastic embedding, but
has limited penetration of immunoreagents (Leranth and Pickel, 1989). Thus, differential
penetration of gold versus peroxidase in dual-labeling procedures may contribute to an
underestimation of the number of labeled profiles and/or frequency of associations.
Therefore, to achieve valuable quantitative analysis of dual-labeling in sections processed
before plastic embedding, and to minimize the probability of false negatives, we (1) freeze-
thawed the tissue sections to enhance penetration of immunoreagents, and (2) only collected
ultrathin sections near the resin-tissue interface, having most complete access to
immunoreagents. We also used the immunoperoxidase and immunogold-silver markers for
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M2R receptor detection in order to obtain more optimal information on both subcellular
distribution and frequency of associations. These precautions greatly enhanced the method
reliability and partially overcame its limitations. Thus, although the quantitative values may
underestimate the total number of profiles containing M2R and DAT, they provide a good
relative comparison of the cellular and subcellular distribution of the labeling patterns.

DAT immunoreactivity was seen by light microscopy in many somata and extending
dendrites in the rat VTA. No such labeling was seen in absence of the primary anti-DAT
antibody. In contrast, M2R immunoreactivity in rat VTA was distributed homogeneously
throughout the neuropil, and was often associated with varicose processes presumed to be
axons (Fig. 1A). Either omission of the M2R primary antiserum (data not shown), or
adsorption of this antiserum with the corresponding immunogenic fusion protein resulted in
the complete disappearance of the specific staining pattern in rat VTA (Fig .1B).
Immunoreactivities for M2R within the VTA of both wild-type (Fig. 1C) and M5R knockout
mice (Fig. 1E) were similar to normal rats, and not seen in mice without expression of M2R
(Fig. 1D). The M2R immunoreactivity appeared slightly more intense in the M5R knockout,
compared with wild-type mice, which may reflect compensation for loss of the M5 receptor,
or methodological variations in perfusion fixation.

Electron microscopy confirmed the localization of M2R immunoreactivity in
somatodendritic as well as axonal profiles within the VTA. Differences were observed in the
intensity of labeling for M2R when using peroxidase and gold markers. As compared with
immunogold, the high sensitivity of the immunoperoxidase method allowed detection of
M2R immunoreactivity in more small profiles and particularly small unmyelinated axons
and glial processes, but the peroxidase localization of M2R to precise organelles was less
certain than that seen using immunogold. The global distribution of M2R labeling in
different cellular compartments with either method was, however, rather similar, and there
were no apparent differences in frequencies or types of associations between differentially
labeled profiles. Therefore, for the statistical analysis, we used only numbers obtained from
the tissue in which M2R was detected with the immunogold method allowing precise
subcellular resolution and DAT was detected with the immunoperoxidase method.
[llustrations are, however, shown also with M2R-immunoperoxidase labeling.

ANOVA showed that there was statistically significant differences in the total number of
M2R-immunoreactive profiles per analyzed unit area among different animals
(F3,501=13.351; p<0.001), most probably reflecting differences in perfusion fixation.
Separate ANOVAS for each cellular compartment, however, indicated an absence of
significant differences among animals in any of them except M2R-labeled glial processes
(F3,501=2.778; p<0.05). The pattern of labeling and the cellular associations between M2R-
labeled profiles were also similar in all cases. Thus, although there were significant inter-
animal variations in the density of immunoreactivity among animals, the data was pooled
from different animals in the following descriptive analysis. A summary table of the M2R
and/or DAT immunolabeled neuronal profiles is provided (Table 1).

Somatodendritic M2R distribution

In somatodendritic profiles, M2R immunoreactivity was distributed heterogeneously within
the cytoplasm, and frequently localized to endomembranes resembling smooth endoplasmic
reticulum (Fig. 2). In these somata, the M2R-immunogold particles were associated with
Golgi lamellae (Fig. 2), or more rarely located on portions of plasma membrane adjacent to
incoming afferents, as was also often seen in dendritic profiles (Figs. 3,4). M2R labeling
within neuronal cell bodies represented only 2.5% (n=31 of 1236) of the M2R-
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immunoreactive profiles. In contrast, 58% (n=746 of 1236) of all M2R-labeled profiles were
dendrites most often ranging from 1.0 - 2.5 um in diameter.

The M2R-immunogold labeling was mainly located on plasma membranes within dendrites
<1lum (Fig. 3A), but a more cytoplasmic distribution resembling that of somata was
observed in larger dendrites (Fig. 2B). Most of the dendritic plasmalemmal particles were
seen on portions of the plasmalemma not receiving synaptic input from axon terminals. Only
1.4% of the observation of M2R-immunogold was seen within synaptic specializations
(1.4%) (Fig. 4). The predominant plasmalemmal distribution of M2R-immunogold labeling
in M2R-immunolabeled dendrites was quantitatively confirmed; thus, ANOVA showed
significantly higher M2R-immunogold density (mean number of gold particles per dendrite)
associated to the plasma membrane (1.47+0.11) in comparison to the cytoplasm (0.95+0.12)
in M2R-labeled dendrites (F1 14=10,85; p<0.0054). The prominent localization of M2R-
immunolabeling to the plasma membrane was related to the dendritic size (ANOVA for
interaction dendritic size x immunogold subcellular distribution: F4 1,=35.07; p<0.001),
being exclusive of VTA dendrites <1um; in dendrites >1um plasmalemmal and cytoplasmic
localization of M2R-immunogold labeling did not differ significantly. Analysis of the M2R
immunogold in randomly sampled dendrites showed that almost 80% of the total dendritic
gold particles were in contact with the plasma membrane in small dendrites (<1um).
Statistical significant association among dendritic size and location of M2R-immunolabeling
was also confirmed using the Chi-square test for the raw number of M2R-immunogold
particles in those randomly sampled M2R-labeled dendrites (X2,=69.3; p<0.001).

The M2R-immunoreactive dendrites received both symmetric (h=253; 62%) and asymmetric
(n=155; 38%) synapses. Terminals containing M2R comprised approximately 8% (n=31) of
the total inputs to M2R-immunolabeled dendrites. The remaining inputs were almost
exclusively from unlabeled axon terminals (over 90%) (Figs. 2,3,4), although a few afferent
axon terminals contained detectable DAT immunoreactivity (Fig. 4A). The statistical
analysis showed that symmetric synaptic density was significantly higher than asymmetric
synaptic density when referring to synapses made between either unlabeled terminals
(t504=3.691; p<0.0002) or total axon terminals (unlabeled plus M2R- and/or DAT-
immunolabeled) (t504=4.166; p<0.0001) and M2R-immunoreactive dendrites.

M2R and DAT distributions in separate, apposed or single dendrites

The dendritic profiles immunolabeled for M2R were dispersed within a neuropil containing
many DAT-labeled somata and dendrites (n=1935 total DAT-immunolabeled profiles)
(Table 1). Most of these labeled dendrites were separated from each other by glial processes,
small axons, and axon terminals differentially terminating on either the DAT or M2R-
labeled dendrites (Fig. 3A). In some cases, however, differentially labeled dendrites had
apposed plasmalemmal surfaces, and were contacted by a single common afferent terminal
(Fig. 3B). Nineteen percent of single M2R-labeled dendrites (n=132;19.5%) were apposed
to DAT-immunoreactive dendrites. In M2R-immunoreactive dendrites, the labeling was
usually located on portions of the plasma membrane distant from DAT-labeled apposing
dendrites, and often near glial profiles or incoming synaptic inputs from axon terminals (Fig.
5).

Approximately 10% of the M2R-immunogold labeled dendrites (n=78 out of 746) or somata
(n=3 out of 31) contained DAT-immunoperoxidase reaction product (Table 1). The M2R
subcellular distribution in dually-labeled dendrites was qualitatively distinct from that seen
in M2R single-labeled dendrites. In contrast to the mainly plasmalemmal M2R labeling in
exclusively M2R-labeled dendrites (Figs. 3,4), M2R-immunogold in the DAT-labeled
dendrites had a mostly cytoplasmic distribution (Fig. 6). Two-way ANOVAs (factors:
subcellular distribution x labeling type) showed statistically significant variations in the
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mean M2R-immunogold density (distribution: Fq 25=9.69; p<0.0045; distribution x labeling:
F128=74.09; p<0.0001) (Fig. 7). Post-hoc comparisons with the Fisher's test revealed that in
the dually labeled profiles M2R-immunogold density was higher in the cytoplasm compared
to the plasma membrane both in large (Fig. 6A,B) and small (Fig. 6C,D) dendrites. In
contrast, plasmalemmal M2R-immunogold density was significantly higher in the plasma
membrane in the M2R single-labeled dendrites (Figs. 5,7). Chi-square test for the number of
M2R-immunogold particles in those randomly sampled dendrites showed a statistically
significant association among M2R subcellular distribution (cytoplasmic vs. plasmalemmal)
and the type of labeling (dual vs. single) (X2,=158.9; p<0.0001), and this occurred
regardless of the dendritic size (Table 2). A statistically significant association was also
observed between dendritic size and M2R subcellular distribution in single M2-labeled
dendrites, but not in dually DAT+M2R-labeled dendrites, since cytoplasmic labeling was
consistently higher regardless of dendritic size in the dually-labeled dendrites (Fig. 7, Table
2). Finally, Chi-square test for M2R-immunogold particles showed an absence of
statistically significant association between the type of labeling (dual vs. single) and the
dendritic size (diameter <1um vs diameter >1um) (X2;=1.85; p<0.25) (Table 2).
Furthermore, the slight plasmalemmal M2R labeling in DAT-immunolabeled dendrites was
hardly ever located near incoming axon terminals, but on portions of the plasma membrane
far away from afferent inputs, unlike the distribution of M2R-immunogold particles in
dendrites without DAT immunoreactivity. Dendrites containing both M2R and DAT
received symmetric and asymmetric inputs mainly from unlabeled terminals (Fig. 6).

M2R distribution in axonal profiles

Small unmyelinated axons (n=166) and axon terminals (n=231) containing M2R-
immunogold comprised 32% (n=397) of the total M2R-labeled processes in the VTA (Fig.
8, Table 1). M2R-immunolabeled unmyelinated axons were <0.2 um in diameter and rarely
contained small synaptic vesicles. In contrast with the diffuse axonal distribution of M2R-
immunoperoxidase labeling (Fig. 8C), M2R-immunogold particles were prominently
localized to the plasma membrane in the small axons (Figs. 4A,6C) as well as in axon
terminals (Fig. 8). A few M2R-labeled myelinated axons were also detected. About 60% of
the M2R-immunogold particles within axon terminals were localized at sites on or near the
cytoplasmic surface of the plasma membrane.

The M2R-labeled terminals differed in their size (0.3-1.4 um diameter) and types of
associations with other neuronal or glial profiles (Figs. 8,9). These associations included
axodendritic synapses (Fig. 8) as well as appositional contacts with axon terminals and/or
glial processes (Figs. 8,9). Most M2R immunogold-labeled terminals contained only densely
packed small clear synaptic vesicles (40-60 nm in diameter), and sometimes one or more
mitochondria. Occasionally, the labeled terminals contained many small clear as well as a
few dense-core vesicles (Fig. 8). Gold-silver particles identifying M2R within axon
terminals sometimes contacted synaptic vesicles, but no attempt was made to quantify the
frequencies of these associations since the size of the gold particles was usually larger than
the vesicles.

Most M2R-immunogold labeled terminals were devoid of DAT immunoreactivity (97.8%;
n=226; Table 1); we observed, however, five axon terminals that contained both DAT and
M2R immunoreactivities (Fig. 8D). These dually M2R+DAT-labeled axon terminals
comprised a small proportion of both M2R-labeled (2.2%, 5/231) and DAT-labeled (8.3%;
5/60) terminals (Table 1).
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M2R-distribution in terminals contacting M2R- or DAT-labeled dendrites

M2R-labeled terminals were often without discernible synaptic specializations in the
examined plane of section, but some of the terminals did form synaptic junctions with either
unlabeled (n=34), M2R-labeled (n= 31), or DAT-labeled (n=9) dendrites. Synapses onto
M2R-immunoreactive dendrites were mainly of the symmetric morphology (n=25; 81%)
(Fig. 8A) in comparison to asymmetric synapses (n= 6; 19%). A statistically significant
higher density of symmetric versus asymmetric synapses was evidenced (t5p4=2.544;
p<0.011) within synapses established between M2R-labeled terminals and M2R-labeled
dendrites. The preferential symmetric targeting of M2R-labeled dendrites by M2R-
immunoreactive terminals also can be seen from analysis of the labeling in the targets of
these terminals. M2R-immunoreactive axon terminals were observed in 10% of the overall
symmetric-type synapses onto M2R-labeled dendrites (25 out of 253), but only in 3.8% of
the whole asymmetric-type synapses established onto the M2R-labeled dendrites (6 out of
155). The M2R-immunoreactive axon terminals contained immunogold-silver particles that
were usually distant from the contacts with the M2R-labeled dendrites (Fig. 8A). In contrast
to the prevalence of symmetric synapses on M2R-labeled dendrites, synapses between M2R-
labeled axon terminals and unlabeled dendrites showed no statistically significant
differences in their symmetric (56%; n=19) or asymmetric (44%; n=15) membrane
specializations (t504=0.458; p<0.647).

DAT-immunoreactive somatodendritic profiles (n=1539) were prevalent in the VTA
neuropil (Table 1). The DAT-immunolabeled dendrites showed a clear tendency to be
preferentially targeted by M2R-immunoreactive terminals. These terminals accounted for
almost 5% (56 out of 1164) of the total contacts onto the DAT-containing dendrites, but
only 1% of the total contacts onto non-DAT dendrites. The majority of the contacts between
M2R-labeled terminals and DAT-labeled or unlabeled dendrites were characterized by
apposed plasma membranes without clearly defined synaptic membrane specializations
within a single plane of section (Fig. 9). About 24% (n=56) of the M2R-immunoreactive
terminals established such appositions on DAT-labeled dendrites. In contrast, only 16%
(n=9) of these contacts showed clearly defined synaptic junctions observed (Fig. 8C).

The DAT-immunolabeled dendrites recipient to M2R-immunoreactive terminals also
received convergent input from unlabeled terminals and were apposed to many small axonal
and glial processes (Fig. 9). The vast majority of the apposing glial processes were
unlabeled, although some of them also showed M2R immunoreactivity. Labeled glial
processes comprised only about 2% of the total number of M2R-labeled profiles within the
VTA.

Discussion

Our results provide ultrastructural evidence that M2 receptors in the VTA have strategic
distributions supporting an active involvement in modulation of the postsynaptic excitability
of mainly non-dopaminergic neurons. In addition, they confirm and extend earlier studies
suggesting a major presynaptic role for M2R in afferent terminals to both dopaminergic and
non-dopaminergic neurons including those that also express the M2R in the VTA (Fig. 10).
These distributions, together with the observed intracellular location of M2R in a small
population of VTA dopaminergic neurons suggests multiple sites where activation of M2
receptors within the VTA circuitry may affect cognitive and rewarding behaviors influenced
by mesocorticolimbic projections.
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Methodological considerations

The characterization of the DAT antiserum used in this study has been previously reported
(Hersch et al., 1997, Miller et al., 1997; Ciliax et al., 1999); it has shown a high specificity
for DAT protein and recognizes its antigen in multiple rat brain regions (Ciliax et al., 1999;
Svingos et al., 1999, 2001). The M2R-immunogold labeling was located on the cytoplasmic
surfaces of plasma membranes, in agreement with the recognition of the i3 intracellular loop
of the human cloned M2R gene including the peptidic sequence against which the antiserum
was raised (Bonner et al., 1987). Finally, specificity of M2R labeling in the present study is
also supported by: (1) absence of labeling in negative control experiments with omission of
the M2R antiserum, (2) background control experiments with substitution of the secondary
antiserum, (3) immunolabeling absence when the M2R antiserum was preadsorbed with the
antigenic peptide against which the antiserum was raised (4) absence of labeling in M2R
knockout mice.

M2R subcellular distribution in somata and dendrites: relationship to DAT

We observed M2R immunoreactivity in somatodendritic profiles suggesting local synthesis
of this receptor in neurons of the rat VTA. In contrast, however, most studies using in situ
hybridization reported virtual absence of M2R mRNA in this region (Buckley et al., 1988;
Weiner and Brann, 1989; Weiner et al., 1990; Vilar6 et al., 1992, 1994); only Levey et al.
(1991) reported M2R mRNA in ventral midbrain at levels similar to those in the
hippocampal formation or amygdala. This discrepancy may reflect the greater sensitivity of
high resolution electron microscopic immunocytochemistry in comparison with in situ
hybridization or a mismatch between rat and human in the sequence of oligonucleotide
probes employed (Buckley et al., 1988).

In somata and proximal dendrites, the M2R labeling was mainly associated with
endomembranes that may be involved in the synthesis, transport and/or internalization of the
receptors from functional sites on plasma membrane (Broadwell and Cataldo, 1983;
Weclewicz et al., 1998; Stowell and Craig, 1999). M2R internalization after binding to
specific ligands in early endosomes is known to be a down-regulation mechanism of the
receptor availability (Krudewig et al., 2000; van Koppen, 2001). Similar mechanisms of
ligand-triggered receptor mobilization have been reported for other G-protein binding
receptors (Cahill et al. 2001). The paucity of detectable labeling for M2R on the plasma
membranes of VTA perikarya, however, suggests that plasmalemmal binding of M2
Ragonists is unlikely to occur on somata. Cytoplasmic MR2 distribution in non-
dopaminergic, as well as some dopaminergic neurons in VTA suggests that MR2 in this
region may be synthesized for transport to terminal fields in cortical and limbic territories,
where M2 Ractivation modulates presynaptic transmitter release (Vannucchi and Pepeu,
1995; Douglas et al., 2001; Zhang et al., 2002).

In comparison with the proximal dendrites, distal dendrites of mainly non-dopaminergic
neurons more frequently showed M2R immunoreactivity in association with extrasynaptic
and perisynaptic plasma membranes. This higher proportion of plasmalemmal versus
cytoplasmic distribution of M2R in distal dendrites may be due to differences in receptor
turnover, trafficking, or internalization rates (Bradbury and Bridges, 1994; Parton et al.,
1992). This distribution is comparable to that of M2R in most other brain regions (Hersch et
al., 1994; Mrzljak et al., 1998; Erisir et al., 2001). The non-synaptic plasmalemmal M2R
distribution may reflect, in part a restricted access of the immunoreagents to the active zone
(Nusser et al., 1995). These sites may, however, be those that are functionally active, since
M2R, like most other G-protein-coupled receptors have a perisynaptic/ extrasynaptic
location when examined with a combination of labeling methods (Baude et al., 1993; Lujan
et al., 1996). Indeed, extrasynaptic muscarinic receptors show high-affinity for their ligands
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and are known to be involved in nonsynaptic transmission in the central nervous system (for
review see Vizi, 1998; Vizi and Kiss, 1998). Diffusion of neurotransmitters as far as 1um
from their release sites is able to activate high-affinity nonsynaptic receptors through
volume transmission (Asztely et al., 1997). Thus, the observed appositional contacts of
M2R-immunolabeled dendrites without bona fide synaptic junctions may be indicative of
cellular interactions of functional relevance in the understanding of central cholinergic
neurotransmission.

A few of the M2R-labeled somatodendritic profiles in the VTA were either lightly or
intensely DAT immunoreactive. Prior studies have suggested that the VTA neurons
expressing low levels of DAT are principally those that project to the prefrontal cortex,
while those with mare intense labeling project to limbic forebrain regions (Garzén et al.,
1999). The present localization of M2R in DAT-labeled neurons of the VTA was
unexpected, since in situ hybridization studies indicate that only M5 mRNA is present in
midbrain dopaminergic neurons (Weiner et al., 1990). The M2R labeling in DAT
immunoreactive neurons was fairly sparse on plasma membranes, however, and largely
associated with cytoplasmic membranes. This distribution suggests that under basal
conditions the M2R somatodendritic labeling in the VTA represents non-functional
receptors that may show activity-dependent recruitment to functional sites on the dendritic
surfaces, as has been shown for M2R receptors in other brain regions (Bernard et al., 1998;
Decossas et al., 2003). The M2R transfer to the plasma membrane could enhance receptor
activation without new protein synthesis. The somatodendritic M2R in DAT-containing
somata and dendrites of the VTA also may undergo trafficking to distant terminals in target
regions, since presynaptic M2R receptors have been reported in the cerebral cortex and
striatum (Mrzljak et al., 1993; Hersch et al., 1994; Alcantara et al., 2001). In comparison
with DAT-immunoreactive neurons, M2R labeling was more commonly seen in somata and
dendrites without detectable DAT. These neurons are likely GABAergic, since GABA is
present in most non-dopaminergic neurons of the VTA (see introduction). GABAergic
neurons in the VTA comprise local circuit neurons and projection neurons of the
mesocorticolimbic pathway (Van Bockstaele and Pickel, 1995; Carr and Sesack, 2000).

Subcellular distribution of M2R in axonal profiles of varying morphology

The present localization of M2R to axonal plasma membrane is consistent with
physiological experiments suggesting modulation of transmitter release through a G protein-
mediated decrease of calcium channel permeability (Dolphin, 1995,1998). The detection of
M2R immunoreactivity on vesicular membranes suggests that activation of the receptor also
may inhibit calcium-dependent neurotransmitter release directly, most probably through
changes in coupling processes between receptor activation and neurotransmitter secretion.
Activation of M2 receptors in vesicles might also inhibit neurotransmitter release through
mediation of vesicular docking (Bourne, 1988; Mizoguchi et al., 1990). Alternatively,
vesicular M2R may reflect transportation to and from functional sites by vesicles, and/or
receptor recycling (Broadwell and Cataldo, 1983; Smythe and Warren, 1991; Mukherjee et
al., 1997; Sudhof, 2004).

Most M2R-labeled terminals showed appositional contacts with dendrites, but lacked clearly
defined synaptic specializations. This suggests that activation of M2 receptors may primarily
affect transmitter release from non-synaptic varicose axon terminals (boutons en passant),
like those described for both cholinergic and monoaminergic neurons in several brain
regions (Vizi and Kiss, 1998; Raiteri et al., 1990; Starke et al., 1989). It is also likely,
however, that many of the synaptic junctions formed by M2R-labeled terminals were
undetected due to the preferential location of M2-immunogold toward the perimeter of axon
terminals distant from their dendritic contacts.
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Of the detected synapses formed by M2R-labeled terminals, the majority were symmetric.
The symmetric synapses are typical of axon terminals containing GABA and/or co-stored
opioid peptides in the VTA (Pickel et al., 1993; Sesack and Pickel, 1995). M2 receptors
have been implicated in the modulation of GABA release in the cerebral cortex (Ferraro et
al., 1997) and the substantia nigra, where the GABAergic terminals mainly originate from
striatal projections (Kayadjanian et al., 1994). Our results are the first to suggest the specific
involvement of the M2R subtype in the release of inhibitory transmitters in the VTA. These
M2R-labeled GABAergic terminals in the VTA may derive locally from interneurons
showing somatodendritic labeling for M2R in the present study or from extrinsic regions
such as the ventral striatum or ventral pallidum (for review see Grillner and Mercuri, 2002).
Muscarinic modulation of GABA release from either of these sources could play an
important role in both drug reward and antimuscarinic psychosis (Yeomans, 1995).

In addition to the symmetric junctions, the M2R-labeled terminals also sometimes formed
synapses with thickened postsynaptic membrane specializations that are typical of those
containing glutamate (Charara et al., 1996; Smith et al., 1996; Paquet et al., 1997; Garzon et
al. 1999). Moreover, M2 receptors have been implicate in the modulation of glutamate
release in other brain regions (Fukudama et al., 2004; Li et al., 2002). Glutamatergic inputs
to the VTA may originate from projection neurons of the cerebral cortex as well as the
glutamatergic and/or cholinergic neurons in the mesopontine tegmental region that express
M2R mRNA (Phillipson, 1979; Vilar6 et al., 1992). Our prior localization of the vesicular
acetylcholine transporter in VTA terminals forming asymmetric synapses (Garzon et al.,
1999) strongly suggests that at least some of the M2R-labeled terminals forming this type of
junction are cholinergic. This conclusion is supported by the well known role of M2R as a
muscarinic autoreceptor (Levey et al. 1991; Vilaré et al., 1992, 1994; Kitaichi et al., 1999;
Zhang et al., 2002) affecting acetylcholine release in several other brain regions (Kilbinger,
1984; Starke, 1989). Dual labeling of M2R and selective markers for acetylcholine is
necessary, however, for the unequivocal identity of the transmitter phenotype of the
excitatory-type terminals expressing M2 receptors in the VTA.

The few dopaminergic terminals showing M2R-immunolabeling in the VTA could
correspond to axon collaterals of local midbrain neurons projecting to the striatum.
Dopaminergic neurons in the substantia nigra compacta and retrorubral field emit axons
showing varicosities and terminal boutons when traversing VTA in its route to dorsal
striatum (Prensa and Parent, 2001). DAT-immunolabeled terminals have been reported
previously in the VTA, although they are much less prevalent than dopaminergic dendrites,
(Garzon et al., 1999).

Dendritic targets of M2R-labeled terminals

The observed contacts between M2R-labeled terminals and dendrites expressing DAT
suggest that M2R agonists may influence the presynaptic release of diverse
neurotransmitters (see prior section) onto dopaminergic neurons in the VTA. The M2R-
labeled terminals making asymmetric synapses onto VTA dopamine neurons are presumably
originating from (1) cholinergic mesopontine neurons (Henderson and Sheriff, 1991;
Oakman et al., 1995; Garzén et al., 1999), whose stimulation produces an increase in
dopamine release in targets of VTA neurons (Niijima and Yoshida, 1988), or (2) cortical
neurons containing excitatory amino acids (Christie et al., 1985; Sesack et al., 1989; Sesack
and Pickel, 1992) impinging most specifically on mesocortical VTA dopaminergic neurons
(Sesack et al., 1998; Carr and Sesack, 2000).

The M2R were also detected in terminals contacting dendrites that contained M2R, but not
DAT immunoreactivity. These terminals were morphologically heterogeneous and may
contain acetylcholine or other neurotransmitters including excitatory and inhibitory amino
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acids (see above discussion). Both glutamate and acetylcholine have been shown to
depolarize VTA neurons (for review see Adell and Artigas, 2004). Taken together, these
data indicate that M2R activation in VTA cells can modulate pre- as well as postsynaptic
responses of presumed GABA-containing neurons to inhibitory and excitatory inputs. These
GABA-containing neurons may locally inhibit dopaminergic neurons and/or project to
corticolimbic areas. In the cortex and hippocampus, acetylcholine has been shown to inhibit
GABA release from axon terminals through M2R activation (Ferraro et al., 1997; Fukudome
et al., 2004). Comparable GABA release inhibition through M2R has been reported in the
nucleus accumbens in vitro (Ferraro et al., 1996).

Our results establish that in the rat VTA, M2 receptors have a prominent size-dependent
plasmalemmal distribution in non-dopaminergic neurons, but also are expressed within the
cytoplasm of a few dopaminergic somata and dendrites. In addition, M2R are located
presynaptically in morphologically heterogeneous axon terminals providing input to the
dopaminergic and non-dopaminergic neurons (Fig. 10). Collectively, these observations
identify crucial pre- and postsynaptic sites in the VTA where activation of M2R can affect
cognitive and goal-based dopamine-mediated behaviors (Hulme et al., 1990).
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Figure 1.

Specific M2-immunoreactivity is expressed in the VTA. A: Distribution of m2-
immunoreactivity in the neuropil of a wild-type rat VTA section at —5.60 mm AP level from
Bregma, as indicated in Paxinos & Watson atlas. A dense punctate or varicose labeling
(arrows) is observed throughout the VTA, mainly in the paranigral sector adjacent to
interpeduncular nucleus (ip). B: Immunogen fusion protein adsorption shows no specific
labeling in an adjacent tissue section processed under the same labeling condition, except for
the use of anti-m2R antiserum preadsorbed with the antigenic fusion protein (3 pg fusion
protein per 1 pg anti-m2R). C: Distribution of m2-immunoreactivity in the neuropil of a
wild-type mouse VTA. Varicose m2 immunolabeling (arrows) was localized mainly to
paranigral region of the VTA, as was the case for rats (A). D: Similar immunohistochemical
processing in same AP level tissue section of a m2 null mice shows complete lack of fiber-
like varicose processes, demonstrating absence of specific m2-immunoreactivity. E: m2-
immunoreactivity (arrows) is conserved in an analogous AP level VTA section of a m5 null
mice. ip, interpeduncular nucleus. Scale bars, 25 pm.
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Figure 2.

Endomembrane immunogold M2 receptor distribution in somata and dendrites without
DAT. A: M2-immunogold particles (straight arrows) are seen distributed in the cytoplasm
near to the Golgi complex (Go) within a neuronal soma (M2-som). B: Large dendrites
sectioned in a longitudinal (M2-d;) or a transverse (M2-d,_3) planes show cytoplasmic
immunogold-M2 particles (straight black arrows) distributed mainly near endomembranes
(em). The smaller dendrite (M2-d,) receives an asymmetric synapse (curved black arrow)
from an unlabeled terminal and also shows immunogold-M2 labeling (straight black arrows)
in contact with the cytoplasmic surface of the plasma membrane. Scale bars = 0.5 pm.
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Figure 3.

Plasmalemmal M2 receptor distribution in non-dopaminergic dendrites. A: M2-immunogold
particles (straight black arrows) are exclusively localized to the plasma membrane of a
dendrite (M2-d) distinct from a nearby dendrite containing peroxidase labeling for DAT
(DAT-d). The gold particles are located within and near contacts from unlabeled terminals
(ut1-»). B: Unlabeled terminal (ut) establishes contacts with two differentially labeled and
apposing (block arrow) dendrites; one is a M2-immunoreactive dendrite (M2-d) showing
M2-immunogold particles (straight black arrows) and the other is a DAT-immunolabeled
dendrite (DAT-d) containing DAT-immunoperoxidase reaction product. Scale bars = 0.5
wm.
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Figure 4.

Perisynaptic and synaptic locations of M2 receptor in VTA dendrites. A: M2-immunogold
particles (straight arrows) are distributed on perisynaptic portions of a dendritic (M2-d)
plasma membrane receiving an asymmetric input (curved black arrow) from an unlabeled
terminal (ut). The dendrite also is contacted by a DAT-immunoperoxidase labeled axon
terminal (DAT-t). In the surrounding neuropil, M2-immunogold (straight arrows) is seen on
the plasma membranes of small axons (M2-a), one of which is apposed to another small
axon containing the immunoperoxidase reaction product for DAT (DAT-a). B: An unlabeled
terminal (uty) forms a symmetric synapse onto a small M2-immunoreactive dendrite (M2-d)
in which one M2-immunogold particle is located within the synaptic specialization (black
small arrow, s) and another in a perisynaptic site (black small arrow, p) around the synapse.
The M2-d also receives multiple convergent symmetric synapses (curved white arrows)
from other surrounding unlabeled axon terminals (ut,_4). C: Unlabeled axon terminal (uty)
makes an asymmetric synapse (curved black arrow) with a M2-immunolabeled dendrite
(M2-d) showing synaptic (s) and non-synaptic M2-immunogold particles (black small
arrows). The plasmalemmal surface of M2-d also is in contact with another unlabeled axon
terminal (uty) and has extensive glial coverage (asterisks). Scale bars = 0.5 pm.
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M2 labeling in dendrites apposing DAT-immunoreactive dendrites. A: A dendrite (M2-d)
showing light M2-immunogold labeling (straight arrows) makes a large appositional contact
(block arrow) with a longitudinally-sectioned dendrite (DAT-d) showing intense DAT-
immunoperoxidase reaction. B: M2-immunogold particles (straight arrows) are distributed
along non-synaptic portions of a dendritic (M2-d) plasma membrane distant from a segment
of the membrane adjacent to a DAT immunoperoxidase-labeled dendrite (DAT-d). The
DAT-d receives input (curved black arrows) from unlabeled terminals (ut 7). A large
astrocytic process (asterisks) precludes actual contact between the two immunoreactive
dendrites, except on a small segment lacking glial intervention (block arrow). Scale bars =
0.5 um.
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Figure 6.

Colocalization of M2 receptor and DAT in VTA dendrites. A: Immunoperoxidase reaction
product for DAT is seen in a large dendrite (DAT+M2-d) showing sparse cytoplasmic M2-
immunogold labeling. The dendrite receives both asymmetric (curved black arrow) and
symmetric (curved white arrow) synapses from unlabeled terminals (ut; 7). B: Unlabeled
terminals (ut; ») establish symmetric (curved white arrow) or asymmetric (curved black
arrow) synapses onto a dendrite (DAT+M2-d) containing light DAT-immunoperoxidase and
M2-immunogold particles (straight arrows). C: A dually labeled small dendrite (DAT+M2-
d) contains cytoplasmic M2-immunogold particles (straight arrows) and also intense
immunoperoxidase reaction product for DAT. Another DAT-immunolabeled dendrite
(DAT-d) contacting unlabeled axon terminals (ut; ») is seen in close proximity. M2-a, M2-
immunoreactive small unmyelinated axon. D: An unlabeled axon terminal (ut;) is apposed
(open block arrow) to a dendrite (DAT+M2-d) showing immunoperoxidase reaction product
for DAT as well as cytoplasmic M2-immunogold labeling (small black arrows). A nearby
DAT-immunoreactive dendrite (DAT-d) receives convergent asymmetric inputs (curved
black arrows) from unlabeled terminals (ut 3). In the surrounding neuropil, there are
additional DAT-immunoperoxidase labeled dendrites (DAT-ds), one of which apposes a
small M2-immunogold labeled (straight arrow) profile presumed to be a dendrite (asterisk).
Scale bars = 0.5 um.
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M2R-immunogold Labeling
Subcellular Distribution in VTA Dendrites
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Figure 7.

Bar graph summarizing the meanzs.e. immunogold densities (number of gold particles per
profile) in M2R-single and DAT+M2R-dual large (>1um) or small (<1um) dendrites within
the VTA. Mean densities were calculated based on the numbers obtained from 746 VTA
dendrites (307 large and 439 small) taken from ultrathin sections from 15 Vibratome
sections in 4 rats (3084 total profiles) processed for dual labeling. *p<0.05, Fisher test for
cytoplasmic versus plasmalemmal subcellular localization.
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Figure 8.

M2 receptor immunogold distribution in axon terminals. A: Axon terminal showing
immunogold particles (straight arrows) for M2 (M2-t) is encapsulated by a glial process
(asterisks) and makes a symmetric synapse (curved white arrow) with a dendrite (M2-d)
exhibiting plasmmalemal M2-immunogold particles (straight arrows). B: Axon terminal
(M2-t) showing numerous plasma membrane M2-immunogold particles (straight arrows)
has an extensive glial coverage (asterisks), but also contacts (block arrow) an unlabeled
axon terminal (ut). dcv, dense-core vesicle. C: A small axon terminal showing diffuse M2-
immunoperoxidase (M2-t) makes a symmetric synapse (curved white arrow) with a
longitudinally-sectioned dendrite (DAT-d;) containing DAT-immunogold particles (straight
arrows). DAT-immunogold labeling (straight arrows) is also present in a nearby dendrite
(DAT-d,). D: A large dendrite (M2-d) showing M2-immunogold particles (straight arrows),
some of which are distributed along portions of the plasma membrane is contacted by a
dually-labeled axon terminal (DAT+M2-t). This terminal contains DAT immunoperoxidase
and M2-immunogold particles (straight arrows) as well as small clear and large dense core
vesicles (dcv). Scale bars = 0.5 um.
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Figure 9.

M2 receptor labeling in axonal profiles contacting dopaminergic dendrites of different size.
A: DAT-peroxidase reaction product is seen in a dendrite (DAT-d) receiving input from an
axon terminal (M2-t) containing M2-immunogold particles (straight arrows). Asterisks,
astrocytic processes. B: An axon terminal (M2-t) showing cytoplasmic M2-immunogold
particles (straight arrows) makes a contact (open block arrow) with a dendrite (DAT-d)
containing diffuse DAT-immunoperxidase reaction product. Astrocytic leaflets partially
wrap both M2-t and DAT-d. C and D: Axon terminals (M2-t) showing M2-immunogold
particles (straight black arrows) contact (block arrows) DAT-immunoperoxidase labeled
dendrites (DAT-d). The gold particles are located either on the plasma membrane or within
the cytoplasm near synaptic vesicles. Scale bars = 0.5 um.
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To cortical and
limbic targets

Figure 10.

Schematic diagram showing the distributions of M2 muscarinic receptors (stars) in neuronal
profiles (somata, dendrites and terminals), which express (gray filling) or not (white filling)
dopamine transporter (DAT) in the rat VTA. The M2 receptor is located mainly in non-DAT
(presumably GABA-containing) neurons (A) receiving inputs from M2-labeled and/or
unlabeled terminals. These contacts were mainly symmetric (inhibitory-type), but almost
one-third were asymmetric (excitatory-type). The DAT-containing neurons (A) of the VTA,
whose dendrites form multiple contacts with those of non-DAT neurons (B,C), usually do
not express M2 receptor (B), but receive numerous contacts from M2-immunolabeled axon
terminals. However, a minor proportion of DAT-containing neurons also express M2
receptor (C).
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Table 2
Statistical analysis of M2R subcellular distribution in VTA dendrites distinguished by DAT labeling and size

ASSOCIATION VARIABLES DENDRITIC GROUP X2 p (Fisher)
Localization vs. Labeling Small dendrites (<1pm) 126.675 <0.0001*
Large dendrites (>1um) 40.728 <0.0001*
Localization vs. Size Single-labeled dendrites (M2R) 70.913 <0.0001*
Dual-labeled dendrites (DAT+M2R)  0.974 0.4064
Labeling vs. Size Cytoplasmic M2R localization 3.314 0.0829
Plasmalemmal M2R localization 0.693 0.4304

Chi-square values and statistical signification (p, Fisher's exact value) for association among subcellular localization (cytoplasmic vs.
plasmalemmal), type of labeling (single M2R vs. dual DAT+M2R) and dendritic size (small vs. large) of M2R-immunogold labeling observed in
different groups of dendrites of the rat ventral tegmental area (VTA) with regard to those variables. A total number of 1800 M2R-immunogold
particles were assessed within 746 randomly sampled VTA dendrites in 4 animals.
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