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ABSTRACT

Muscarinic modulation of mesolimbic dopaminergic
neurons in the ventral tegmental area (VTA) plays an
important role in reward, potentially mediated through
the M5 muscarinic acetylcholine receptor (M5R). How-
ever, the key sites for M5R-mediated control of dopa-
mine neurons within this region are still unknown. To
address this question we examined the electron micro-
scopic immunocytochemical localization of antipeptide
antisera against M5R and the plasmalemmal dopamine
transporter (DAT) in single sections through the rat
VTA. M5R was located mainly to VTA somatodendritic
profiles (71%; n = 627), at least one-third (33.2%; n =
208) of which also contained DAT. The M5R immunore-
activity was distributed along cytoplasmic tubulovesicu-
lar endomembrane systems in somata and large
dendrites, but was more often located at plasmalemmal
sites in small dendrites, the majority of which did not
express DAT. The Mb5R-immunoreactive dendrites

received a balanced input from unlabeled terminals
forming either asymmetric or symmetric synapses.
Compared with dendrites, M5R was less often seen in
axon terminals, comprising only 10.8% (n = 102) of the
total M5R-labeled profiles. These terminals were usually
presynaptic to unlabeled dendrites, suggesting that
MS5R activation can indirectly modulate non-DAT-con-
taining dendrites through presynaptic mechanisms. Our
results provide the first ultrastructural evidence that in
the VTA, M5R has a subcellular location conducive to
major involvement in postsynaptic signaling in many
dendrites, only some of which express DAT. These find-
ings suggest that cognitive and rewarding effects
ascribed to muscarinic activation in the VTA can primar-
ily be credited to M5R activation at postsynaptic
plasma membranes distinct from dopamine transport. J.
Comp. Neurol. 521: 2927-2946, 2013.
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The midbrain ventral tegmental area (VTA) is the ori-
gin of the mesocorticolimbic projection system, which
is highly involved in dopamine (DA)-mediated reward
and motivated behaviors. DA-containing neurons of the
VTA can be identified by the presence of the dopamine
transporter (DAT), a carrier that reuptakes DA from the
extracellular space to terminate neurotransmission, and
also mediates calcium-independent DA local dendritic
release by reversal of gradient (Nirenberg et al., 1997).
In addition, DAT is the binding site for cocaine and
other psychostimulants that are exogenous reinforcers
of DA-related behaviors (Kuhar et al., 1991; Giros et al,,
1996). The major involvement in psychostimulant
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reward is consistent with the preferentially high DAT
expression in mesolimbic DA neurons that project to
the nucleus acccumbens (NAc), compared with those
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projecting to the prefrontal cortex (Nirenberg et al.,
1998; Sesack et al., 1998).

Cholinergic axon terminals, originating in the meso-
pontine cholinergic nuclei (Henderson and Sherriff,
1991; Oakman et al.,, 1995; Omelchenko and Sesack,
2005), establish synaptic contacts with dopaminergic
neurons of the VTA (Garzdn et al., 1999; Omelchenko
and Sesack, 2006). Mesopontine cholinergic projections
to the VTA modulate DA-related mesolimbic rewarding
behaviors, such as self-administration of cocaine (Mark
et al.,, 2011; You et al.,, 2011), amphetamine (Alderson
et al.,, 2004), and heroin (Olmstead et al., 1998; Zhou
et al., 2007). Further evidence for involvement of ace-
tylcholine muscarinic receptors in the modulation of
DA-mediated rewarding functions of VTA mesolimbic
neurons is provided by the observed increase in DA
release in the NAc after muscarinic VTA stimulation
(Westerink et al., 1996; Gronier et al., 2000) or musca-
rinic disinhibition of mesopontine nuclei that provide
cholinergic input to the VTA (Yeomans, 1995).

Peripheral administration of muscarinic agents modu-
lates DA release in mesolimbic areas and also alters
DA-related behaviors (Yeomans et al., 1993; Yeomans,
1995; Bymaster et al., 1998; Fink-Jensen et al., 1998).
Likewise, the application of muscarinic agonists in the
VTA increases both neuronal discharge rate within the
VTA (Lacey et al., 1990; Gronier and Rasmussen, 1998)
and DA release in the NAc (Westerink et al., 1996;
Gronier et al., 2000). Furthermore, muscarinic receptors
within the VTA regulate both basal (Miller and Blaha,
2005) and morphine-induced (Miller et al., 2005) DA
release in the NAc. In addition, intra-VTA microinjection
of muscarinic antagonists attenuates lever-pressing
maintained by lateral hypothalamic stimulation reward
(Yeomans and Baptista, 1997), and cocaine enhance-
ment of laterodorsal tegmental nucleus (LDT) stimula-
tion-evoked DA release in the NAc (Lester et al., 2010).

Muscarinic receptors are thought to be the main cholin-
ergic receptors contributing to brain-stimulation reward,
because muscarinic antagonists block brain-stimulation
reward more efficiently than nicotinic antagonists in the
VTA (Yeomans and Baptista, 1997). Both conditioned
place preference and sef-administration paradigms have
shown the rewarding effects of muscarinic agonists in the
VTA (Ikemoto and Wise, 2002; Mark et al., 2011). To-
gether, these observations suggest that dopaminergic
neurons within the VTA that project to the NAc and other
limbic brain regions are regulated by muscarinic ligands.

Five muscarinic receptor genes have been cloned
(Kubo et al., 1986; Bonner et al., 1987, 1988; Peralta
et al., 1987), and their protein receptors localized in the
rat brain by light immunohistochemistry by using selec-
tive subtype-specific antibodies (Levey et al., 1991). In

the VTA, the distribution of M2 receptor, which is
involved in cognitive and goal-based DA-mediated behav-
iors, is mainly plasmalemmal in non-DA neurons, but is
prominently cytoplasmic in DA neurons (Garzén and
Pickel, 2006). The M5R subtype is the most recently
cloned receptor of the muscarinic receptor family (Bon-
ner et al., 1988; Liao et al., 1989), and also the one
whose mRNA is confined almost exclusively to midbrain
DA neurons within the VTA and substantia nigra, showing
no detectable expression in other brain regions or in non-
DA neurons (Weiner et al., 1990). In M5R-deficient
(M5—/—) mice generated by gene targeting technology
(Yamada et al.,, 2001; Bymaster et al., 2003; Wess,
2003), pharmacological and behavioral studies have
shown an attenuation of the rewarding effects of psy-
chostimulants and opiates (Basile et al., 2002; Fink-Jen-
sen et al., 2003; Wang et al.,, 2004). Moreover, in
contrast to wild-type animals, the M5—/— mice do not
show increased DA release in the limbic NAc after electri-
cal stimulation of the mesopontine region known to con-
tain the main cholinergic input to VTA mesocorticolimbic
neurons (Forster and Blaha, 2000; Forster et al., 2002).

All these data support a critical role for M5R activa-
tion within the VTA in drug reinforcement and addictive
behavior. Despite these relevant actions, the functional
sites for activation of M5R in the VTA are still unknown
and may include not only postsynaptic DA, but non-DA
neurons or their afferent terminals. In the present
study, we use high-resolution single- and dual-immuno-
labeling electron microscopy to 1) examine the subcel-
lular localization of M5R in the VTA, and 2) determine
whether DAT-containing dopaminergic VTA neurons, or
their afferents, express the M5R.

MATERIALS AND METHODS

Antisera

We used a commercially available rat monoclonal anti-
body raised against DAT (MAB369, Chemicon, Temecula,
CA) for the immunocytochemical labeling of dopaminer-
gic cells in the VTA (Table 1). This antibody is directed
against the N-terminus (residues 1-66) of the human
DAT (Pristupa et al., 1994) fused to glutathione S-trans-
ferase (Ciliax et al., 1995). The specificity of the DAT anti-
body has been shown by 1) immunoblot analysis using
cloned and native brain proteins (Hersch et al., 1997;
Miller et al., 1997; Ciliax et al., 1999); or 2) western blot
analysis of DAT 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 the human serotonin or norepinephrine
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TABLE 1.
Primary Antibodies Used

Antigen Immunogen

Manufacturer data Raised in

M5R Recombinant protein corresponding to
amino acids 230-426 mapping within
an internal region (i3) of muscarinic
acetylcholine receptor M5 of human origin
DAT N-terminus (residues 1-66) of the human
DAT fused to glutathione-S-transferase

Santa Cruz (sc-9110 [H-197]) Rabbit polyclonal

Chemicon (AB369) Rat monoclonal

DAT, dopamine transporter; M5R, M5 muscarinic receptor.

transporters. In these experiments, the DAT antibody rec-
ognized a single protein band of 85 kDa in the stable
SKN-MC cell line expressing DAT (Hersch et al., 1997;
Miller et al., 1997), with no cross-reactivity to the sero-
tonin or norepinephrine transporters (Miller et al., 1997).
Thus, in rat brain membranes, the DAT 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 charac-
terized 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 dopami-
nergic cell groups and their projections, and was identi-
cal to the distribution observed using polyclonal
antibodies (Ciliax et al., 1995). Moreover, specificity of
this antibody for DAT has also been tested by immuno-
staining brain sections from rat and monkey that
received unilateral nigrostriatal lesions with 6-hydroxy-
dopamine and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP), respectively (Hersch et al., 1997; Ciliax
et al,, 1999). Those neurotoxic lesions completely abol-
ished DAT immunoreactivity in striatal regions ipsilateral
to the lesion (Hersch et al., 1997; Ciliax et al., 1999).

The M5R immunoreactivity was detected with a rabbit
polyclonal antiserum (Table 1) (sc-9110 [H-197], Santa
Cruz Biotechnology, Santa Cruz, CA) directed against a
recombinant protein corresponding to amino acids 230-
426, forming part of the i3 intracellular loop of human m5
mAchR (Bonner et al., 1987; Peralta et al., 1987; Liao
et al,, 1989; Levey et al, 1991). The identity of the
recombinant protein was confirmed by DNA sequence
and sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) western blotting of human cell lines
(Liu et al., 2007b). This antiserum has also been charac-
terized by western blot analysis in human fibroblasts, in
which it recognized a protein of 95 kDa (Qu et al., 2006),
by immunoprecipitation, and by immunocytochemistry.
As controls for selective recognition of the M5R, sections
through the VTA of two M5R knockout (Yamada et al.,
2001) and two adult wild-type mice were examined for im-
munoperoxidase labeling by using the M5R antiserum.
The null mice were adult (3 weeks) males (129/S6, CF1-

M5R stock no. 126 1) supplied by Taconic Farms (German-
town, NY). The observed presence of M5R immunolabeling
in wild-type mice, but not in M5R knockout mice, is con-
sistent with specificity of the antiserum for the M5R. In
addition, we also tested specificity for secondary antisera
under our particular experimental conditions in control
experiments by replacing the M5R and the DAT antisera
with normal sera, which produced no detectable labeling.

Animals

Six (250-300 g) male Sprague-Dawley rats (Taconic
Farms) were deeply anesthetized with 150 mg/kg i.p.
sodium pentobarbital. All efforts were made to minimize
animal suffering, and to use the minimum necessary
number of animals. The experimental protocol con-
formed strictly with National Institutes of Health guide-
lines for the Care and Use of Laboratory Animals and
was approved by the Institutional Animal Care and Use
Committee of Joan and Sanford |. Weill Medical College
and Graduate School of Medical Sciences of Cornell
University. Preparation of the tissue prior to immunocy-
tochemistry was done according to procedures
described by Leranth and Pickel (1989). The brains of
the anesthetized rats were fixed by sequential aortic
arch perfusion with: 1) 20 ml of heparin (1,000 U/ml)
in saline; 2) 50 ml of 3.8% acrolein (Polysciences, War-
rington, PA) in a solution of 2% paraformaldehyde in 0.1
M phosphate buffer, pH 7.4 (PB); and 3) 200 ml of 2%
paraformaldehyde in 0.1 M PB. Four C57 BL6 mice
(Taconic Farms), two of which had deletion of the M5R
gene, were used for immunolabeling specificity control
experiments. These were anesthetized and perfused by
using a protocol similar to that of the rats. The excep-
tions 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
skull, dissected, cut into coronal blocks of 5-6 mm,
and postfixed for 30 minutes in 2% paraformaldehyde in
0.1 M PB. Coronal sections were collected through the
midbrain region including the VTA. These were cut at
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40-50 pm thickness into 0.1 M PB at 4°C on a Leica
Vibratome VT1000 S (Leica Instruments, Nussloch, Ger-
many). The free-floating sections of tissue were incu-
bated for 30 minutes in a solution of 1% sodium
borohydride in 0.1 M PB to remove excess of active
aldehydes (Eldred et al., 1983), and rinsed in 0.1 M PB
until bubbles disappeared. To enhance the penetration
of immunoreagents, the sections were then treated
with the freeze-thaw technique, consisting of: 1) cryo-
protection for 15 minutes in a solution of 25% sucrose
and 3% glycerol in 0.05 M PB; 2) quick freezing in liquid
chlorodifluoromethane (Freon, Refron, NY) followed by
liquid nitrogen; and 3) thawing in 0.1 M PB at room
temperature. After extensive rinsing in 0.1 M Tris-buf-
fered saline, pH 7.6 (TS), 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 single- or dual-immunocytochemical
labeling.

Immunocytochemistry

For single-labeling experiments with the M5R antise-
rum, tissue sections from three rats prepared as
described above were incubated for 40 hours at 4°C in
primary antiserum (1:2,000 for immunoperoxidase or
1:200 for immunogold). For immunoperoxidase detec-
tion of M5R, sections were incubated in: 1) biotinylated
goat anti-rabbit 1gG (1:400; Vector, Burlingame, CA) for
30 minutes; and 2) avidin-biotin complex (1:100) (Hsu
et al.,, 1981) for another 30 minutes. The immunoreac-
tivity bound to the tissue was visualized by a 6-minute
incubation in 0.022% 3,3'-diaminobenzidine (Aldrich, St.
Louis, MO) and 0.003% hydrogen peroxide in 0.1 M TS.
All the incubations were carried out at room tempera-
ture (unless otherwise noted) with continuous agitation
on a rotator and were followed by several rinses in 0.1
M TS between incubations.

For single immunogold detection of M5R, after the
incubation in the primary antiserum as indicated above,
tissue sections were transferred to 0.01 M phosphate-
buffered saline, pH 7.4 (PBS), blocked for 10 minutes
in 0.8% BSA and 0.1% gelatin in 0.01 M PBS, and incu-
bated for 2 hours in colloidal gold (1 nm)-labeled goat
anti-rabbit 1gG, (1:50; Amersham, Arlington Heights, IL).
After this, the sections were fixed for 10 minutes in 2%
glutaraldehyde in 0.01 M PBS to enhance the adher-
ence of the bound gold to the tissue, and reacted with
a silver solution IntenSE M kit (Amersham) for either: 1)
4-6 minutes for electron microscopy; or 2) 8-10
minutes for light microscopy.

For dual-labeling experiments, tissue sections from
four rats were incubated in a cocktail solution contain-
ing the M5R antiserum (1:200) and the antibody against

DAT (1:20,000). The method of Chan et al. (1990) was
used for pre-embedding immunoperoxidase and
immunogold dual-labeling of the tissue. Thus, the
immunoperoxidase reaction for DAT was followed by
immunogold-silver detection of Mb5R, because the
immunogold method gives a more precise subcellular
localization of the receptors than the immunoperoxi-
dase method. The primary antisera against M5R and
DAT were raised in rabbits and rats, respectively, and
therefore could be recognized by appropriate species-
specific secondary antibodies. All the incubations were
carried out at room temperature with continuous agita-
tion on a rotator and were followed by several rinses in
0.1 M TS, 0.1 M PB, and 0.01 M PBS. In brief, the incu-
bation in primary antisera was followed by incubation in
secondary biotinylated goat anti-rat IgG (1:400; Chemi-
con) for 30 minutes and then in avidin-biotin-peroxi-
dase complex (1:100, Vectastain Elite Kit, Vector) for
another 30 minutes. Visualization of the peroxidase
reaction product was achieved by revealing the tissue
for 6 minutes in 0.022% 3,3'-diaminobenzidine and
0.003% hydrogen peroxide in 0.1 M TS. After this, the
sections were rinsed in 0.1 M TS, transferred to 0.01 M
PBS, and processed for M5R-immunogold labeling as
described above for single-immunogold labeling.

Sections processed for light microscopy were rinsed
in 0.05 M PB and mounted on glass slides. After over-
night drying in a dessicator, they were dehydrated
through immersion in a series of increasing-concentra-
tion alcohols, and defatted in xylene (J.T. Baker, Phillips-
burg, NJ). Finally, the slides were coverslipped and
examined in a Nikon microscope by using differential in-
terference contrast optics.

Electron microscopy

Immunolabeled sections for electron microscopy
were postfixed in 2% osmium tetroxide in 0.1 M PB for
1 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; Elec-
tron 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
(50-60 nm) were cut from the outer surface of the tis-
sue with a diamond knife (Diatome, Fort Washington,
PA) by using an ultramicrotome (Ultratome, NOVA; LKB-
Productor, 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),
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and, once completely dried, examined at 60 kV with a
Tecnai Biotwin 12 (Serial # D271) transmission electron
microscope (FEl, Hilsboro, OR).

Data analysis

Only sections near the surface of the tissue at the
Epon-tissue interface were examined in order to ensure
that the analysis was restricted to areas with optimal pen-
etration of immunolabeling reagents. This procedure also
helped to minimize biases in detecting immunoreactivity
more frequently in large versus small profiles. The classifi-
cation 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 nu-
cleus, Golgi apparatus, and rough endoplasmic reticulum.
Dendrites usually contained abundant endoplasmic reticu-
lum, and were distinguished from unmyelinated axons by
their larger diameter and/or abundance of uniformly dis-
tributed microtubules. In addition, dendrites were in many
cases postsynaptic to axon terminals. Asymmetric synap-
ses were recognized by thick postsynaptic densities
(asymmetric synapses, type Gray l), whereas symmetric
synapses had thin pre- and postsynaptic 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
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 or
when a single particle was seen in small profiles, such as
unmyelinated small axons or narrow glial leaflets. For
evaluation of the distribution of M5R in single M5R-immu-
noperoxidase or M5R-immunogold labelings, three Vibra-
tome sections were used for each marker. The level of
background (nonspecific) labeling was established by
examining the resin and tissue areas that were not
expected to express either DAT or M5R. Neither immuno-
peroxidase nor immunogold-silver labeling was observed
in Epon regions without tissue or seen in myelinated
sheaths of axons. Thus, quantitative analysis was not cor-
rected for either immunoperoxidase or immunogold-silver
background labeling.

The relationship between M5R- and DAT-labeled pro-
files was analyzed on the basis of electron micrographs

M5 receptors in the rat ventral tegmental area

containing both M5R and DAT immunoreactivity. Count-
ing the same labeled structure twice was avoided by a
systematic scanning of the surface of only one or two
ultrathin sections that were separated by at least 700
nm in each of the individual Vibratome sections.

The ultrastructural quantitative analysis was carried
out in 14 vibratome sections from four animals. The
sections contained M5R-immunogold and DAT-immuno-
peroxidase labeling. All immunoreactive processes (n =
2,288) were counted in randomly sampled electron
micrographs at magnifications of 9,300-23,000X from
an area of 14,479.6 pmz, with an area of at least
2,654.6 um? examined in each of four animals. The tis-
sue was quantitatively examined to determine the rela-
tive frequencies with which the immunoreactive
products were localized within neuronal somata, den-
drites, axons, or glial cells. In addition, morphologically
recognizable synaptic relationships of each labeled pro-
file were also quantified. Analyses of variance (ANOVAs)
were used to determine whether there was significant
variability in total labeled profiles per square micron of
analyzed surface (area density) or in distribution of
immunolabeling in different profile types with respect to
different animals. Variations in the density of asymmet-
ric and symmetric synapses established by either M5R-
immunolabeled terminals or M5R-immunoreactive den-
drites were assesed by using Student’s t-tests.

An analysis of the ultrastructural distribution of M5R
was carried out to ascertain: 1) the prevalence of M5R
in association with specific cellular structures; and 2)
the relationship between M5R- and DAT-immunolabeled
profiles. The prevalence of different profile types (i.e.,
dendrites vs. axons, etc.) containing M5R was
expressed as a percentage of all M5R-labeled elements.
These M5R-labeled profiles were assessed from three
to four Vibratome sections from each of four animals (n
= 14). The tissue processed for immunogold-silver
detection of M5R and immunoperoxidase labeling of
DAT was also used for the examination of the relative
number of gold-silver particles in association with ei-
ther the plasma membrane or the cytoplasm of the
M5R-immunogold-labeled dendrites. A particle was con-
sidered to be associated with the plasma membrane
when any point of its contour was in contact with the
plasma membrane. Assessment of the immunogold dis-
tribution of M5R was based on 1,597 gold-silver par-
ticles within 627 dendrites and on 197 gold-silver
particles within 102 axon terminals. In dually labeled
tissue sections, the cellular relationship between
M5R- and DAT-labeled profiles was assessed for all
contacts/colocalizations between respectively immuno-
reactive profiles. Because the animals were rather
homogeneous in their patterns of immunolabeling

The Journal of Comparative Neurology | Research in Systems Neuroscience 2931



M. Garzon and V.M. Pickel

density and distribution, as well as in cellular associa-
tions of M5R-labeled profiles, we pooled data from dif-
ferent animals in the following descriptive analysis.

The electron micrographs used for the figures were
acquired with an AMT digital camera (Advanced Micros-
copy Techniques, Danvers, MA) on a Microsmart Com-
puter using a Windows 2000 operating system. To build
and label the composite illustrations, Adobe Photoshop
(version 7.0; Adobe Systems, Mountain View, CA) and
Canvas (version 8.0.4; Deneba Systems, ACD Systems,
Miami, FL) software programs were utilized for adjust-
ment of brightness and contrast of the digital images.
The images were then imported into PowerPoint to add
the lettering and make the composite plate illustrations.

RESULTS

Light microscopic control studies in the rat VTA show
intense M5R immunoperoxidase labeling in many puta-
tive neuronal profiles (Fig. 1A), which was absent when
the primary anti-M5R antibody incubation was omitted
from the immunohistochemical protocol (data not
shown). The M5R distribution was comparable, but less
robust than that seen with DAT immunolabeling. M5R
immunoreactivity within the VTA of wild-type mice (Fig.
1B) had a similar pattern, although of lower intensity, to
that observed in normal rats and was not seen in M5R
knockout mice (Fig. 1C). The lower intensity of M5R im-
munoreactivity in wild-type mice compared with that
seen in rats may reflect species-specific variations in
M5R expression or methodological differences in perfu-
sion fixation.

Electron microscopy established a primary localiza-
tion of M5R immunoreactivity in somatodendritic pro-
files within the VTA, but also revealed the presence of
labeling in axonal and glial profiles (Table 2). Compared
with immunogold, the high sensitivity of the immunoper-
oxidase method allowed detection of M5R immunoreac-
tivity in more of the small profiles, but lacked the
resolution for subcellular distribution of M5R. However,
there were no apparent differences in frequencies or
types of associations between differentially labeled pro-
files. Therefore, for the subsequent statistical analysis,
we used numbers obtained from the dual-labeled tissue
in which M5R was detected with the immunogold
method and DAT was detected with the immunoperoxi-
dase method. lllustrations are, however, shown with
these markers, as well as the reverse markers.

M5R immunoreactivity in dendrites and
somata

Over 70% of all M5R-labeled profiles were dendrites
(627/868; Table 2). The majority of these dendrites

= L

Figure 1. Specific M5 immunoreactivity is expressed in the ventral
tegmental area (VTA). A: Distribution of M5 immunoreactivity in the
neuropil of a wild-type rat midbrain section at —5.60 mm AP level
from Bregma, as indicated in the Paxinos and Watson atlas (1986).
Moderate immunoreaction is observed in profiles resembling neuronal
somata and continuous dendrites in the VTA (black arrows) and in the
adjacent substantia nigra compacta (SN; block arrow). A denser
immunoreaction product is seen throughout the neuropil as punctate
deposit in thin neuritic processes (white arrowheads). B: Distribution
of M5 immunoreactivity in the neuropil of a wild-type mouse VTA.
Light M5 immunolabeling is observed in the VTA, detected diffusely in
some neuronal somata (block arrow) and also in thin varicose punc-
tate processes that may be axons, as was the case for rats (A). C:
Similar immunohistochemical processing in tissue sections collected
at the same AP level as in B of an M5 null mouse shows no detectable
M5 immunoreactivity. Scale bar = 25 pm in A-C.

were 0.5-2.5 pum in diameter. The dendritic M5R was
mainly localized within the cytoplasm on and near
plasma membranes contacted by unlabeled axon
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TABLE 2.
Neuronal Distribution of M5- and/or DAT-Immunolabeled Cellular Profiles in the Rat VTA®
Labeling
Total M5 Single M5 Dual DAT+M5 Single DAT Total DAT
Type of No. of % from total No. of % from No. of % from No. of % from No. of
cellular profile profiles M5 profiles  total M5 profiles  total DAT  profiles  total DAT profiles
Dendrites 627 66.8 419 33.2 208 14.4 1,238 85.6 1,446
Somata 44 70.5 31 29.5 13 92.9 1 7.1 14
Axon terminals 102 96.1 98 3.9 4 14.3 24 85.7 28
Unmyelinated axons 88 98.9 87 1.1 1 1.4 73 98.6 74
Myelinated axons 7 100 7 0 0 - 0 - 0
Total 868 74.0 642 26.0 226 14.5 1,336 85.5 1,562

dlmmunolabelings for M5 and/or DAT in different neuronal compartments within the rat VTA. Profiles containing single M5, single DAT, and dual
DAT+M5 labelings are given as raw numbers and as percentage of the total M5- and/or total DAT-immunolabeled profiles in each category. Data
were collected from 14 Vibratome sections in four rats processed for dual labeling. Labeling in glia and in profiles not clearly distinguished as neu-

ronal or glial is not included in the table.

terminals (Fig. 2A,B). Aggregates of M5R-immunoperox-
ide (Fig. 2A) or -immunogold particles (Fig. 2B) were
often localized beneath synaptic inputs from unlabeled
terminals forming either symmetric (Fig. 2A) or
asymmetric (Fig. 2B) junctions. In some cases, the
M5R-immunogold was localized to the postsynaptic
membrane specialization (Fig. 2B). In the immunogold-
silver M5R-labeled sections, the number of gold-silver
particles identifying M5R within the cytoplasm was
greater than those in contact with the plasma mem-
brane in dendrites (1,127 vs. 470). In most cases, the
intracytoplasmic M5R-immunogold particles were dis-
tributed throughout the cytoplasm, and were often
associated with endomembranes or tubulovesicles of
the smooth endoplasmic reticulum in dendrites, some
of which contained DAT immunolabeling (Fig. 2C).
M5R-immunoreactive somata comprised around 5%
of the total M5R-labeled profiles in the VTA (n = 44 of
868; Table 2). In neuronal somata, M5R immunolabeling
was primarily associated with cytoplasmic rather than
plasma membranes (Fig. 3). Intense M5R labeling was
observed in cisterns or saccules of the endoplasmic
reticulum (Fig. 3B-D), lamellae of the Golgi complex,
and endosome-like bodies (Fig. 3A). Although less fre-
quent, M5R immunolabeling was also detected along
the plasma membranes of some of the labeled peri-
karya (Fig. 3C,E). The segments of the plasmalemma in
contact with gold-silver particles usually apposed axon
terminals (Fig. 3E) or astrocytic expansions (Fig. 3C).
The M5R-labeled somata were also contacted by either
unlabeled or M5R-labeled terminals (Fig. 3E) and more
rarely received synapses of the symmetric type (n
11). From all M5R-labeled somata, 29.5% (n = 13) also
contained DAT (Table 2), but M5R immunoreaction
product was detected in nearly all (92.9%; Table 2)
DAT-immunolabeled somata. In such duallabeled

somata, M5R had the same localization as in non-DAT-
containing cell bodies.

The immunogold labeling for M5R was commonly seen
on cytoplasmic membranes within large dendrites (>1
pm), although there was a trend toward a more plasma-
lemmal distribution in smaller dendrites <1 pm (Figs. 4,
5). In these dendrites, plasmalemmal M5R-immunogold
particles were sometimes located on synaptic specializa-
tions (Fig. 4D,E). The major cytoplasmic distribution of
MSR-immunogold labeling in dendrites was quantitatively
confirmed; thus, ANOVA showed significantly higher
M5R-immunogold density (mean number of gold particles
per dendrite) within the cytoplasm (2.012 = 0.366) com-
pared with the plasma membrane density (0.718 =
0.073) in M5R-labeled dendrites (Fy 4 = 11.99, P
0.0038). The prominent localization of M5R immunolabel-
ing to the cytoplasm was, however, strongly corelated to
the dendritic size (ANOVA for interaction dendritic size X
immunogold subcellular distribution: F; 1, = 20.587, P =
0.0007), being exclusive of VTA dendrites >1 pm; in den-
drites <1 pm, there were not statistically significant dif-
ferences in the proportions of cytoplasmic and
plasmalemmal localization of M5R-immunogold labeling
(Fig. 5). Analysis of the immunogold M5R distribution in
randomly sampled dendrites showed that nearly 43% of
the total dendritic gold particles were in contact with the
plasma membrane in small dendrites (<1 um). A statisti-
cally significant association between dendritic size and
localization of M5R immunolabeling was also confirmed
by using the y? test for the raw number of M5R-immuno-
gold particles in such randomly sampled M5R-labeled
dendrites (% = 141.993, P < 0.0001).

The M5R-immunolabeled dendrites received multiple
synaptic contacts from unlabeled axon terminals (n
216, 96%; Figs. 2, 4), as well as from a few from
M5R-immunoreactive terminals (n = 9, 4%). Symmetric
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(n = 117) and asymmetric (n = 108) synapses on
M5R-immunoreactive dendrites were similarly prevalent
(52% vs. 48%, respectively). Statistical analysis showed
that the distribution in area density of symmetric and

Figure 2.

asymmetric synapses (number of synapses of each type
per analyzed unit area) did not differ significantly with
respect to synapses that were formed between either
unlabeled terminals (t3 = 0.686; P = 0.542), M5R-la-
beled terminals (t3 = 0.140; P = 0.897), or total axon
terminals (t3 = 0.934; P = 0.351) and M5R-immunore-
active dendrites.

M5R and DAT distributions in separate,
apposed, or single dendrites

The M5R-immunoreactive dendritic profiles were
scattered in a neuropil containing numerous DAT-immu-
nolabeled somatodendritic profiles (n = 1,562 total
DAT-immunoreactive profiles; Table 2). Many of these
labeled dendrites were separated from each other by
glial leaflets, small unmyelinated axons, and axon termi-
nals differentially contacting either the DAT- or the
M5R-labeled dendrites (Fig. 4). In some cases, however,
dendrites showing differential immunolabeling had
apposed plasmalemmal surfaces and were contacted
by a single common afferent axon terminal (Fig. 2B).
Twenty-one percent of the single M5R-labeled dendrites
(n = 88 of 419) were apposed to DAT-immunoreactive
dendrites (either with or without M5R), establishing a
total number of 134 contacts. In these M5R-immunore-
active dendrites, the labeling did not show any percepti-
ble difference from that present in other dendrites
apposing unlabeled profiles.

DAT immunoreactivity was detected almost exclu-
sively in dendrites (n = 1,446/1,562, 93%) whose sizes
were similar to those containing M5R, according to the
known existence in the VTA of abundant dopaminergic

Figure 2. M5 labeling in DAT and non-DAT labeled dendrites. A:
Immunoperoxidase reaction product for M5 (white block arrow) is
seen within a dendrite (M5-d). The labeling is located beneath an
apparently symmetric synapse (curved arrow) from an unlabeled
axon terminal (ut;). M5-immunoperoxidase is also evident near
the plasma membrane of M5-d in a zone near an apposition with
another unlabeled axon terminal (ut;). B: An M5-labeled dendrite
(M5-d) showing M5-immunogold particles (straight black arrows)
localized to cytoplasmic areas near the plasma membrane. Note
that one M5-immunogold particle is definitely attached to the
postsynaptic density on an asymmetric synapse (curved black
arrow) from an unlabeled axon terminal (ut). The M5-d also con-
tacts a dendrite (DAT+M>5-d) that contains both DAT-immunoper-
oxidase and M5-immunogold. An unlabeled axon terminal (ut)
apposes both the single M5-d and the dual DAT+M5-d. C: M5-
immunogold particles (straight black arrows) are seen within the
cytoplasm of a dendrite (M5+DAT-d) also showing intense immu-
noreactivity for DAT. Note that one of the M5-immunogold par-
ticles is located on tubulovesicles of smooth endoplasmic
reticulum (ser). This dendrite receives a synapse from an unla-
beled terminal (ut). Scale bar = 0.5 um in A-C.
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Figure 3. M5 distribution in neuronal somata. A: M5-immunoperoxidase (white block arrow) is seen in an endomembrane body within a
soma (M5-som). B: M5-immunoperoxidase precipitate (white block arrows) is localized to cytoplasm and cytoplasmic tubulovesicles (tv) in
a neuronal soma (M5-som). C: An M5-immunoreactive soma (M5-som) shows prominent M5-immunogold particles (black straight arrows)
on membranes of endoplasmic reticulum cisterns (RER) and on the plasma membrane. A small dendrite intensely immunoreactive for DAT
(DAT-d) is seen in the adjoining neuropil. Asterisks, astrocytic coverage. D: Moderate DAT-immunoperoxidase deposits (white block arrows)
are present on the cytoplasmic surface of the plasma membrane or near to endomembranes of the Golgi complex (G) in a soma showing
also M5-immunogold particles (black straight arrows) mainly in tubulovesicles (tv) of the endoplasmic reticulum. E: An M5-immunolabeled
soma (M5-som) shows widespread immunogold labeling (black straight arrows) on or near portions of the plasma membrane apposing an
axon terminal (M5-t). The terminal exhibits one plasmalemmal M5-immunogold particle and apposes an adjacent unlabeled terminal (ut).
Scale bar = 0.5 pum in A-E.

neurons with highly branched local dendritic arboriza-
tions, but virtually no dopaminergic terminals (Fig. 4)
(Nirenberg et al., 1997; Garzén et al., 1999). About
one-third of the M5R-immunogold labeled dendrites
(33.2% n = 208 of 627) contained DAT-

immunoperoxidase reaction product (Table 2); con-
versely, 14.4% of the DAT-immunolabeled dendrites
showed M5R labeling (n = 208 of 1,446). M5R subcel-
lular localization in the dual-labeled dendrites showed a
similar distribution to that seen in M5R single-labeled
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Figure 4. M5-immunogold labeling in dendrites with or without DAT. A: M5-immunogold particles (black straight arrows) are seen on the
plasma membrane of a small dendrite devoid of DAT. B: A dually labeled small dendrite (DAT+M?5-d) contains M5-immunogold particles
(black straight arrows) mostly localized on the plasma membrane as well as immunoperoxidase reaction product for DAT (white block
arrows). C: M5-immunogold particles (black straight arrows) are localized within the cytoplasm of a transversally sectioned large dendrite
(M5-d) without expression of DAT. The dendrite is near another large dendrite (DAT+MS5) that shows DAT-immunoperoxidase (white block
arrow) and M5-immunogold. D: An unlabeled axon terminal (ut) makes an asymmetric synapse (black curved arrow) with an M5-immuno-
gold (black straight arrows) labeled dendrite (M5-d). One of the M5-immunogold particles is located near the postsynaptic density of the
established synapse. The plasmalemmal surface of M5-d is also in contact with an adjoining unlabeled dendrite (ud). E: A dual-labeled
dendrite (DAT+M5-d) showing DAT-immunoperoxidase (white block arrows) and M5-immunogold particles (black straight arrows), one of
which is localized on the postsynaptic density of an incoming symmetric synapse (white curved arrow) from an unlabeled terminal (ut1).
Another unlabeled axon terminal (ut,) also provides synaptic input to DAT+M5-d in a distant opposite portion of M5-d plasma membrane.
Scale bar = 0.5 um in A-E.
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Figure 5. Bar graph summarizing the mean *= SE immunogold
densities (number of gold particles per profile) in M5R-single and
dopamine transporter (DAT)+M5R-dual large (>1 pm) or small
(<1 pum) dendrites within the VTA. Mean densities were calcu-
lated based on the numbers obtained from 627 VTA dendrites
(215 large and 412 small) taken from ultrathin sections from 14
Vibratome sections in four rats (2,288 total immunolabeled pro-
files) processed for dual labeling. *, P < 0.05, Fisher’s test for
cytoplasmic versus plasmalemmal subcellular localization.

dendrites (Figs. 2, 4), in that M5R-immunogold in the
dual-labeled dendrites had a sparse and mostly cyto-
plasmic distribution (Fig. 5). Thus, two-way ANOVAs
(factors: subcellular distribution X labeling type)
showed statistically significant variations in the mean
M5R-immunogold density not related to the type of
labeling (distribution: F; ;5 = 25.881, P < 0.0001; dis-
tribution X labeling: Fy .5 = 0.008, P = 0.9283). Fur-
thermore, no statistical diferences were observed in the
M5R-immunogold density between single- and dual-la-
beled dendrites (ANOVA factor, labeling type: Fy .5 =
0.084, P = 0.7736). However, independent ANOVA for
M5R-immunogold localization in the DAT-labeled den-
drites indicated that, in contrast to the M5R-immunola-
beled dendrites not containing DAT, the dual-labeled
DAT+M5R dendrites had significantly higher cytoplas-
mic versus plasmalemmal densities of M5R-immunogold
irrespective of the dendritic size. Thus, this difference
was seen in both large (F1, = 121.199, P < 0.0001)
and small (F;¢ = 40.222, P < 0.0007) dendrites.
Therefore, M5R+DAT dual-immunolabeled dendrites are
a subpopulation of M5R-labeled dendrites in which M5R
immunolabeling density in the cytoplasm is significantly
higher than on the plasma membrane even in the small
dendrites. This is in clear contrast to the single
M5R-immunoreactive small dendrites (F;, = 2.401,

M5 receptors in the rat ventral tegmental area

P = 0.1723). Dendrites that were dual labeled for M5R
and DAT received asymmetric and symmetric inputs
mainly from unlabeled terminals (Figs. 2, 4).

M5R distribution in axons

Axon terminals (n = 102) and small unmyelinated
axons (n = 88) containing M5R-immunogold comprised
around 22% of the total M5R-labeled neuronal proc-
esses in the VTA (Table 2). M5R-gimmunolabeled
unmyelinated axons were <0.2 pum in diameter, rarely
contained small synaptic vesicles, and did not make
recognizable junctions with apposing profiles. These
axons were frequently observed in bundles with other
unlabeled axons in the VTA neuropil (Fig. 6A). A few
isolated myelinated axons (n = 7) also showed cyto-
plasmic M5R immunolabeling (Fig. 6D).

The M5R-immunoreactive terminals were morphologi-
cally heterogeneous in size (0.25-1.2 pm diameter) and
synaptic specialization. These terminals contained
densely packed small synaptic vesicles (40-60 nm in
diameter) and sometimes one or more mitochondria
(Fig. 6). The M5R-immunoperoxidase reaction product
within these terminals appeared as dense homogene-
ous precipitates confined to discrete portions of the
terminal (Fig. 6B). The labeling frequently rimmed clus-
ters of small synaptic vesicles near the perimeter of the
terminal and the cytoplasmic surface of the plasma
membrane, but was usually distant from presynaptic
membrane specializations (Fig. 6F). M5R-immunoperoxi-
dase labeling was localized to vesicles and/or tubulove-
sicles in perisynaptic sites (Fig. 6C,E) or more distant
plasmalemmal segments apposed to glial or axonal
processes (Fig. 6F). Immunogold-silver labeling con-
firmed the cytoplasmic and plasmalemmal localization
of M5R. Thus, 57.8% of the M5R immunogold-silver par-
ticles (n = 118) were seen in the cytoplasm. M5R
immunogold-silver particles were also located primarily
near or in contact with small synaptic vesicles (Fig. 7A).
Because the size of the immunogold particles was usu-
ally larger than the vesicles, no attempt was made to
quantify the frequency of these contacts. Gold-silver
particles identifying M5R in axon terminals were, how-
ever, also detected on the plasma membranes (n = 86;
42.2%), sometimes in the vicinity of synaptic junctions
(Fig. 7B). Almost none of the M5R-immunolabeled ter-
minals expressed DAT immunoreactivity (Table 2).

M5R immunoreactivity in axon terminals
contacting M5R- or DAT-containing dendrites
M5R-immunoreactive axon terminals often apposed
astrocytic profiles (Fig. 6B,C,F), small axons (Fig. 6E,F),
or other axon terminals (Fig. 6). When the M5R-labeled
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Figure 6. M5-immunolabeling in axons and axon terminals. A: M5-immunoperoxidase precipitate is seen within the cytoplasm of transver-
sally sectioned small unmyelinated axons (M5-a) that traverse the neuropil forming bundles with many other unlabeled axons. B: Axon ter-
minal showing a patch of immunoperoxidase labeling for M5 (M5-t;) in small synaptic vesicles contacts two unlabeled axon terminals
(utq). A more conspicuous distribution of M5-immunoperoxidase is seen on the plasma membrane of another axon terminal (M5-t,).
Asterisks indicate surrounding astrocytic processes. C: M5-immunoperoxidase is localized on portions of the plasma membrane in an axon
terminal (M5-t). The terminal is covered by an astrocytic process (asterisk) and located near a contact with an unlabeled dendrite (ud). D:
M5-immunoperoxidase (white block arrows) is observed on the plasma membrane and within the cytoplasm of a myelinated axon (M5-a).
E: Axon terminal (M5-t) showing M5 immunoreactivity (white block arrow) on endomembranes and small synaptic vesicles localized near
or apposed to the plasma membrane. The M5-t forms an asymmetric synapse (black curved arrow) onto an unlabeled dendrite (ud). F: A
dense patch of M5-immunoperoxidase (white block arrow) is observed on the plasma membrane of an axon terminal (M5-t). This terminal
shows extensive glial coverage (asterisks), including the zone adjacent to the M5-peroxidase reaction product. The M5-t makes an asym-
metric synapse (black curved arrow) with a large unlabeled dendrite (ud). g, glia; ua, unlabeled small unmyelinated axon. Scale bar = 0.5
pum in A-F.

terminals formed synapses with dendrites, both pre- (n = 3) dendrites (Figs. 6E,F, 7A,B). The synapses

and postsynaptic elements were frequently ensheathed
by a common glial process (Fig. 6C). Glial processes
also frequently enclosed appositional contacts between
M5R-labeled terminals and other profiles. Some of the
M5R-immunoreactive terminals formed synaptic junc-
tions with either unlabeled (n = 31) or M5R-labeled

established by M5R-immunoreactive terminals were ei-
ther asymmetric (n = 21) or symmetric (n = 17); there
were no statistically significant differences in the area
density of asymmetric versus symmetric synapses
within synapses established between M5R terminals
and either unlabeled (t3 = 2.438; P = 0.093) or
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M5R-labeled (t; = 0.154; P = 0.888) dendrites. In the
few cases observed with M5R localization in both the
pre- and the postsynaptic elements, the M5R-immuno-
reactive axon terminals contained immunogold-silver
particles that were distant from the contacts with the
M5R-labeled dendrites.

Only 18% (n = 18) of the M5R-labeled terminals con-
tacted dendrites containing DAT immunoreactivity (Fig.
7A,C) despite the high prevalence of DAT-immunola-
beled dendrites within the VTA neuropil (n = 1,446).
Most of these contacts were appositional junctions in
which synaptic specializations could not be discerned
in the plane of section, and only in a few cases (n = 4)
were distinct synaptic specializations clearly observed.
DAT-immunolabeled dendrites recipient to M5R-immu-
noreactive terminals received convergent input from
unlabeled terminals, apposed small axons, or were cov-
ered by astrocytic processes, but rarely contacted other
labeled or unlabeled dendrites (Fig. 7).

The MSR-immunoreactive axon terminals frequently
apposed other axon terminals that did not contain im-
munoreactivity for either M5R or DAT (Fig. 6B); in many
cases both the unlabeled and the M5R-labeled axon ter-
minals contacted a common target dendrite (Fig. 6E,F).
In these terminals M5R immunolabeling was localized
on sectors of the plasma membrane distant from the
unlabeled apposing terminals (Fig. 6E,F).

M5R immunolabeling in glial profiles

M5R immunoreactivity was detected in glial profiles
as defined by their irregular contours and/or intermedi-
ate filaments in the VTA. However, these profiles com-
prised only 5.3% (n = 50) of the total M5R-
immunoreactive processes in the VTA. Immunoperoxi-
dase (Fig. 7E,F) labeling for M5R or immunogold-silver
particles (Fig. 7C) were observed mainly along seg-
ments of glial plasma membranes. Labeled astrocytic
plasma membranes often apposed or wrapped unla-
beled dendrites (Fig. 7D) or terminals (Fig 7E,F). In
dual-labeled tissue, glial processes labeled for M5R
were not seen often in contact with DAT-labeled
dendrites.

Comparison of M5R and DAT distributions
There were significant differences in the number of
DAT, M5R, and DAT+M5R immunolabeled profiles per
analyzed unit area (ANOVA: F, 39 = 15.053, P < 0.001;
mean = SEM values: DAT, 0.102 = 0.017 profiles/
um? M5R, 0.055 + 0.009 profiles/um? DAT+M5R,
0.016 = 0.003 profiles/umz). However, there were no
statistically significant variations among different ani-
mals in the inmunolabeling area density for either of
these labeled profiles (DAT, F3 10 = 0.517, P = 0.68;
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M5R, F310 = 0.824, P = 0.51; dual DAT+MB5R,
Fs10 = 0.652, P = 0.60). Nested ANOVAs also indi-
cated statistically significant differences in the distribu-
tion of M5R immunolabeling in specific subcellular
compartments (ANOVA factor, profile type: F¢266 =
505.118, P < 0.0001), but an absence of significant
differences among animals was detected in those distri-
butions (ANOVA profile type X animal: F1g 266 = 0.469,
P = 0.9692).

DISCUSSION

The results of the present study show for the first
time ultrastructural evidence that in the rat VTA the
M5R muscarinic receptor has both a plasmalemmal and
endomembrane distribution extensively localized to den-
drites, many of which are dopaminergic. Moreover, we
demonstrate that these dendrites receive asymmetric
and/or symmetric synaptic input mainly from unlabeled
terminals and also appose DAT-labeled dendrites or
axons. These results indicate that postsynaptic den-
drites of dopaminergic neurons are major potential tar-
gets for M5R activation in the VTA. They also reveal,
however, that M5R activation may occur even more fre-
quently in distal dendrites that are either nondopami-
nergic or lack detectable DAT. Non-DAT-containing
axons and glial profiles are also identified as potential
targets for activation of the M5R. The observed distribu-
tion of M5R, together with previous findings on M2R
localization, suggest a highly complex cholinergic regu-
lation of VTA neurons through activation of multiple
muscarinic receptor subtypes at distinct cellular
domains in transmitter-specific neurons as well as glia.
This suggests diverse modulatory mechanisms that con-
tribute to muscarinic-induced activation of mesolimbic
neurons in the VTA.

Methodological considerations

The characterization of the DAT antiserum used in
this study has been previously reported (Ciliax et al.,
1999). This antiserum shows a high specificity for the
antigenic DAT peptide in multiple brain regions includ-
ing the VTA (Ciliax et al., 1999; Svingos et al., 1999,
2001; Gonzalez-Hernandez et al., 2004; Garzén and
Pickel, 2006). We employed DAT as a marker for DA
neurons because it selectively localizes sites for DA
reuptake/release and psychostimulant binding directly
involved in DA-mediated reward. DAT is less sensitive
than the DA-synthesizing enzyme tyrosine hydroxylase
for identification of DA phenotype in mesocortical axons
at the ultrastructural level (Sesack et al., 1998; Lewis
et al.,, 2001) and this may reflect reduced somatoden-
dritc expression of DAT in VTA mesocortical neurons
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Figure 7. M5-immunogold labeling in axon terminals and glial processes. A: Axon terminal showing immunogold particles (black straight
arrows) for M5 (M5-t) makes an asymmetric synapse (black curved arrow) with an unlabeled dendrite (ud). The terminal also apposes an
intense DAT-immunoperoxidase labeled dendrite (DAT-d) and an M5-immunogold labeled dendrite (M5-d). B: M5-immunogold particles (black
straight arrows) are localized to small synaptic vesicles (ssv) within an M5-immunolabeled terminal (M5-t;). The M5-immunogold is also seen
on the presynaptic side of an asymmetric synapse (black curved arrow) made with an unlabeled dendrite (ud). This dendrite contacts another
M5-immunoreactive terminal (M5-t;) showing both plasmalemmal and cytoplasmic M5-immunogold particles (black straight arrows). C: M5-
immunogold particles (black straight arrows) are seen in an axon terminal (M5-t) making contact with a dendrite containing DAT-immunoper-
oxidase (DAT-d). The M5-t is wrapped by an astrocytic expansion showing M5-immunogold particles (M5-g) and an unlabeled astrocytic pro-
file (asterisks). D: M5-immunoperoxidase reaction product (white block arrow) neatly rims the plasma membrane of an astrocytic process
(M5-g). The labeled process is immersed among other unlabeled profiles (ut, unlabeled terminal; ud, unlabeled dendrite) within the neuropil.
E: M5-immunoperoxidase is prevalently distributed on the inner surface of the plasma membrane (white block arrow) in an astrocytic profile
(M5-g). A gap junction (white block arrow) is seen between the M5-g and an adjacent astrocytic process (asterisks). M5-g also apposes an
unlabeled terminal (ut) and an unlabeled dendrite (ud). F: An astrocytic leaflet extension (M5-g) containing M5 immunolabeling (white block
arrows) wraps partially around the surface of an unlabeled axon terminal (ut). Scale bar = 0.5 um in A-F.




(Ciliax et al., 1995). However, this is not the case
for mesolimbic neurons that are mainly involved in
M5R-mediated actions. Also, DAT has proved to be a
sensitive marker for VTA DA somata and dendrites in
previous ultrastructural studies (Nirenberg et al., 1997).
The M5R-immunogold labeling was located on the cyto-
plasmic surfaces of plasma membranes, in agreement
with the recognition of the i3 intracellular loop of the
human cloned M5R gene including the peptidic
sequence against which the antiserum was raised (Bon-
ner et al., 1987). Finally, specificity of M5R labeling in
the present study is also supported by: 1) absence of
labeling in negative control experiments with omission
of the M5R antiserum; 2) background control experi-
ments with substitution of the secondary antiserum;
and 3) absence of labeling in M5R knockout mice.

Pre-embedding immunocytochemistry achieves good
ultrastructural preservation of the tissue and ensures
the identification of antigens that are sensitive to plastic
embedding, but has limited penetration of immunore-
agents (Leranth and Pickel, 1989). Thus, differential pen-
etration of gold versus peroxidase in dual-labeling
procedures may contribute to an underestimation of the
number of labeled profiles and/or frequency of associa-
tions. Therefore, to achieve valuable quantitative analy-
sis of dual labeling in sections processed before plastic
embedding, and to minimize the probability of false neg-
atives, we: 1) freeze-thawed the tissue sections to
enhance penetration of immunoreagents; and 2) only
collected ultrathin sections near the resin-tissue inter-
face, which has the most complete access to immunore-
agents. We also used the immunoperoxidase and
immunogold-silver markers for M5R receptor detection
in order to obtain more optimal information on both sub-
cellular distribution and frequency of associations. In
most cases, only a few immunogold particles were
observed in neuronal profiles that were considered to be
labeled for either antigen. This is a coherent approach
only in samples of tissue such as those used in this
study, in which structures such as myelin show few, if
any, stray gold particles, and there was equivalence
between the subcellular localization seen with immuno-
gold and immunoperoxidase markers. 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 M5R and DAT, they provide a good relative
comparison of the cellular and subcellular distribution of
the labeling patterns.

Somatodendritic localization of M5R
Immunogold-silver particles for M5R were readily
detected in selective neuronal perikarya, inclusive of
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almost all somata labeled for DAT. These data are con-
sistent with previous in situ hybridization studies report-
ing that M5 mRNA is present in large cells of midbrain
dopaminergic regions (Vilard et al., 1990; Weiner et al.,
1990). Our data, however, indicate that non-DA neurons
may also express M5R. The presence of M5R labeling
in somata and dendrites that lack detectable DAT
implies that M5R activation in the VTA may also play a
role in controlling the postsynaptic activity of non-DA
neurons. However, the diferential surface expression of
DAT and M5R suggests that compartmentation of these
proteins within DA neurons may account for the sepa-
rate distributions.

The present observation of M5R localization mainly
on endomembranes in somata and large dendrites sug-
gests the participation of those organelles in the syn-
thesis, transport, recycling, and/or internalization of the
receptors from functional sites on the plasma mem-
brane (Stowell and Craig, 1999; Achour et al., 2008).
Availability of muscarinic receptors is known to be
downregulated by internalization of receptors in early
endosomes after binding to specific ligands (Bernard
et al., 1998, 2006; van Koppen, 2001; Bendor et al.,
2010; Thangaraju and Sawyer, 2011). Our results sug-
gest, therefore, that somata are not likely to be a com-
mon site for binding of M5R agonists in the VTA given
the low expression of M5R on their plasma membrane,
but rather a compartment for synthesis and sorting of
M5R. The cytoplasmic distribution of M5R in VTA
somata thus suggests that the receptors may be in a
nonfunctional reservoir compartment where they are
recruitable for rapid mobilization to required activation
sites on distal dendrites. Also, cytoplasmic M5R local-
ization may denote trafficking to terminal fields in corti-
cal and limbic territories, where MB5R activation
modulates presynaptic transmitter release (Vannucchi
and Pepeu, 1995; Yeomans, 2012). Abundant evidence
exists for presynaptic M5R-mediated DA release in
striatal terminals of VTA neurons (Yamada et al., 2001,
Kuroiwa et al., 2012; Zhang et al., 2012b), and mecha-
nisms have been described for activity-induced M5R
endocytic recycling in those terminals (Bendor et al.,
2010). Recent data suggest that this M5R-mediated
presynaptic DA release depends not only on receptor
activation in NAc mesolimbic DA axon terminals, but
mainly on M4-type muscarinic receptors located on
NAc cholinergic interneurons, which autoregulate ace-
tylcholine release and subsequent cholinergic signaling
(Liste et al., 2003; Threlfell et al., 2010). To our knowl-
edge, M5R activation in cortical DA axons has not yet
been reported.

M5R distribution on plasma membranes of dendrites
suggests rapid activation after acute occupation by
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ligands (Xu et al., 2007). Furthermore, M5R activation
in the VTA is necessary to produce the tonic excitation
and prolonged mesolimbic NAc DA release that sustains
rewarding brain stimulation and motivational behaviors
(Yeomans et al., 2001; Forster et al.,, 2002; Miller and
Blaha, 2005). Our observation of higher plasmalemmal
M5R localization in dendritic profiles that did not
express DAT suggests that nondopaminergic neurons,
most probably y-aminobutyric acid (GABA)ergic (Stef-
fensen et al., 1998), are also a potential target for M5R
activation in the VTA. Similar results on a higher trend
for plasmalemmal versus cytoplasmic localization in dis-
tal dendrites of non-DA neurons have been described
previously for the M2R subtype (Garzén and Pickel,
2006). The GABAergic neurons in the VTA comprise
local circuit neurons and projection neurons of the mes-
ocorticolimbic pathway (Van Bockstaele and Pickel,
1995; Steffensen et al., 1998; Carr and Sesack, 2000).
Thus, a postsynaptic action mediated through M5R in
these neurons could significantly affect the activity of
VTA neurons as well as their cortical and limbic targets.
Alternatively, however, we cannot exclude the possibil-
ity that small distal dendrites have a more limited den-
dritic release of DA and therefore less demand for
expression levels of DAT, even though small dendrites
are known to express both DAT and tyrosine hydroxy-
lase (Nirenberg et al., 1997; Pickel et al., 2002).

Axonal localization of M5R

The observation of M5R labeling mainly in non-DA
axonal profiles that make asymmetric or symmetric syn-
apses in the VTA is consistent with a primary involve-
ment of M5R in the release of, respectively, excitatory
(Grillner et al., 1999; Grillner and Mercuri, 2002) or in-
hibitory (Grillner et al., 2000; Michel et al., 2004;
Gonzalez et al., 2011) neurotransmitters other than DA
in this region. Although both actions are assumed to
involve preferentially muscarinic receptors of the sub-
type M3, a subsidiary M5R participation could not be
excluded because of the lack of M5R-selective antago-
nists (Grillner and Mercuri, 2002; Michel et al., 2004).
The VTA is enriched in glutamate-containing axons origi-
nating in the cerebral cortex and numerous subcortical
structures (Parent et al., 1999; Geisler et al., 2007)
including the mesopontine cholinergic nuclei (Charara
et al., 1996; Smith et al.,, 1996), as well as in intrinsic
VTA glutamatergic neurons (Dobi et al., 2010). Similarly,
striatal and pallidal neurons provide the VTA with abun-
dant GABA terminals (Bayer and Pickel, 1991; Sesack
and Pickel, 1995), whose inhibitory action could be
increased by M5R activation of GABA terminals present
in the VTA. Overall, our data suggest that M5Rs are pu-
tative sites for the alleged presynaptic muscarinic-

mediated activation of excitatory glutamate or inhibitory
GABA inputs modulating the postsynaptic excitability of
VTA neurons (Miller and Blaha, 2005). Also, because
cholinergic axon terminals have a strong excitatory
drive within the VTA (Lacey et al., 1990; Blaha et al.,
1996; 1999), we cannot exclude the possibility that
some of our M5R-labeled terminals belong to mesopon-
tine cholinergic neurons involved in mesocorticolimbic
activation (Garzén and Pickel, 2000; Yeomans, 1995,
2012).

Glial localization of M5R

Localization of muscarinic receptors to glial cells has
been previously described (for review, see Porter and
McCarthy, 1997). No definitive clue is available yet as
to the specific muscarinic receptor subtypes present in
glial cells in the VTA, although a previous study showed
a subtle M2R immunolabeling (Garzén and Pickel,
2006). In hippocampal slices, muscarinic activation
increases intracellular calcium concentration in astro-
cytes in situ that is blocked by the muscarinic antago-
nist pirenzepine (Shelton and McCarthy, 2000; Araque
et al., 2002). Because, in addition to M1R, pirenzepine
antagonizes, albeit with lesser power, all muscarinic
Gayg/11-coupled receptors (M1/M3/M5) (Augelli-Szafran
et al.,, 1999), a role for M5R in intracellular calcium mo-
bilization resulting from neuronal-glial communication
can be hypothesized.

Functional implications

The present results provide new insights into the sub-
cellular sites responsible for M5R-mediated control of
mesocorticolimbic reward behaviors (Yeomans et al.,
2000, 2001; Basile et al., 2002; Zhang et al., 2002a;
Yamada et al., 2003; Fink-Jensen et al., 2003; Thomsen
et al.,, 2005, 2007; Liu et al., 2007a; Steidl and Yeo-
mans, 2009; Schmidt et al.,, 2010). Our findings are
consistent with VTA M5R involvement in both natural-
and drug-rewarding behaviors, most likely by stimulating
mesolimbic DA release (Forster et al., 2002; Yamada
et al,, 2003). M5R inactivation attenuates reward and
withdrawal manifestations to opioids (Basile et al.,
2002; Miller et al., 2005; Liu et al., 2007a; Steidl and
Yeomans, 2009; Steidl et al., 2011) or cocaine (Fink-
Jensen et al., 2003; Thomsen et al., 2005; Lester et al.,
2010).

In addition, our demonstration of M5R targeting to
DAT-containing dendrites of the VTA may help substan-
tiate the proposed implication of M5R in schizophrenia
(Wang et al., 2004). Interference with M5R activation in
VTA dopaminergic neurons accounts for the decreased
prepulse inhibition observed in M5R-deficient mice
(Thomsen et al., 2007). Together, these data support
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the well-known antipsychotic effects of some musca-
rinic drugs. Furthermore, direct haplotype analysis evi-
dence exists linking M5R and schizophrenia (De Luca
et al., 2004).
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