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Abstract

Muscarinic neurotransmission in the anterior basolateral amygdalar nucleus (BLa) mediated by the
M1 receptor (M1R) is critical for memory consolidation. Although knowledge of the subcellular
localization of M1R in the BLa would contribute to an understanding of cholinergic mechanisms
involved in mnemonic function, there have been no ultrastructural studies of this receptor in the
BLa. In the present investigation immunocytochemistry at the electron microscopic level was used
to determine which structures in the BLa express M1R. The innervation of these structures by
cholinergic axons expressing the vesicular acetylcholine transporter (VACHhT) was also studied.
All perikarya of pyramidal neurons were labeled, and about 90% of dendritic shafts and 60% of
dendritic spines were M1R+. Some dendrites had spines suggesting that they belonged to
pyramidal cells, whereas others had morphological features typical of interneurons. M1R
immunoreactivity (M1R-ir) was also seen in axon terminals, most of which formed asymmetrical
synapses. The main targets of M1R+ terminals forming asymmetrical synapses were dendritic
spines, most of which were M1R+. The main targets of M1R+ terminals forming symmetrical
synapses were M1R+ perikarya and dendritic shafts. About three-quarters of VAChT+ cholinergic
terminals formed synapses; the main postsynaptic targets were M1R+ dendritic shafts and spines.
In some cases M1R-ir was seen near the postsynaptic membrane of these processes, but in other
cases it was found outside of the active zone of VAChT+ synapses. These findings suggest that
M1R mechanisms in the BLa are complex, involving both postsynaptic effects as well as
regulating release of neurotransmitters from presynaptic terminals.
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INTRODUCTION

The basolateral nuclear complex of the amygdala (BLC) has some of the highest levels of
choline acetyltransferase (ChAT; the synthetic enzyme for acetylcholine) and
acetylcholinesterase (the catabolic enzyme for acetylcholine) in the entire brain (Ben-Ari et
al., 1977; Girgis, 1980; Svendsen and Bird, 1985; Hellendall et al., 1986; Amaral and
Bassett, 1989). Studies combining ChAT immunohistochemistry with retrograde tract
tracing have demonstrated that the cholinergic basal forebrain, especially the Ch4 group in
the substantia innominata, is the main source of these robust cholinergic inputs to the
amygdala in both rodents (Mesulam et al., 1983a; Woolf et al., 1984, Carlsen et al., 1985;
Zaborsky et al., 1986; Rao et al., 1987) and primates (Mesulam et al., 1983b; Koliatsos et
al., 1988; Kordower et al., 1989). Recent studies have shown that acetylcholine is critical for
mnemonic functions performed by the BLC (McGaugh, 2004). Although cholinergic inputs
to the BLC are associated with both nicotinic and muscarinic receptors, most studies of
memory consolidation utilized muscarinic antagonists (Power et al., 2003a). Posttraining
infusions of muscarinic cholinergic antagonists into the BLC, or lesions of the portions of
the basal forebrain cholinergic system projecting to the amygdala, produce impairments in
several types of emotional/motivational learning including inhibitory avoidance, contextual
fear conditioning, food reward magnitude learning, conditioned place preference, and drug-
stimulus learning (Power et al., 2003a). In fact, it has been suggested that the degeneration
of the cholinergic projections to the BLC in Alzheimer’s disease may be at least as
important for the memory disturbances seen in this disorder as the cholinergic projections to
the cortex (Kordower et al., 1989; Power et al., 2003a).

Power and colleagues demonstrated that activation of both M1 and M2 muscarinic receptors
in the anterior basolateral nucleus (BLa) of the rat BLC is needed for memory consolidation
functions performed by this brain region (Power et al., 2003b). Although knowledge of the
cellular and subcellular localization of these receptors in the BLa is critical for
understanding the actions of acetylcholine involved in consolidation of memory, previous
receptor binding autoradiographic studies and film-based in situ hybridization studies lacked
the resolution necessary to identify which neurons and synapses in the BLa express different
muscarinic receptor subtypes. Likewise, electrophysiological investigations of neuronal
responses to muscarinic drugs have been hampered by the lack of receptor subtype specific
agonists and antagonists (Ehlert et al., 1995). However, the development of antibodies to
specific muscarinic receptor subtypes has permitted immunohistochemical localization of
these receptor proteins at the light and electron microscopic levels (Levey et al., 1991;
Mrzljak et al., 1993, Rouse et al., 1998; Disney et al., 2006). Pharmacological studies have
found at least 4 muscarinic receptor subtypes (designated by upper case letters as M1-M4),
whereas molecular biological techniques have identified 5 distinct subtypes (designated by
lower case letters as m1-m5) (Ehlert et al., 1995). In the present study we performed an
ultrastructural analysis using an m1 receptor subtype specific antibody. For convenience,
this receptor will be abbreviated “M1R”, with the understanding that it is actually the m1
molecular subtype that was localized.

The initial immunohistochemical study of the rat forebrain revealed that the M1R was the
predominant muscarinic receptor subtype in the amygdala, but no details of the nuclear or
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neuronal localization of these receptors was provided (Levey et al., 1991). We recently
examined the distribution of M1R immunoreactivity (M1R-ir) in the amygdala in more
detail and observed that the highest levels were in the BLa (McDonald and Mascagni, 2010).
This study also revealed that there was robust M1R immunoreactivity in the somata of
pyramidal neurons, the principal neurons of the BLa, and little or no M1R-ir in the somata
of most interneurons. The neuropil of the BLa had very high levels of punctate M1R-ir, but
the nature of these labeled structures could not be resolved in this light microscopic study.
The present investigation is the first electron microscopic investigation of the ultrastructural
localization of M1R in the BLa. In addition, the cholinergic innervation of M1R-ir structures
was investigated using immunocytochemistry for the vesicular acetylcholine transporter
protein (VAChT) to identify cholinergic axons.

MATERIALS AND METHODS

Light microscopic immunohistochemistry

Slides from a prior light and confocal microscopic study of M1R in the BLa (McDonald and
Mascagni, 2010) were used to illustrate the distribution of this receptor in the perikarya and
neuropil of the BLa at the light microscopic level (see Fig. 1 of the present study).
Localization of the M1R muscarinic cholinergic receptor was performed using the avidin-
biotin immunoperoxidase (ABC) technique. Nickel-enhanced DAB (3, 3'-
diaminobenzidine-4HCI, Sigma Chemical Co.) was used as a chromogen to generate a black
reaction product (Hancock, 1986). In other rats localization of M1R was performed using
immunofluorescence techniques (see McDonald and Mascagni, 2010 for methodological
details of both techniques). The same M1R antibody used in these previous light
microscopic studies was also used in the present electron microscopic study.

Tissue preparation for electron microscopy

All experiments were performed in male Sprague-Dawley rats (250-350 g; Harlan) and
were carried out in accordance with the principles of laboratory animal care (NIH
publication no. 86-23, revised 1985). All procedures were approved by the University of
South Carolina Institutional Animal Care and Use Committee. Rats were anesthetized with
chloral hydrate (350 mg/kg), and perfused intracardially with phosphate buffered saline
(PBS; pH 7.4) containing .5% sodium nitrite (50 ml) followed by an acrolein/
paraformaldehyde mixture (2.0% paraformaldehyde-3.75% acrolein in phosphate buffer
(PB) for 1 minute, followed by 2.0% paraformaldehyde in PB for 30 minutes). Following
removal, brains were postfixed in 2.0% paraformaldehyde for 1 hour and sectioned on a
vibratome in the coronal plane at 60 um. Sections were rinsed in 1.0% borohydride in PB for
30 minutes and then rinsed thoroughly in several changes of PB for 1 hour. Sections were
then cryoprotected in 30% sucrose in PB for 3 hr, followed by three cycles of freeze-thaw
over liquid nitrogen in order to increase antibody penetration. They were then processed for
immunocytochemistry in the wells of tissue culture plates.

Single-labeling electron microscopic immunocytochemistry for M1R

Single-label electron microscopic immunocytochemistry using a nickel-intensified DAB
immunoperoxidase method was performed in 5 rats to analyze the ultrastructural localization
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of M1R in the anterior subdivision of the basolateral nucleus (BLa; bregma levels -2.1
through -2.6; Paxinos and Watson, 1997). The BLa was chosen for study because it receives
the densest cholinergic innervation in the amygdala, and since M1R in the BLa is known to
be critical for memory consolidation of emotionally arousing experiences (McGaugh, 2004).
Sections through the BLa were incubated in a rabbit polyclonal antibody to M1R (1:250-
400; Sigma Chemical Company, St. Louis, MO) for 36 hrs at 4° C in PBS containing 1%
normal donkey serum (NDS) and 2% bovine serum albumin (BSA), and then processed
using a biotinylated donkey anti-rabbit secondary antibody (1:200; Jackson
ImmunoResearch Laboratories) and a Vectastain Standard ABC kit (Vector Laboratories,
Burlingame, CA) with nickel-enhanced DAB (3, 3'-diaminobenzidine-4HCI, Sigma) as a
chromogen to generate a black reaction product (Hancock, 1986). Sections were then
postfixed in 2% osmium tetroxide in 0.16 M sodium cacodylate buffer (pH 7.4) for 1 hr,
dehydrated in graded ethanols and acetone, and flat embedded in Polybed 812
(Polysciences, Warrington, PA) in slide molds between sheets of Aclar (Ted Pella, Redding,
CA). Silver thin-sections were collected on formvar-coated slot grids, stained with uranyl
acetate and lead citrate, and examined with a JEOL-200CX electron microscope.
Micrographs were taken with an AMT XR40 digital camera system (Advanced Microscopy
Techniques, Danvers, MA). For publication, figures were then assembled, labeled and their
components' tonal ranges adjusted and matched using Adobe Photoshop 6.0.

Electron microscopic double-label immunocytochemistry

Electron microscopic immunocytochemistry using a sequential dual-labeling
immunoperoxidase method (Muller et al., 2006) was utilized in 6 rats to examine the
synaptic relationships of cholinergic axon terminals to M1R+ structures. A goat polyclonal
antibody to the vesicular acetylcholine transporter (VACHhT; ImmunoStar, Hudson, WI) was
used to label cholinergic axons (Weihe et al., 1996; Gilmor et al., 1996). Sections were
incubated for 36 hrs at 4° C in the rabbit M1R antibody (1:100) diluted in PBS containing
3% NDS and 1% BSA, and processed using a biotinylated donkey anti-rabbit secondary
antibody (1:200; Jackson ImmunoResearch Laboratories) for 1 hr and a Vectastain Elite
ABC kit (Vector Laboratories). M1R immunoreactivity was then visualized using a Vector
VIP (Very Intense Purple) peroxidase substrate kit (V-VIP; Vector Laboratories). This
procedure yields a reaction product that appears purple in the light microscope, and granular
or particulate in the electron microscope (Smiley et al., 1997; Van Haeften and Wouterlood,
2000; Muller et al., 2006). After rinsing, sections were incubated in an avidin/biotin
blocking solution (avidin/biotin blocking kit, VVector Laboratories). Sections were then
incubated for 36 hrs at 4°C in a goat VAChT antibody (1:4,000) in PBS containing 3% NDS
and 1% BSA, and processed using a biotinylated donkey anti-goat secondary antibody
(1:300; Jackson ImmunoResearch Laboratories) for 1 hr and a Vectastain Standard ABC kit
(Vector Laboratories) with non-intensified DAB as the chromogen to produce a brown
reaction product. Sections were then processed for electron microscopy as described above.
Light and electron microscopic examination of sections processed using this dual-labeling
DAB/V-VIP immunoperoxidase method, but with one of the two primary antibodies
omitted, produced no reaction product for the chromogen associated with the omitted
antibody.
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Profiles were identified as perikarya, axon initial segments, large-caliber dendrites (>1 pm),
small-caliber dendrites (<1 um), dendritic spines, and axon terminals using established
morphological criteria (Peters et al., 1991). For both single and double-label preparations,
one or two vibratome sections were chosen from each brain that was selected for
quantitative analysis. Serial sections were analyzed and often followed on consecutive grids.
Serial sections were helpful for verifying label in small and lightly immunoreactive
structures, and determining the synaptic nature of contacts. In the single-labeled nickel-
intensified DAB material, M1R-positive and M1R-negative dendrites and spines were tallied
and pooled from the two brains judged to have the best ultrastructural preservation and
immunohistochemistry for M1R. For each vibratome section, areas that exhibited the best
morphology and immunohistochemistry were chosen within a single thin section, and then
all M1R-positive and M1R-negative dendrites and spines were counted in that area, and
followed serially only to ascertain identification and label. This analysis provided an
estimate of the percentage of dendrites and spines that were M1R+.

M1R+ axon terminals forming asymmetrical (presumptive excitatory) synapses or
symmetrical (predominantly inhibitory) synapses were counted in both the single-labeled
nickel-intensified DAB material, as well as in the M1R/VACHT dual-labeled material (in
which M1R was visualized using the V-VIP chromogen), and the postsynaptic targets of
these terminals, as well as whether they were M1R-positive or negative, were noted. In both
preparations, the distribution of M1R+ terminals was not uniform; some regions had few
M1R+ terminals and other regions had several M1R+ terminals in close proximity.
Therefore in order to get a general survey of M1R+ terminals and their targets, areas for
analysis were selected from a variety of neuropilar compartments (e.g., different areas
exhibiting a predominance of perikarya, small-caliber dendrites or large-caliber dendrites).
For both techniques, counts were tallied and pooled from the two brains judged to have the
best ultrastructural preservation and immunohistochemistry for M1R. Synapses were
identified using standard criteria: 1) parallel presynaptic and postsynaptic membranes
exhibiting membrane thickenings, 2) a synaptic cleft containing dense material, and 3)
clustered synaptic vesicles associated with the presynaptic membrane (Peters et al., 1991).
Asymmetrical and symmetrical synapses were identified based on the presence or absence,
respectively, of a prominent postsynaptic density and on the relative widths of their synaptic
clefts. Whereas synaptic clefts of asymmetrical synapses are typically 20 nm wide,
symmetrical synapses have a much narrower synaptic cleft that is only about 12 nm wide
(Peters et al., 1991).

The cholinergic innervation of M1R-ir structures was investigated in the M1R/VVAChT dual-
labeled material. Data analysis focused on the synaptic contacts formed by VAChT+ axon
terminals with M1R-positive and M1R-negative structures in the two brains judged to have
the best ultrastructural preservation and immunohistochemistry for VAChT and M1R.
VAChT+ axon terminals were followed through serial sections and the postsynaptic targets
of these terminals, as well as whether they were M1R-positive or negative, were noted.
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Antibody Specifity
Table 1 provides a list of primary antibodies used in this study. The m1R antibody (catalog #
M-9808; Sigma Chemical Co) was raised in rabbit to a highly purified GST fusion protein of
a part of the third intracellular loop of the human m1 receptor corresponding to amino acids
227-353. This part of the third intracellular loop shows virtually no sequence homology
with other muscarinic receptor subtypes, but is homologous between species (Bonner et al.,
1987). The specificity of this antibody for the m1R has been previously established (Levey
etal., 1991). Immunoblotting demonstrated a protein band that was distinct from other
muscarinic receptor subtypes. Immunoprecipitation experiments demonstrated that this
antiserum only bound the m1R receptor subtype. Preadsorption of the antiserum with the
third intracellular loop fusion protein blocked antibody binding.

The VAChT antibody (catalog# 24286, ImmunoStar, Hudson, WI) was raised in goat using
a synthetic carboxy-terminal 20-amino-acid sequence (511-530) from the cloned rat
VAChHT as an immunogen, and has previously been characterized (Arvidsson et al., 1997).
The antiserum immunohistochemically stains CV-1 cells transfected with rat VAChT
cDNA, but not vesicular monoamine transporter-2 (VMAT-2) cDNA (Arvidsson et al.,
1997). VAChT immunoreactivity was also seen in cells that are known to express the
protein, such as PC12 cells and cultured spinal motoneurons. Preadsorption of the antiserum
with the immunizing peptide completely abolished immunostaining (Arvidsson et al., 1997).

RESULTS

Light microscopic examination revealed that M1R-immunoreactivity (M1R-ir) in the
amygdala was dense in the basolateral nuclear complex and most robust in the BLa (Fig.
1A). There was strong perikaryal staining as well as significant neuropilar labeling in the
BLa (Figs. 1B, C). Virtually all of the perikaryal staining appeared to be confined to
pyramidal cells.

Electron microscopic examination of sections stained using nickel-intensified DAB (Ni-
DAB) confirmed that M1R-ir was located in perikarya of presumptive pyramidal cells, and
also demonstrated that there were a variety of M1R+ structures in the neuropil (Fig. 2). In
these preparations, M1R-ir in perikarya was generally diffuse, and found associated with the
endoplasmic reticulum and Golgi apparatus, as well as near the plasma membranes (Fig.
2C). Counts of dendritic structures revealed that 94% (46/49) of large-caliber dendrites (> 1
um), 90% (189/210) of small-caliber dendrites (< 1 um), and 57% (109/190) of spines were
M1R+. The cell types of origin of most of the M1R+ dendrites could not be determined
based on their morphology, although the presence of spines on some of the dendrites (Fig.
2A) suggested that they might belong to pyramidal cells. However, a few M1R+ dendritic
shafts received multiple asymmetrical synapses typical of BLa interneuronal dendrites
(Muller et al., 2011) (Fig. 2B). Much of the DAB reaction product in dendrites and spines
was cytoplasmic. In dendrites this label was associated with microtubules and outer
mitochondrial membranes, but in many dendrites and spines there was also M1R-ir at or
near the plasma membrane as well (Figs. 2, 3). Similar subcellular localization of M1R-ir in
perikarya and dendrites was seen in preparations where particulate V-VIP was used as the
chromogen (Figs. 4- 9).
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Many M1R+ axon terminals were seen in the neuropil in both Ni-DAB (Figs. 2 and 3) and
V-VIP preparations (Figs. 4— 6). In sections stained using Ni-DAB as a chromogen, 90%
(135/151) of the M1R+ terminals formed asymmetrical synapses, and 10% (15/151) formed
symmetrical synapses. In sections stained using V-VIP as a chromogen for visualizing M1R-
ir, 79% (124/157) of the M1R+ terminals formed asymmetrical synapses, and 21% (33/157)
formed symmetrical synapses (VAChT+ terminals stained with DAB in this V-VIP/DAB
dual-labeled material were disregarded in these counts). M1R+ terminals in the Ni-DAB
material typically had flocculent staining along the membranes of synaptic vesicles and
mitochondria, as well as more concentrated reaction product adjacent to the active zone of
the presynaptic membrane (Figs. 2 and 3). Most of the M1R+ terminals in the V-VIP
material had concentrated particulate reaction product at or near the active zone of the
presynaptic membrane, but occasional non-plasmalemmal-associated particles were also
seen (Figs. 4— 6). The postsynaptic targets of M1R+ terminals were fairly similar among the
four brains used for quantitation, although the incidence of certain target structures, such as
perikarya and large dendrites, varied in the fields surveyed in different brains. As shown in
Table 2, combined counts from the Ni-DAB and V-VIP preparations revealed that the
postsynaptic targets of M1R+ terminals forming asymmetric synapses were as follows: 1.2%
(3/260) were perikarya (all of which were M1R+), 7.3% (19/260) were large-caliber
dendrites (all of which were M1R+), 18.1% (47/260) were small-caliber dendrites (93.6% of
which were M1R+), and 73.5% (191/260) were spines (88.0% of which were M1R+). As
shown in Table 3, the postsynaptic targets of M1R+ terminals forming symmetric synapses
in these fields were as follows: 39.6% (19/48) were perikarya or axon initial segments (14
perikarya and 5 axon initial segments [Fig. 5B], all of which were M1R+), 8.3% (4/48) were
large-caliber dendrites (all of which were M1R+), 41.7% (20/48) were small-caliber
dendrites (all of which were M1R+), and 10.4% (5/48) were spines (60.0% of which were
M1R+). Thus, the main targets of M1R+ terminals forming asymmetrical synapses were
M1R+ spines, whereas the main targets of M1R+ terminals forming symmetrical synapses
were M1R+ perikarya/axon initial segments and small-caliber dendrites.

Some M1R+ terminals forming symmetrical synapses were very large and had numerous
synaptic vesicles and mitochondrial profiles, characteristic of the distinctive type 1 axon
terminals of GABAergic basal forebrain afferents to the BLa (McDonald et al., 2011). These
terminals were seen forming synapses with M1R+ perikarya and dendrites (Figs. 2C, 6;
compare to McDonald et al., 2011: Figs. 5- 7).

In tissue dual-labeled for M1R and VAChT (using V-VIP and DAB as chromogens,
respectively) a total of 109 VAChT+ cholinergic axon terminals were reconstructed from
serial thin sections (n = 4-10 thin sections per terminal). 76% (83/109) of these VAChT+
terminals formed at least one synapse, all of which were symmetrical. Of the 99 synapses
formed by these 83 terminals, 3.0% (3/99) were with perikarya (all of which were M1R+),
5.1% (5/99) were with large-caliber dendrites (all of which were M1R+), 41.4% (41/99)
were with small-caliber dendrites (all of which were M1R+), and 50.5% (50/99) were with
spines (86.0% of which were M1R+) (Table 4). Thus, the main postsynaptic targets of
VAChT+ cholinergic terminals in the BLa were M1R+ small caliber dendrites and spines
(Figs. 7, 8, 9). M1R+ particulate label was seen along the postsynaptic membrane at some
cholinergic synapses (Fig. 7D, 9A), but not others (Fig. 7A, 7B, 8). However, in the latter
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instances there was often membrane-associated label along the plasma membrane adjacent
to the synapse (e.g., Fig. 7A). Concentrated particulate reaction product similar to that seen
along the presynaptic membrane of M1R+ axon terminals was not observed along the
postsynaptic membrane associated with VAChT+ terminals.

VAChT+ terminals were often adjacent to non-cholinergic M1R+ terminals, and sometimes
both types of terminals synapsed with the same dendritic shaft or spine (Fig. 8). Electron
microscopic examination revealed that the density of VAChT+ terminals in the BLa was
very high and that it was not uncommon to see several M1R+ terminals within 1-2 um of
VAChT+ terminals (Fig. 9; also see Figure Description for Fig. 6).

DISCUSSION

Pyramidal cells are the main BLa cell type expressing M1R-ir

Previous light microscopic studies had shown that the perikarya of all pyramidal neurons in
the BLa were M1R+, and that the neuropil of the BLa exhibited a very high density of small
M1R+ structures whose identity could not be determined (McDonald and Mascagni, 2010).
Consistent with the latter observation, the present ultrastructural analysis demonstrated that
about 90% of dendritic shafts, 60% of dendritic spines, and many axon terminals in the BLa
were M1R+. In two cortical areas subjected to similar quantitation of M1R+ structures the
percentages were less. Thus, analysis of the outer molecular layer of the rat dentate gyrus
using immunoperoxidase techniques revealed that 70% of dendritic shafts, 50% of dendritic
spines, and 4% of axon terminals were M1R+ (Rouse et al., 1998). Using the less sensitive
immunogold-silver technique, examination of the monkey visual cortex demonstrated that
only about one-quarter of dendritic shafts, 9% of dendritic spines, and 4% of axon terminals
were M1R+ (Disney et al., 2006). The higher percentages of M1R+ dendrites in the BLa
may reflect the very dense cholinergic innervation and the high levels of M1R expression in
this nucleus.

The present investigation demonstrated that much of the M1R-ir in the perikarya of
pyramidal cells was found in close association with the endoplasmic reticulum and Golgi
apparatus, suggesting that it is being packaged for transport to the plasma membrane of the
processes of these neurons. Since it is thought that the vast majority of spines seen at the EM
level belong to pyramidal cells (see Muller et al., 2006 for a discussion) it is highly likely
that almost all of the M1R+ spines, which constituted 57% of all spines, are of pyramidal
cell origin. Most of the M1R-ir in dendritic shafts was cytoplasmic, rather than being
associated with the plasma membrane, suggesting that it represents M1R that is in the
process of being transported to or from more distal dendrites and/or spines.

Although some M1R+ dendritic shafts received multiple asymmetrical synapses typical of
BLa interneuronal dendrites (Muller et al., 2011), the cell type of origin of the great majority
of M1R+ dendrites could not be determined. The best evidence that the great majority of
M1R+ dendritic shafts belong to pyramidal cells comes from comparing the data from the
VAChT/M1R dual-labeling studies with data from a previous study of the cholinergic
innervation of pyramidal cells (Muller et al., 2011). The data from the VAChT/M1R studies
indicate that all of the dendritic shafts targeted by VAChT+ terminals were M1R+ in the
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quantitative analysis. In a previous investigation examining VAChT+ terminals that synapse
with pyramidal cell dendritic shafts exhibiting immunoreactivity for calcium/calmodulin-
dependent protein kinase Il (CaMK), a specific marker for BLa pyramidal cells, it was found
that 82% of the dendritic shafts that were postsynaptic to VAChT+ terminals were CaMK+
(Muller et al., 2011). Taken together, these data imply that at least three-quarters of the M1R
+ dendritic shafts seen in the present study belong to pyramidal cells. In addition, some of
the M1R+ dendrites were spiny, further suggesting a pyramidal cell origin. Pyramidal cells
constitute about 85% of BLa neurons, and their dendritic arborizations are much more
complex than those of interneurons (McDonald, 1992b). Therefore, it seems likely that
pyramidal cell dendrites may constitute about 90-95% of dendritic profiles seen with the
electron microscope. In light of the robust labeling of dendritic shafts of presumptive
pyramidal cells, as well as the labeling of presumptive interneuronal dendrites (see below), it
is not surprising that 90% of dendritic shafts in the BLa were M1R+ in our study.

M1Rs must be inserted into the plasma membrane to be functional. In sections processed
using Ni-DAB as a chromogen, no accumulation of reaction product was observed at the
plasma membrane of M1R+ dendrites, but there were accumulations of DAB reaction
product at the presynaptic membrane of M1R+ terminals. Similarly, the particulate V-VIP
reaction product was usually restricted to this presynaptic location in M1R+ axon terminals,
suggesting that these particles are associated with high concentrations of M1R. Likewise,
the particulate V-VIP reaction product contacting the plasma membrane of dendritic shafts
may reflect membrane-associated receptor. However, future studies using techniques with
more precise localization of antigen (e.g., immunogold techniques), will be required to
provide a more definitive answer to this question.

The presence of M1R-ir in 60% of dendritic spines suggests that the activity of these spines
is regulated via M1Rs. In a previous study in this lab there was evidence that the peroxidase
reaction product of CaMK imunohistochemistry in the shafts of pyramidal dendrites did not
spread into spines (McDonald et al., 2002). If this is also the case with the M1R
imunohistochemistry in the present study, it would imply that M1R-ir in spines is due to
localization of M1R in the spine, and not due to spread of reaction product from the attached
dendritic shaft. Thus, our spine data suggests that the inputs to a subset of dendritic spines,
which are mainly provided by axon terminals forming asymmetrical (excitatory) synapses,
may be modulated by acetylcholine via postsynaptic M1Rs.

Since M1R is the main muscarinic receptor subtype in the basolateral amygdala (Buckley et
al., 1988; Levey et al., 1991), and most of the M1R-ir is found in pyramidal cells
(McDonald and Mascagni, 2010; present study), it seems likely that many of the muscarinic
responses observed in pyramidal cells are mediated by this receptor subtype. One of the
main effects of muscarinic agonists and/or stimulation of cholinergic afferents to the
amygdala is an increase in the excitability of BLa pyramidal cells due to the suppression of
several potassium currents, including the muscarine-sensitive M-current (Iys), the voltage-
insensitive leak current (I ¢ak), and the calcium-activated slow afterhyperpolarization
current (slaqp) (Washburn and Moises, 1992, Womble and Moises, 1992, 1993). The
finding that the M1R antagonist pirenzepine attenuates the carbacol-induced suppression of
the slayp in BLa pyramidal cells suggests that this effect is mediated, at least in part, by the
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M1R (Washburn and Moises, 1992). In addition, a recent study has demonstrated that
activation of muscarinic cholinergic receptors activate small conductance calcium-activated
potassium (SK) channels in BLa pyramidal cells following the release of calcium from
intracellular stores via activation of the phosphatidylinositol signal transduction pathway
(Power and Sah, 2008). Since M1Rs are known to activate the phosphatidylinositol system
(Richelson, 1995), these receptors may mediate this response in BLa pyramidal cells.

Interneurons express M1R-ir

In a previous immunofluorescence study employing glutamic acid decarboxylase (GAD) as
a marker for GABAergic interneurons in the BLa, it was found that very few GAD+
perikarya had levels of M1R-ir that exceeded that seen in the neuropil, but many had a few
particles of M1R-ir (McDonald and Mascagni, 2010). It was suggested that these lightly
labeled interneuronal perikarya might express low levels M1R-ir due to the rapid transport
of the receptor protein to their processes. Indeed, in the present study some M1R+ dendritic
shafts in the BLa received multiple asymmetrical synapses (Fig. 2B) typical of BLa
interneuronal dendrites (Muller et al., 2011). Since pyramidal cell somata in the BLa don’t
receive inputs via asymmetrical synapses (Muller et al., 2006), the three M1R+ perikarya
that were postsynaptic to the M1R+ terminals forming asymmetrical synapses (Table 2)
probably belong to interneurons. Also many of the M1R+ axon terminals forming
symmetrical synaptic contacts with the perikarya and axon initial segments of M1R+
neurons (Table 3), most of which are probably pyramidal cells, may arise from the axons of
parvalbumin-containing interneuronal basket cells and chandelier cells (Muller et al., 2006).
Previous electron microscopic studies have demonstrated that the somata and dendrites of
GABAergic BLa interneurons are innervated by cholinergic inputs (Carlsen and Heimer,
1986; Nitecka and Frotscher, 1989; Muller et al., 2011), although the types of postsynaptic
receptors associated with these inputs were not identified. Likewise, there is
electrophysiological evidence for muscarinic activation of BLa interneurons, but the
receptor subtypes were not determined (Washburn and Moises, 1992; Yajeya et al., 1997).

Excitatory and inhibitory axon terminals express M1R-ir

M1R-ir was seen in axon terminals forming asymmetrical synapses or symmetrical
synapses, but the former greatly outhumbered the latter. M1R-ir in both types of terminals
was often concentrated along the presynaptic membrane at the active zone of the synapse,
suggesting that acetylcholine regulates neurotransmitter release at these sites via M1Rs.
Most M1R+ terminals forming asymmetrical synapses contacted dendritic spines, the great
majority of which were also M1R+. M1R+ terminals forming symmetrical synapses mainly
contacted M1R+ perikarya, axon initial segments, and small-caliber dendritic shafts. Unlike
the presynaptic axon terminals, M1R-ir in the postsynaptic targets of these terminals was not
concentrated at the synapse. The ubiquitous presence of M1R-ir in these postsynaptic
structures suggests that most belong to pyramidal cells (see above), and the postsynaptic
targets of terminals forming asymmetrical synapses (dendritic spines) or symmetrical
synapses (perikarya, axon initial segments, and small-caliber dendritic shafts) is consistent
with the organization of inputs to BLa pyramidal cells (Muller et al., 2006).
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Previous electron microscopic studies of the basolateral amygdala indicate that axon
terminals forming asymmetrical synapses represent glutamatergic inputs from the cerebral
cortex (Hall, 1972; Smith and Paré, 1994; Brinley-Reed et al., 1995; Farb and LeDoux,
1999; Smith et al., 2000), midline/intralaminar thalamus (Carlsen and Heimer, 1988;
LeDoux et al., 1991), and internuclear and intranuclear amygdalar connections arising from
basolateral amygdalar pyramidal neurons (Stefanacci et al., 1992; Smith and Paré, 1994;
Paré et al., 1995; Smith et al., 2000). Many of the symmetrical synapses onto BLa pyramidal
cells are formed by several distinct subpopulations of GABAergic interneurons (Carlsen,
1988; Aylward and Totterdell, 1993; Smith et al., 2000; McDonald et al., 2002; Muller et
al., 2003, 2006, 2007). However, monoaminergic projections from the brainstem (Asan,
1998, Muller et al., 2007, 2009; Farb and LeDoux, 2010) and cholinergic projections from
the basal forebrain (Carlsen and Heimer, 1986; Muller et al., 2011) also form symmetrical
synapses. The use of a dual-labeling immunoperoxidase technique to study M1/VAChT
localization in the present investigation did not allow us to examine possible M1R-ir in
VAChT+ cholinergic terminals. To the authors’ knowledge there have been no studies that
have examined whether amygdalopetal BF cholinergic neurons express M1R mRNA or
protein.

In the present study, and in a previous study (Muller et al., 2011), we found that cholinergic
terminals were often in close proximity to non-cholinergic terminals forming symmetrical
and asymmetrical synapses onto BLa pyramidal neurons. Recent re-examination of light
microscopic preparations from the previous study revealed that VAChT+ terminals were
usually about 1-3 pm apart (see Fig. 1B of Muller et al., 2011). Likewise, electron
microscopic observations in the previous study (see Figs. 3 and 4 of Muller et al., 2011) and
the present study (Fig. 9) found that VAChT+ terminals were sometimes 1-2 um apart
(although most appeared further apart in single thin sections due to the extreme thinness of
these sections [60-70 nm]). Thus, because of the very high density of VAChT+ terminals in
the BLa, the great majority of non-cholinergic M1R+ terminals are probably within 1-2 pm
of a cholinergic terminal. The short distance between cholinergic terminals and M1R+
terminals suggests that synaptic spillover of acetylcholine during high rates or bursts of
cholinergic activity, or possible diffusion from non-synaptic cholinergic terminals, could
modulate the release of glutamate or GABA from neighboring M1R+ terminals (Vizi and
Kiss, 1998, 2010; Sarter et al., 2009). For comparison, it has been suggested that in the
striatum and substantia nigra the sphere of influence of released dopamine is about 2 um for
activation of low-affinity dopamine receptors and 7-8 um for high-affinity receptors (Rice
and Cragg, 2008).

The anatomical findings of the present study are consistent with electrophysiological studies
of the BLa that have demonstrated modulation of glutamate and GABA release from axon
terminals by muscarinic cholinergic mechanisms. Thus, Washburn and Moises (1992)
reported that muscarinic agonists produced reductions in the amplitude of synaptically-
evoked EPSPs and IPSPs in pyramidal cells of the BLa via a presynaptic mechanism,
although the subtype of muscarinic receptor was not determined. Yajeya and coworkers used
pirenzepine to block M1Rs and estimated that approximately 20% of the reduction in the
amplitude of synaptically-evoked EPSPs in BLa pyramidal cells was mediated by
presynaptic M1Rs (Yajeya et al., 2000). Recent studies in our lab indicate that acetylcholine
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suppresses both cortical and thalamic inputs to BLa pyramidal cells via presynaptic M1Rs
(Liu et al., 2012). Sugita et al. (1991) determined that presynaptic M1Rs were also
responsible for inhibiting synaptically-evoked release of GABA onto pyramidal cells of the
lateral amygdalar nucleus.

Some of the M1R+ terminals forming symmetrical synapses were very large and had
numerous synaptic vesicles and mitochondrial profiles, characteristic of the distinctive type
1 axon terminals of GABAergic basal forebrain (BF) afferents to the BLa (McDonald et al.,
2011). These BF GABAergic projection neurons are intermingled with cholinergic neurons
of the BF, but constitute only about 10-15% of BF amydalopetal neurons (Mascagni and
McDonald, 2009). BF type 1 axons synapse with both pyramidal cells and parvalbumin-
containing interneurons in the BLa (McDonald et al., 2011). Likewise, M1R+ type 1 axons
observed in the present study appeared to synapse with both presumptive pyramidal cells
and interneurons, identified on the basis of their distinctive morphological features. Since
presynaptic muscarinic receptors generally inhibit neurotransmitter release, the expression
of M1R-ir in these type 1 BF terminals suggests that phasic release of acetylcholine by BF
cholinergic axons might be followed by a rapid attenuation of GABA release from type 1 BF
axons. This postulated coordinated action of BF cholinergic and GABAergic axons may
play an important role in regulating oscillatory activity in the BLa, as in the hippocampus
(Freund and Buzsaki, 1996; Borhegyi et al., 2004).

Cholinergic axon terminals form synapses with M1R+ structures

This is the first investigation to use serial section reconstructions to study the synaptic
incidence of cholinergic terminals in the BLa. This analysis revealed that about three-
quarters (76%) of VAChT+ cholinergic axon terminals form synapses. Since an unfavorable
orientation may hinder the identification of synapses, especially the symmetrical synapses
formed by cholinergic terminals, it seems likely that an even higher percentage of
cholinergic terminals in the BLa may actually form synapses. These data corroborate and
extend previous non-quantitative ultrastructural studies of cholinergic terminals in the BLa
using ChAT (Wainer et al., 1984; Carlsen and Heimer, 1986; Nitecka and Frotscher, 1989;
Houser, 1990; Li et al., 2001) or VAChT (Muller et al., 2011) as cholinergic markers, in
which it was reported that most cholinergic terminals formed synapses. In the present
investigation the main postsynaptic targets of cholinergic axons were small-caliber dendritic
shafts (41%; all of which were M1R+) and spines (50%; 86% of which were M1R+). These
percentages are very similar to those obtained in a previous study of VAChT+ inputs to
CaMKH+ (i.e., pyramidal cell) small-caliber dendritic shafts (40%) and spines (40%) (Muller
etal., 2011).

Only some of the synapses formed by VAChT+ terminals onto M1R+ postsynaptic
structures exhibited M1R-ir along the postsynaptic membrane. It was not uncommon,
however, to see particulate M1R-ir along the plasma membrane outside of the active zone of
VAChT+ synapses in V-VIP preparations. This label may represent perisynaptic M1Rs that
are activated by acetylcholine that reaches these receptors via spillover from nearby
cholinergic terminals forming synapses, similar to what is seen with other metabotropic
receptors (Vizi et al., 2010). The finding of M1R-ir in the great majority of dendritic spines
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that are postsynaptic to cholinergic terminals suggests that these spines are directly
modulated by acetylcholine released at the synapse.

The release of acetylcholine at synapses with pyramidal cell distal dendrites and associated
spines should not only be able to activate M1Rs expressed by these postsynaptic structures,
but also, via spillover from these synapses, be able to activate M1Rs in neighboring spines
that do not receive cholinergic inputs. Because of the very high density of VAChT+
terminals in the BLa, it is also likely that spillover from synaptic VAChT+ terminals could
activate M1Rs in non-cholinergic axon terminals forming asymmetrical glutamatergic
synapses and symmetrical GABAergic synapses with the distal dendritic domain of
pyramidal cells (see above). The presynaptic M1R-mediated inhibition of GABA release
(Sugita et al., 1991) at inhibitory synapses with pyramidal cells should contribute to the
increased excitability of these cells produced by the postsynaptic effects of acetylcholine
(Washburn and Moises, 1992, Womble and Moises, 1992, 1993). M1R-mediated effects at
spines of pyramidal cells, the main targets of excitatory input (Muller et al., 2006), are
probably more complex since activation of M1Rs in spines should be mainly depolarizing,
but activation of presynaptic M1Rs in excitatory terminals synapsing with these spines
should inhibit glutamate release from these terminals, thereby reducing excitation (Yajeya et
al., 2000, Liu et al., 2012).

The expression of M1R in a subset of spines suggests that M1R-mediated effects may be
associated with specific excitatory inputs to these spines from particular cortical, thalamic,
or intra-amygdalar sources. One possible function of this M1R modulation of excitatory
inputs to pyramidal cells is to affect synaptic plasticity involved in mnemonic processes.
Thus, colocalization of M1R with the N-methyl-D-aspartate receptor (NMDAR) is seen in
dendritic spines of hippocampal pyramidal cells, where activation of M1Rs potentiate
NMDAR currents (Marino et al., 1998). Since NMDARSs are associated with induction of
long-term potentiation (LTP) in the hippocampus, it is not surprising that activation of
M1Rs enhances LTP (Shinoe et al., 2005). Like the hippocampus, spines in BLa pyramidal
cells contain NMDA receptors (Farb et al., 1995; Gracy and Pickel, 1995), which suggests
that M1R in these spines may potentiate NMDAR currents, which are known to play an
important role in the acquisition of fear conditioning (Maren and Fanselow, 1995; Blair et
al., 2001; Rodrigues et al., 2004; Sigurdsson et al., 2007). It remains to be determined if
these interactions involving M1Rs and NMDARs are involved in the muscarinic
enhancement of fear conditioning consolidation (Vazdarjanova and McGaugh, 1999).

Comparison with the cerebral cortex

Because the cell types in the BLa are cortex-like (McDonald 1992a); Carlsen and Heimer,
1988), it is of interest to compare M1R localization and its association with cholinergic
terminals in the BLa with that seen in the neocortex and hippocampus. One major similarity
of M1R localization in the rodent BLa (McDonald and Mascagni, 2010; present study),
neocortex (Yamasaki et al., 2010), and hippocampus (Rouse et al., 1998; Yamasaki et al.,
2010) is its predominance in pyramidal cells. As in the BLa, only a subset of pyramidal cell
spines in the hippocampus were M1R+ (Rouse et al., 1998), although the percentages of
M1R+ spines in the BLa (ca. 60%) were higher than that seen in the hippocampus (ca. 40%).
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Similar to our study of the rat BLa, a recent study of the mouse neocortex and hippocampus
did not report accumulations of M1R-ir in dendritic regions subjacent to cholinergic
terminal contacts (YYamasaki et al., 2010), suggesting that acetylcholine in both regions may
reach most M1Rs via diffusion through the extracellular space. However, unlike the BLa,
very few cholinergic terminals in the mouse neocortex and hippocampus appear to make
synaptic contacts (YYamasaki et al., 2010). It remains to be determined if M1R has a similar
localization pattern in the various cortical areas in other species where a much higher
synaptic incidence has been reported (e.g., rat parietal cortex [Turrini et al., 2001] and
human temporal cortex [Smiley et al., 1997]).

Previous studies of M1R localization in a variety of cortical areas in the primate and rodent
cortex have reported a paucity of M1R+ axon terminals (Mrzljak et al., 1993; Rouse et al.,
1998; Disney et al., 2006; Yamasaki et al., 2010). These results contrast sharply with our
finding that M1R+ terminals are common in the BLa. As mentioned above, our results are
consistent with electrophysiological studies which have reported M1R modulation of
transmitter release in the BLa. However, since M1R modulation of transmitter release has
also been described in the cortex (Kremin et al., 2006; Hasselmo and Bower, 1992), it is
surprising that more M1R terminals were not seen in immunohistochemical studies of
cortical regions. This may be, in part, a technical issue. Previous cortical studies employed
immunogold-silver or non-intensifed DAB immunoperoxidase techniques. We used nickel-
enhanced DAB and V-VIP immunoperoxidase techniques. It is well established that the non-
intensifed DAB immunoperoxidase method is more sensitive than immunogold-silver, and
that nickel-intensified DAB is more sensitive than both of these techniques (Sesack, 2006;
Hancock, 1986). We have found that immunoperoxidase using the V-VIP chromogen is also
more sensitive than non-intensified DAB (personal observations of AJM and JFM). It
remains to be determined, however, if the use of the latter techniques would result in a larger
percentage of M1R+ terminals in cortical structures.
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Figure 1.
MZ1R-ir in the BLa at the light microscopic level. A: Low-power photomicrograph of the

dorsolateral corner of the amygdala showing robust M1R-ir in the BLa (immunoperoxidase
technique with nickel intensification of DAB). Note that perikaryal M1R-ir is much stronger
in the BLa and lateral nucleus (Lat) than in the lateral subdivision of the central nucleus
(CL). B: Higher-power photomicrograph of M1R-ir in the BLa (immunoperoxidase
technique with nickel intensification of DAB). Note strong perikaryal staining in pyramidal
cells and significant punctuate neuropilar staining. C: High-power photomicrograph of
M1R-ir in the BLa (immunofluorescence technique). The punctate neuropilar label between
pyramidal cell perikarya is more easily seen using immunofluorescence. Scale bars = A: 100
um; B and C: 20 um.
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Fig. 2.
M1R-ir in the BLa at the electron microscopic level in tissue stained using nickel-enhanced

DAB as a chromogen. A: An unlabeled spine (sp, top) receives asymmetrical synaptic
contact from an unlabeled terminal (Ut, arrowhead), and a symmetrical synaptic contact
from an M1R+ terminal (M1t, asterisk). An M1R+ spine (M1sp) receives an asymmetrical
synapse from an unlabeled terminal (t, arrowhead). An M1R+ dendrite (M1d) gives rise to a
spine (sp, bottom) that receives asymmetrical synaptic contact from an adjacent unlabeled
terminal (Ut, arrowheads). B: An M1R+ dendrite (M1d) receives asymmetrical synaptic

J Comp Neurol. Author manuscript; available in PMC 2015 September 28.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Muller et al.

Page 22

contacts (arrowheads) from a lightly immunoreactive terminal (M1t) and three unlabeled
terminals (Ut). This synaptic configuration involving multiple excitatory inputs is typical of
interneuronal dendrites (Muller et al., 2011). C: Two large M1R+ axon terminals whose
morphology resembles that of type 1 terminals formed by GABAergic afferents from the
basal forebrain (M1T1t) are strongly M1R+. The M1T1t on the left makes symmetrical
synaptic contact with an M1R+ perikaryon (M1pk, asterisk), and the M1T1t on the right
makes symmetrical synaptic contact with an M1R+ dendrite (M1d, asterisk). The M1R+
perikaryon had a large pyramidal-shaped soma, and received only symmetrical synaptic
inputs, typical of pyramidal cells (Muller et al., 2006). In serial sections, the M1T1t on the
left and right were found to make synaptic contacts onto the other adjacent M1R+ dendrites
(M1d). Additional M1R+ dendrites (M1d), an M1R+ terminal (M1t, upper right), and
several unlabeled terminals (Ut) in the field are also indicated. Scale bars = 0.5 pym in A, B;
2 umin C.
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Fig. 3.
Electron micrograph of a large-caliber M1R+ dendrite in a Ni-DAB preparation. Flocculent

reaction product decorates the microtubules of this dendrite (M1d), and light
immunoreactivity is also seen in its spine (sp). The spine receives an asymmetrical synapse
(arrow) from an M1R+ terminal (M1t). The dendritic shaft receives asymmetrical synaptic
contacts from 3 M1R+ terminals (M1t, arrows), and an unlabeled terminal (Ut, arrowhead).
Another unlabeled terminal (Ut; bottom) makes asymmetrical contact with a small dendrite
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(arrowhead). Inset: A nearby M1R+ spine (M1sp) receives an asymmetrical synaptic contact
from an M1R+ terminal (M1t, arrows. Scale = 0.5 um.
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Fig. 4.
Electron micrograph of M1R-ir in the BLa in tissue stained using V-VIP as a chromogen.

An M1R+ perikaryon (M1pk) receives two symmetrical synaptic contacts from an M1R+
terminal (M1t, middle, right, arrowheads). An M1R+ spine (M1sp) receives asymmetrical
synaptic contacts from an M1R+ terminal (M1t, left, arrows). Two other examples of M1R+
spines receiving asymmetrical synaptic contacts from M1R+ terminals are also indicated in
the upper right. The arrow shows a synapse formed by an M1R+ terminal (M1t) with a spine
containing particulate M1R reaction product. The asterisk indicates an unlabeled spine
receiving an asymmetrical synaptic contact from an M1R+ terminal (M1t). Note the location
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of the particulate M1R reaction product along the presynaptic membrane of some of these
M1R+ terminals. Scale bar = 0.5 pm.
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Fig. 5.

A: An M1R+ terminal (M1t) makes an asymmetrical synaptic contact onto an M1R+
dendrite (M1d, arrow) and an unlabeled spine (Usp, arrow). An adjacent M1R+ astrocytic
profile is also indicated (a). B: An M1R+ axon initial segment (M1ais) receives symmetrical
synaptic contact from an M1R+ terminal (M1t, arrowheads). The dense membrane
undercoating, typical of axon initial segments, is indicated with small arrows. Note the
location of the particulate M1R reaction product along the presynaptic membrane of both of
these M1R+ terminals. Scale bar = 0.5 pm (for A, B).
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Fig. 6.

A,g B: Serial electron micrographs of a large M1R+ terminal (M1TL1t) that exhibits the
distinctive morphology exhibited by type 1 GABAergic terminals from the basal forebrain
(McDonald et al., 2011) making symmetrical synaptic contact (arrows) with an M1R+
dendrite (M1d). This dendrite was free of spines and had numerous excitatory inputs,
suggesting that it was interneuronal (Muller et al., 2011). Note the location of the particulate
M1R reaction product along the presynaptic membrane of this M1R+ terminal. In addition, a
VAChT+ terminal was seen, in serial sections, less than one micron deep to those pictured,
adjacent to both the lower edge of the M1T1t and M1d. Scale bar = 0.5 um (for A, B).
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Fig. 7.

A,g B: Serial electron micrographs of a VAChT+ terminal (Vt) making synaptic contacts
onto two neighboring dendrites (M1d, arrows). C, D: Serial electron micrographs of a spine
emerging from an M1R+ dendrite (M1d) that receives symmetrical synaptic input from a
VAChT+ terminal (\Vt, arrowhead). In panel D it is apparent that the spine is M1R+ (M1sp).
Scale bar = 0.5 um (for A-D).
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Fig. 8.

A:g An M1R+ spine (M1sp) receives a symmetrical synaptic contact from a VAChT+
terminal (Vt, arrowhead), and an asymmetrical synapse from an M1R+ terminal (M1t,
asterisk). B: A VAChT+ axon (Vt) makes synaptic contacts at two locations with an M1R+
small- caliber dendrite (M1d, arrow, asterisk), and a M1R+ terminal (M1t) forms an
asymmetrical synapse with the same spine. Scale bar = 0.5 um (for A, B).
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Fig. 9.
A, B: Serial electron micrographs from a VAChT/M1R dual labeled preparation. A VAChT

+ terminal (Vt, lower middle) forms a symmetrical synapse with an M1R+ spine (M1sp,
arrowheads in A). Another VAChT terminal is also seen in this field (Vt, left). Two M1R+
spines (M1sp, bottom left, right in B) receive asymmetrical synaptic contacts from M1R+
terminals (M1t, arrows). An M1R+ perikaryon (M1pk, right) receives punctate symmetrical
contacts from an M1R+ terminal (M1t, upper right, arrowheads). An unlabeled terminal
making asymmetrical synaptic contact with an unlabeled spine is also indicated (Ut, Usp,
asterisk). Scale bar = 0.5 um (for A, B).
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Table 1
Table of Primary Antibodies

Antigen Immunogen Manufacturer Dilution Used
m1 muscarinic | Purified GST fusion protein of a Sigma Chemical Co. (St. | 1:250-400
acetylcholine part of the third intracellular loop Louis), rabbit
receptor (amino acid residues 227-353) of | polyclonal, #M-9808

the human m1 muscarinic

acetylcholine receptor
Vesicular Synthetic carboxy-terminal 20 ImmunoStar (Hudson, 1:4000
acetylcholine amino acid sequence (511-530) of | WI), goat polyclonal,
transporter the cloned rat vesicular #24286

acetylcholine transporter
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Postsynaptic targets of cholinergic VAChT+ axon terminals and the percentage of each target that was M1R+.

Brain Perikaryon LargeDendrite | Small Dendrite | Spine

EM 109 | 2 (4.3%) 0 (0%) 17 (37.0%) 27 (58.7%)
100% M1R+ 100% M1R+ 81.5% M1R+

EM 108 | 1 (1.9%) 5(9.4%) 24 (45.3%) 23 (43.4%)
100% M1R+ | 100% M1R+ 100% M1R+ 91.3% M1R+

Total 3 (3.0%) 5 (5.1%) 41 (41.4%) 50 (50.5%)
100% M1R+ | 100% M1R+ 100% M1R+ 86.0% M1R+
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