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Abstract

Although it is known that acetylcholine acting through M1 muscarinic receptors (M1Rs) is 

essential for memory consolidation in the anterior basolateral nucleus of the amygdala (BLa), 

virtually nothing is known about the circuits involved. In the hippocampus M1R activation 

facilitates long-term potentiation (LTP) by potentiating NMDA glutamate receptor (NMDAR) 

currents. The majority of NMDAR+ profiles in the BLa are spines. Since about half of dendritic 

spines of BLa pyramidal neurons (PNs) receiving glutamatergic inputs are M1R-immunoreactive 

(M1R+) it is possible that the role of M1Rs in BLa mnemonic functions also involves potentiation 

of NMDAR currents in spines. However, the finding that only about half of BLa spines are M1R+ 

suggests that this proposed mechanism may only apply to a subset of glutamatergic inputs. As a 

first step in the identification of differential glutamatergic inputs to M1R+ spines in the BLa, the 

present electron microscopic study used antibodies to two different vesicular glutamate transporter 

proteins (VGluTs) to label two different subsets of glutamatergic inputs to M1R+ spines. These 

inputs are largely complimentary with VGluT1+ inputs arising mainly from cortical structures and 

the basolateral nucleus, and VGluT2+ inputs arising mainly from the thalamus. It was found that 

about one-half of the spines that were postsynaptic to VGluT1+ or VGluT2+ terminals were M1R

+. In addition, a subset of the VGluT1+ or VGluT2+ axon terminals were M1R+, including those 

that synapsed with M1R+ spines. These results suggest that acetylcholine can modulate 

glutamatergic inputs to BLa spines by presynaptic as well as postsynaptic M1R-mediated 

mechanisms.
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1. Introduction

The basolateral nuclear complex of the amygdala, especially the anterior subdivision of the 

basolateral nucleus proper (BLa), receives an extremely dense cholinergic innervation from 

the basal forebrain in both rodents (Mesulam et al., 1983a; Carlsen et al., 1985; Muller et al. 

2011) and primates (Mesulam et al., 1983b; Kordower et al., 1989). Acetylcholine acting 

through muscarinic receptors is critical for memory consolidation by the BLa (Power et al., 

2003a). Post-training infusions of muscarinic cholinergic antagonists into the BLa produce 

impairments in several types of emotional/motivational learning including fear conditioning 

and extinction, inhibitory avoidance, conditioned place preference, and drug-stimulus 

learning (Power et al., 2003a; Boccio et al., 2009). Although it is known that activation of 

both M1 and M2 muscarinic receptors (M1Rs and M2Rs) in the BLa is essential for memory 

consolidation functions performed by this nucleus, virtually nothing is known about the 

circuits that are involved (Power et al., 2003b).

M1Rs are also critical for mnemonic function in the hippocampus. It is well established that 

M1R activation facilitates long-term potentiation (LTP) in this region by potentiating 

NMDA glutamate receptor (NMDAR) currents (Markram and Segal, 1990; Shinoe et al., 

2005; Buchanan and Mellor, 2010; Dennis et al., 2016). Dendritic spines in the hippocampus 

express NMDARs (Petralia et al., 1994), and there is colocalization of M1Rs and NMDARs 

in pyramidal neuron (PN) dendrites receiving glutamatergic inputs (Marino et al., 1998). In 

the BLa the great majority of spines arise from PN dendrites (McDonald, 1982; Millhouse 

and deOlmos, 1983). Since about half of dendritic spines of BLa PNs receiving 

glutamatergic inputs are M1R-immunoreactive (M1R+) (Muller et al., 2013), and the 

majority of NMDAR+ profiles in ultrastructural studies of BLa are spines (Farb et al., 1995), 

it is possible that the role of M1Rs in BLa mnemonic functions also involves potentiation of 

NMDAR currents in PN spines. However, the finding that only about half of BLa spines are 

M1R+ suggests that this proposed mechanism may only apply to a subset of glutamatergic 

inputs to BLa.

The BLa receives robust glutamatergic inputs from the cortex (including the hippocampus, 

entorhinal cortex, and prefrontal cortex) and the midline thalamus (Pitkänen, 2000; 

McDonald, 2019). As a first step in the identification of differential glutamatergic inputs to 

M1R+ spines in the BLa, the present electron microscopic study used antibodies to two 

different vesicular glutamate transporter proteins (VGluTs) to label two different subsets of 

glutamatergic inputs to M1R+ spines. These inputs are largely complimentary with 

VGluT1+ inputs arising mainly from cortical structures and the basolateral nucleus, and 

VGluT2+ inputs arising mainly from the thalamus (Fremeau et al., 2001; Kaneko and 

Fujiyama, 2002).

2. Results

2.1 Light microscopy

Light microscopic analysis of immunoperoxidase preparations using diaminobenzidine 

(DAB) as a chromogen revealed that VGluT1 and VGluT2 immunoreactivity in the BLa was 
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confined to small round or oval punctate structures that appear to correspond to the 

immunoreactive axons and axon terminals seen at the ultrastructural level (see below). Most 

of the VGluT1+ and VGluT2+ puncta were 0.5–1.0 μm in diameter, although some 

VGluT2+ puncta were slight larger (ca. 1.5 μm in diameter) (Figs. 1A and 1C). No cell 

bodies were VGluT1+ or VGluT2+. Light microscopic analysis of immunoperoxidase 

preparations using Vector Very Intense Purple (V-VIP) as a chromogen revealed M1R 

immunoreactivity in large somata that were the same size and shape as pyramidal neurons 

(PNs), consistent with previous studies of M1R immunoreactivity in the BLa (McDonald 

and Mascagni, 2010) (Fig. 1B). There was also diffuse M1R immunoreactivity in the 

neuropil at the light microscopic level of analysis.

2.2 Electron microscopy

At the electron microscopic level the V-VIP reaction product is particulate, and is easily 

distinguishable from the more diffuse reaction product of DAB (Figs. 2–4) (Van Haeften and 

Wouterlood, 2000). Particulate M1R immunoreactivity was seen in somata, dendrites, 

spines, axons, and axon terminals. DAB reaction product for VGluT1 and VGluT2 

immunoreactivity was confined to axons and axon terminals. Reaction product in these 

terminals was concentrated along the membrane of synaptic vesicles, as expected for 

vesicular transporters.

The great majority of postsynaptic targets of axon terminals expressing VGluT1 or VGluT2 

in the BLa were dendritic spines. However, some dendritic shafts were also targeted. All 

synapses were asymmetrical, typical of glutamatergic terminals. In both VGluT1 and 

VGluT2 preparations some of the targeted dendrites were M1R+ and some were M1R-

negative. Approximately one-half of VGluT1+ and VGluT2+ axon terminals formed 

synapses with M1R+ spines (Table 1). In most spines the M1R+ immunoparticles either 

contacted or were in close proximity to postsynaptic densities (Figs. 2 and 3). Almost all 

M1R+ and M1R-negative spines were postsynaptic to one excitatory axon terminal, but one 

large spine received input from one VGluT2+ axon terminal and one unlabeled terminal that 

presumably was VGluT1+ (Fig. 3C).

Some VGluT1+ and VGluT2+ axon terminals contained M1R+ immunoparticles (Fig. 4). 

These M1R+ immunoparticles were only discernable in terminals with light DAB reaction 

product. Since the immunoparticles usually have dark exterior coats and lighter interiors, 

they are difficult to distinguish from synaptic vesicles in VGluT1+ and VGluT2+ axon 

terminals that are densely stained with DAB reaction product. In brain M-7, in which the 

VGluT1 and VGluT2 DAB reaction product was light and the M1R+ immunoparticles were 

densely stained it was found that more than one-quarter of both types of terminals were 

M1R+ (VGluT1: 28/92 [30.4%]; VGluT2: 26/93 [27.9%]). In brain M10, which had dense 

VGluT1 and VGluT2 reaction product, no double-labeled terminals were seen. In brain M12 

16.7% (15/90) of VGluT1+ terminals and 2.4% (2/84) of VGluT2+ terminals were double-

labeled. Collectively, about two-thirds of the spines targeted by VGluT1+/M1R+ double-

labeled terminals (65.1%, 28/43) and 39.3% (11/28) of the spines targeted by 

VGluT2+/M1R+ double-labeled terminals were M1R+.
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3. Discussion

3.1 Spines postsynaptic to VGluT1+ or VGluT2+ inputs express M1Rs: technical 
considerations

The main finding of this study is that M1R+ spines in the BLa are not targeted by one type 

of glutamatergic input, but instead by diverse glutamatergic inputs arising from either 

cortical or subcortical regions. Only one M1R+ spine (out of 529 M1R+ spines) was 

targeted by both a VGluT2+ excitatory terminal and an unlabeled (presumably VGluT1+) 

excitatory terminal. This suggests that thalamic and cortex/BLa terminals largely synapse 

with separate spines, consistent with studies by Lüthi and coworkers (Humeau et al., 2005).

This is the first electron microscopic (EM) study of VGluT1+ or VGluT2+ axon terminals 

and their targets in the basolateral amygdala. The percentages of M1R+ spines with 

VGluT1+ or VGluT2+ inputs obtained in this study are underestimates of the true 

percentages since the single thin-section analyzed may miss immunoparticles in the same 

spine in adjacent thin-sections (i.e., a false negative). The M1R antibody used in this study is 

specific for the m1 muscarinic receptor (see below) and has been used effectively in EM 

DAB-immunoperoxidase studies of the subcellular localization of this receptor in the 

cerebral cortex (Mrzljak et al., 1993), striatum (Hersch et al., 1994), and hippocampus 

(Rouse et al., 1998). Although immunogold EM techniques generally provide better spatial 

resolution of receptors, these DAB-immunoperoxidase studies demonstrated very good 

subcellular localization of the receptor. For example, in the striatum: (1) lightly-labeled 

dendrites often gave rise to densely-labeled spines; (2) spines arising from labeled dendrites 

could be either labeled or unlabeled; and (3) label was sometimes seen in the spine neck but 

not in the spine head (Hersch et al., 1994). In addition, immunoperoxidase techniques are far 

more sensitive than immunogold techniques.

We also found very specific subcellular localization of M1R in our previous study of this 

receptor in the BLa using the V-VIP immunoperoxidase technique (Muller et al., 2013). For 

example, many M1R+ immunoparticles in excitatory and inhibitory axon terminals 

contacted the active zone of the presynaptic membrane, where they suggest presynaptic 

modulation of transmitter release by M1Rs (see Figs. 5 and 6 of Muller et al., 2013, and 

Figs. 4B and 4D of the present study). Thus, in the present study the localization of M1R+ 

immunoparticles in contact with or in close proximity to postsynaptic densities in spines 

receiving inputs from glutamatergic inputs suggests modulation of glutamatergic 

transmission by M1Rs in spines of BLa PNs. The V-VIP immunoperoxidase technique, 

however, is not as effective as immunogold techniques for discerning the ratio of membrane 

versus cytoplasmic receptors. For instance, in our studies of M2Rs in the BLa using the V-

VIP technique (Muller et al., 2016) we found many spines that contained several 

immunoparticles, as in the present M1R study, but the immunogold-silver (IGS) technique 

was required to determine the percentage of M2R+ IGS particles that were membrane-

associated in spines (62%), and thus in a position to be activated by acetylcholine (Fajardo-

Serrano et al., 2017). Forty percent of the synaptic targets of cholinergic axon terminals in 

the BLa are spines, including many synaptic contacts with the necks of spines (Muller et. al., 

2011). Since the heads of these spines receive excitatory asymmetrical synapses from 
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glutamatergic terminals these cholinergic synapses are strategically positioned to modulate 

glutamatergic transmission via M1Rs (and M2Rs) in spines.

3.2 Origins of VGluT1+ and VGluT2+ inputs to the basolateral amygdala

In the present study approximately half of the spines receiving VGluT1+ inputs were M1R+ 

(Fig. 5). In situ hybridization studies have shown that VGluT1+ PN somata are found in all 

areas of the cerebral cortex and the basolateral amygdala (i.e., the cortex-like part of the 

amygdala) (Fremeau et al., 2001, 2004; Poulin et al., 2008). Thus, it is not clear whether 

there may be differential innervation of M1R+ spines in the BLa by VGluT1+ cortical PNs 

versus VGluT1+ local PNs in the BLa and other basolateral amygdalar nuclei which 

innervate BLa (Pitkӓnen et al., 1997; Pitkӓnen 2000). In the present study the great majority 

of targets of VGluT1+ terminals were spines, consistent with anterograde tract tracing 

studies of cortical afferents to the basolateral amygdala (Brinley-Reed et al., 1995; Farb and 

LeDoux, 1999) and intra-amygdalar PN to PN connections (Smith and Paré, 1994; Paré et 

al., 1995).

In the present study approximately half of the spines receiving VGluT2+ inputs were M1R+ 

(Fig. 5). VGluT2+ somata are mainly located in the diencephalon and brainstem (Fremeau et 

al., 2001; Kaneko and Fujiyama, 2002). The levels of VGluT2 mRNA are especially high in 

the midline and intralaminar thalamic nuclei, which have especially robust projections to the 

BLa (Turner and Herkenham, 1991; Vertes et al., 2006, 2008, 2012), but there is weak 

expression of VGluT2 in the hippocampal region, layers 4 and 6 of the neocortex, and the 

medial, cortical and anterior basomedial nuclei of the amygdala (Fremeau et al., 2001; 

Kaneko and Fujiyama, 2002; Poulin et al., 2008). Since the amygdalar nuclei with weak 

VGluT2+ expression have very limited projections to BLa, and the cortical projections to the 

BLa mainly arise from its superficial layers (layers 2 and 3), the contribution of these 

regions to the VGluT2+ axon terminal subpopulation in the BLa should be minimal. 

Likewise the VGluT1+ neurons in the hippocampus far outnumber the VGluT2+ neurons 

(Fremeau et al., 2001; Kaneko and Fujiyama, 2002). Given the massive input to basolateral 

amygdala from the VGluT2+ neurons in the midline and intralaminar thalamic nuclei, the 

great majority of VGluT2+ axon terminals seen in the present study undoubtedly represent 

inputs from the thalamus. The finding that only half of the VGluT2+ terminals synapse with 

M1R+ spines suggests the possibility that only some of the thalamic nuclei target M1R+ 

spines. In the present study the great majority of targets of VGluT2+ terminals in the BLa 

were spines, consistent with anterograde tract tracing studies of thalamic inputs to the 

basolateral amygdala (LeDoux et al., 1991; Farb and LeDoux, 1997; Radley et al., 2007).

3.3 A subset of VGluT1+ and VGluT2+ inputs to the basolateral amygdala express M1Rs

Although the main purpose of this study was to investigate the sources of different 

glutamatergic inputs to M1R+ spines, an ancillary finding was that some VGluT1+ and 

VGluT2+ axon terminals were themselves M1R+, and many targeted M1R+ spines. These 

were not consistently seen in our preparations, but only when the diffuse DAB reaction 

product for VGluTs was of light to moderate density and M1R+ immunoparticles were 

densely stained. This finding was not unexpected since a previous study found that many 

axon terminals in BLa forming asymmetrical synapses with spines were M1R+, and the 
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majority of the spines postsynaptic to these terminals were M1R+ (Muller et al., 2013). 

Although more consistent and more accurate determinations of the percentages of these 

terminals will require double-labeling techniques with more distinct reaction products, such 

as immunoperoxidase/immunogold techniques, these results suggest that acetylcholine can 

modulate glutamatergic inputs to BLa spines by presynaptic as well as postsynaptic M1R-

mediated mechanisms. The presence of M1Rs on a subset of glutamatergic terminals in BLa 

is consistent with results from electrophysiological studies that have demonstrated 

modulation of glutamate release from axon terminals by M1R-mediated mechanisms. For 

example, 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 by carbachol was mediated by presynaptic M1Rs (Yajeya et al., 2000). 

Similarly, electrophysiology studies in our lab indicate that presynaptic M1Rs can contribute 

to the muscarine-induced suppression of both cortical and thalamic inputs to BLa pyramidal 

cells (Liu et al., 2012).

3.4 Functional implications

The expression of M1Rs in about half of the spines that are postsynaptic to VGluT1+ or 

VGluT2+ axon terminals suggests that these receptors could modulate glutamatergic input 

from both cortical and/or basolateral inputs, as well as thalamic inputs. The fact that PNs in 

the BLa and hippocampus share many structural and functional features, and that M1Rs are 

critical for mnemonic functions in both regions, suggests that M1R+ spines in both regions 

may function similarly. In the hippocampus M1R activation facilitates LTP by potentiating 

NMDAR currents (Markram and Segal, 1990; Shinoe et al., 2005; Buchanan and Mellor, 

2010; Dennis et al., 2016) and this is correlated with colocalization of M1Rs and NMDARs 

in PN dendrites (Marino et al., 1998). Since the majority of NMDAR+ profiles in 

ultrastructural studies of BLa are spines (Farb et al., 1995), and the main targets of both 

cortical (Farb and LeDoux, 1997) and thalamic inputs (Farb and LeDoux, 1997; Radley et 

al., 2007) to the BLa are NMDAR+ spines, it is possible that a similar mechanism facilitates 

LTP involved in the formation of emotional memories in the BLa. In fact, there is evidence 

that interactions between NMDARs and muscarinic receptors in the BLa are critical for the 

retrieval of emotional memories (Nazarinia et al., 2016). However, additional dual-labeling 

M1R/NMDAR immunohistochemical investigations at the ultrastructural level, as well as 

functional studies, will be required to determine if interactions between M1Rs and 

NMDARs facilitate LTP involved in the formation of emotional memories in the BLa.

4. Experimental procedures

4.1 Animals

Experiments were performed using a total of 6 male B6129SF2/J mice (8–12 weeks old; 

Jackson Laboratory, Bar Harbor, Me). All animals were housed on a 12-h light/dark cycle 

with ad libitum access to food and water. All experiments were carried out in accordance 

with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and 

were approved by the Institutional Animal Use and Care Committee (IACUC) of the 

University of South Carolina. All efforts were made to minimize animal suffering and to use 

the minimum number of animals necessary to produce reliable scientific data.
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4.2 Tissue preparation for dual-labeling immunoelectron microscopy

Mice were deeply anesthetized with isoflurane and perfused intracardially with phosphate 

buffered saline (PBS; pH 7.4) containing 0.5% sodium nitrite (50 ml) followed by an 

acrolein/paraformaldehyde mixture (2.0% paraformaldehyde-3.75% acrolein in 0.1 M 

phosphate buffer (PB; pH 7.4) for 1 minute, followed by 2.0% paraformaldehyde in PB for 

20 minutes. Following removal, brains were postfixed in 2.0% paraformaldehyde in PB for 1 

h and sectioned on a vibratome in the coronal plane at 60 μm. Sections were rinsed in 1.0% 

borohydride in PB for 30 m and then rinsed thoroughly in several changes of PB for 1h. 

They were then processed for immunocytochemistry in the wells of tissue culture plates.

Amygdalas from three brains were processed for electron microscopic 

immunocytochemistry using a sequential, pre-embedding, dual-labeling immunoperoxidase 

method (Muller et al., 2006). Electron microscopic analysis was performed to determine the 

extent to which excitatory VGluT1 or VGluT2 immunoreactive axon terminals were 

presynaptic to M1R immunoreactive dendritic spines in the anterior subdivision of the 

basolateral nucleus (BLa; bregma levels −0.1 through −1.3; Paxinos and Franklin, 2013). 

BLa was chosen for study because it receives the densest cholinergic innervation in the 

amygdala, and since M1Rs in the BLa are known to be critical for memory consolidation of 

emotionally arousing experiences (McGaugh, 2004).

Sections through the BLa were first incubated at room temperature in a blocking solution 

containing 2% normal goat serum, 1% bovine serum albumin, and 0.04% Triton-X 100 in 

PBS for 1 h. This solution also served as a diluent for primary and secondary antibodies. 

Sections were then processed using a rabbit polyclonal antibody to M1R (1:2000; Sigma 

Chemical Company, St. Louis, MO) for 2 days at 4° C, a biotinylated goat anti-rabbit 

secondary antibody for 1 h at room temperature (1:200; Vector Laboratories, Burlingame, 

CA), and a Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA). M1R 

immunoreactivity was then visualized using a Vector VIP (Very Intense Purple) peroxidase 

substrate kit (Vector Laboratories). This procedure yields a reaction product that appears 

purple in the light microscope, and granular or particulate in the electron microscope (Van 

Haeften and Wouterlood, 2000; Muller et al., 2006). After rinsing, sections were incubated 

in an avidin/biotin blocking solution (Avidin/Biotin Blocking Kit, Vector Laboratories). 

Sections were then incubated for 16 hrs at 4°C in either a guinea pig anti-VGluT1 antibody 

(1:10,000; Millipore, Burlingame, MA) or a mouse anti-VGluT2 antibody (1:1500; 

Millipore), and then in biotinylated goat anti-guinea pig or goat anti-mouse secondary 

antibodies (1:200; Vector Laboratories) for 1 h at room temperature, and then processed 

using a Vectastain Standard ABC kit (Vector Laboratories) with DAB (3, 3′-
diaminobenzidine-4HCl, Sigma) as a chromogen to produce a brown reaction product. At 

the ultrastructural level the diffuse DAB immunoperoxidase reaction product was easily 

distinguishable from the particulate V-VIP immunoperoxidase reaction product. Controls 

sections were processed with one of the primary antibodies omitted.

Sections were then postfixed in 2% osmium tetroxide in 0.01M PBS (pH 7.4) for 1 h, 

dehydrated in graded ethanols and acetone, and flat embedded in Polybed 812 

(Polysciences, Warrington, PA) between sheets of Aclar (Ted Pella, Redding, CA). Silver 

thin-sections were cut on an ultramicrotome (Ultracut R, Leica, Germany), collected on 

McDonald et al. Page 7

Brain Res. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



formvar-coated copper grids, stained with uranyl acetate and lead citrate, and examined with 

a JEOL-1400 Plus Transmission electron microscope (JEOL, Tokyo, Japan).

4.2 Ultrastructural analysis

One or two vibratome sections were chosen from each brain for each neurochemical 

combination (M1R/VGluT1 and M1R/VGluT2) for quantitative ultrastructural analysis. In 

each thin section, areas near the tissue/resin interface that exhibited both M1R and VGluT 

immunoreactivity were analyzed. Somata, dendritic shafts, dendritic spines, axons, axon 

terminals, and synapses were identified using established morphological criteria (Peters et 

al., 1991). In M1R/VGluT1 preparations VGluT1-immunoreactive (VGluT1+) axon 

terminals forming synapses with spines were identified and then analyzed to determine if 

their postsynaptic spines were M1R+. An analogous sampling technique was used for M1R/

VGluT2. Light and electron microscopic examination of sections processed using this dual-

labeling V-VIP/DAB immunoperoxidase method, but with the VGluT primary antibodies 

omitted, produced no DAB-labeled axon terminals. Sections processed with the M1R 

primary antibodies omitted produced very few V-VIP immunoparticles, but occasional single 

particles were seen in some structures, including spines. For this reason, as a conservative 

measure, only spines with 2 or more V-VIP immunoparticles were considered to be M1R+. 

In each brain counts were made to determine the percentage of VGluT1+ and VGluT2+ 

terminals that formed synapses with M1R+ versus M1R-negative spines.

4.3 Tissue preparation for light microscopy

Prior to the electron microscopic studies amygdalas from three brains were used for light 

microscopic immunohistochemistry, including trials to determine appropriate antibody 

dilutions. The same immunohistochemical procedures used for the electron microscopic 

studies were employed, except the sections were not osmicated and embedded for electron 

microscopy. Some sections were processed for light microscopic single-labeling of M1R, 

VGluT1, and VGluT2 using the same chromogens used in the electron microscopic study, 

whereas others were processed for light microscopic M1R/VGluT1 and M1R/VGluT2 

double-labeling using the same chromogens used in the electron microscopic study. 

Following immunohistochemical processing, sections were mounted on gelatinized slides, 

dried overnight, dehydrated in ascending alcohols, cleared in xylene, and coverslipped with 

Permount (Fisher). Sections were analyzed using an Olympus BX51 microscope and digital 

light micrographs were taken with an Olympus DP2-BSW camera system.

4.4 Primary Antibody Specificity

The polyclonal M1R antibody (Sigma-Aldrich Cat# M9808, RRID:AB_260731) 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 M1R has been previously established (Levey et al., 1991). Immunoblotting 

demonstrated a protein band that was distinct from other muscarinic receptor subtypes. 

Immunoprecipitation experiments demonstrated that this antiserum only bound the M1R 
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receptor subtype. Preadsorption of the antiserum with the third intracellular loop fusion 

protein blocked antibody binding.

The polyclonal VGluT1 antibody (Millipore Cat# AB5905, RRID:AB_2301751) was raised 

in guinea pig to a synthetic peptide from rat VGluT1 protein with no overlap with VGluT2. 

It recognizes the expected single ca. 60 kDa band on Western blots (Melone et al., 2005). 

Double labeling studies using this and other VGluT1 antibodies have demonstrated virtually 

complete overlap of immunostaining in the rodent brain (Melone et al., 2005; Graziano et 

al., 2008). Preadsorption with the immunogen peptide eliminates all staining 

(manufacturer’s technical information).

The monoclonal VGluT2 antibody (Millipore Cat# MAB5504, RRID:AB_2187552) was 

raised in mouse to recombinant protein from rat VGluT2. This antibody stained a single 

band of 56 kDa molecular weight in Western blots of mouse brain lysates (manufacturer’s 

technical information) as well as a single band of 56 kDa molecular weight in Western blots 

from macaque cerebellar tissue (Balaram et al., 2013).
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Abbreviations

BLa anterior subdivision of the basolateral amygdalar nucleus

DAB, 3 3′-diaminobenzidine-4HCl

M1R type 1 muscarinic receptor

M2R type 2 muscarinic receptor

NMDAR NMDA glutamate receptor

PN pyramidal neuron

VGluT1 type 1 vesicular glutamate transporter protein

VGluT2 type 2 vesicular glutamate transporter protein

V-VIP Vector Very Intense Purple
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Highlights

• Glutamatergic inputs to the basolateral amygdala (BLa) mainly target spines

• Half of these spines express the type 1 muscarinic receptor (M1R)

• Half of the spines targeted by both VGluT1+ or VGluT2+ axon terminals are 

M1R+

• A subset of VGluT1+ and VGluT2+ axon terminals express M1Rs

• Thus, diverse glutamatergic inputs to BLa spines may be modulated by M1Rs
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Figure 1. 
(A) Photomicrograph of VGluT1 immunoreactivity in the BLa (DAB immunoperoxidase). 

Note that neuronal somata and proximal dendrites are unlabeled but there are punctate 

VGluT1+ axons and axon terminals in the neuropil. (B) Photomicrograph of a section 

stained for M1R with V-VIP as a chromogen in the BLa. Note that somata of putative PNs 

are stained purple. This section was also stained for VGluT1 immunoreactivity with DAB as 

a chromogen. The neuropil contains small punctate structures that represent VGluT1+ axons 

and M1R+ processes. (C) Photomicrograph of VGluT2 immunoreactivity in the BLa (DAB 

immunoperoxidase). Note that somata and proximal dendrites are unlabeled but there are 
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punctate VGluT2+ axons and axon terminals in the neuropil. Scale bar = 20 μm for A, B, 

and C.
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Figure 2. 
VGluT1+ axon terminals (V1t) form asymmetrical synapses with M1R+ spines (Ms) and 

unlabeled M1R-negative spines (Us) in the BLa. (A) A VGluT1+ terminal forms an 

asymmetrical synapse with an M1R+ spine. Arrows indicate postsynaptic densities in this 

and all other electron micrographs. An arrowhead indicates a representative M1R+ particle 

near the postsynaptic densities. There are four more M1R+ particles in this spine. (B) A 

VGluT1+ terminal forms an asymmetrical synapse with an M1R+ spine. There is also an 

M1R+ particle in the terminal at the active zone of the presynaptic membrane (arrowhead). 

(C and D) VGluT1+ terminals form asymmetrical synapses with M1R+ spines. E) A 

VGluT1+ terminal forms an asymmetrical synapse with an unlabeled spine. F) VGluT1+ 

terminals form asymmetrical synapses with an M1R+ spine (left) and an unlabeled spine 

(right). Scale bar = 500 nm.
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Figure 3. 
VGluT2+ axon terminals (V2t) form asymmetrical synapses with M1R+ spines (Ms) and 

unlabeled M1R-negative spines (Us) in the BLa. (A and B) VGluT2+ terminals form 

asymmetrical synapses with M1R+ spines. (C) A large M1R+ spine is postsynaptic to a 

VGluT2+ terminal and an unlabeled terminal (Ut). The unlabeled terminal contains one 

M1R+ particle. (D) A VGluT2+ terminal forms an asymmetrical synapse with an M1R+ 

spine. (E and F) VGluT2+ terminals form asymmetrical synapses with unlabeled spines. 

Scale bar = 500 nm.
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Figure 4. 
Terminals immunoreactive for both VGluT1 and M1R (V1/Mt) and terminals 

immunoreactive for both VGluT2 and M1R (V2/Mt) form asymmetrical synapses with M1R

+ spines (Ms) and unlabeled M1R-negative spines (Us) in the BLa. Arrowheads indicate 

M1R+ particles in terminals. (A) A VGluT1/M1R double-labeled terminal forms 

asymmetrical synapses with two M1R+ spines. (B) A VGluT1/M1R double-labeled terminal 

forms an asymmetrical synapses with an unlabeled spine. (C) A VGluT2/M1R double-

labeled terminal forms an asymmetrical synapse with an M1R+ spine. (D) A VGluT2/M1R 

double-labeled terminal forms an asymmetrical synapse with an unlabeled spine. Scale bar = 

500 nm.
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Figure 5. 
Schematic Diagram illustrating the main results of the present study, namely that about half 

of all cortical/BLa inputs and thalamic inputs to spines of BLa pyramidal neurons (PN) 

synapse with M1R+ spines.
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Table 1.

Percentages of VGluT1+ and VGluT2+ axon terminals that synapse with M1R+ spines.

Brain VGluTl synapses
with M1R+ spines

VGluT2 synapses
with M1R+ spines

M7 47.4% (45/92) 51.6% (48/93)

M10 44.7% (42/94) 40.8% (31/76)

M12 55.5% (50/90) 50.0% (42/84)

Total 49.6% (137/276) 47.8% (121/253)
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