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Abstract

The basolateral nucleus of the amygdala receives an extremely dense cholinergic innervation from 

the basal forebrain that is critical for memory consolidation. Although previous electron 

microscopic studies determined some of the postsynaptic targets of cholinergic afferents, the 

majority of postsynaptic structures were dendritic shafts whose neurons of origin were not 

identified. To make this determination, the present study analyzed the cholinergic innervation of 

the anterior subdivision of the basolateral amygdalar nucleus (BLa) of the rat using electron 

microscopic dual-labeling immunocytochemistry. The vesicular acetylcholine transporter 

(VAChT) was used as a marker for cholinergic terminals; calcium/calmodulin-dependent protein 

kinase II (CaMK) was used as a marker for pyramidal cells, the principal neurons of the BLa; and 

parvalbumin (PV) was used as a marker for the predominant interneuronal subpopulation in this 

nucleus. VAChT+ terminals were visualized by using diaminobenzidine as a chromogen, whereas 

CAMK+ or PV+ neurons were visualized with Vector very intense purple (VIP) as a chromogen. 

Quantitative analyses revealed that the great majority of dendritic shafts receiving cholinergic 

inputs were CAMK+, indicating that they were of pyramidal cell origin. In fact, 89% of the 

postsynaptic targets of cholinergic terminals in the BLa were pyramidal cells, including perikarya 

(3%), dendritic shafts (47%), and dendritic spines (39%). PV+ structures, including perikarya and 

dendrites, constituted 7% of the postsynaptic targets of cholinergic axon terminals. The 

cholinergic innervation of both pyramidal cells and PV+ interneurons may constitute an 

anatomical substrate for the generation of oscillatory activity involved in memory consolidation 

by the BLa.
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The basal forebrain contains an array of cholinergic neurons that extends through a 

continuous region that includes the medial septal area, diagonal band, ventral pallidum, and 

substantia innominata. Different portions of this complex have connections with different 

forebrain regions, including the hippocampus, neocortex, and basolateral nuclear complex of 
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the amygdala (BLC; Mesulam et al., 1983a,b; Zaborszky et al., 1999). The BLC in the rat, 

monkey, and human receives an especially dense cholinergic innervation from the ventral 

pallidum and substantia innominata, which is significantly reduced in Alzheimer’s disease 

(Mesulam et al., 1983a,b; Carlsen et al., 1985; Carlsen and Heimer 1986; Amaral and 

Bassett, 1989; Kordower et al., 1989; Emre et al., 1993). In fact, it has been suggested that 

the degeneration of the cholinergic projections to the amygdala in Alzheimer’s disease may 

be more important for the memory disturbances seen in this disorder than the cholinergic 

projections to the cortex (Power et al., 2003). Experiments in rats have demonstrated that 

cholinergic afferents to one specific BLC nucleus, the anterior subdivision of the basolateral 

nucleus (BLa), are primary mediators of the neuromodulation involved in memory 

consolidation of emotionally arousing experiences by the amygdala (McGaugh, 2004). 

Cholinergic projections to the BLC have also been implicated in fear conditioning 

(Vazdarjanova and McGaugh, 1999), reward devaluation learning (Salinas et al., 1997), 

conditioned place preference (McIntyre et al., 2002), and conditioned cue reinstatement of 

drug seeking (See, 2005).

Knowledge of the cholinergic innervation of specific cell types in the BLC is critical for 

understanding the physiology and pathophysiology of these important inputs. Previous 

studies have shown that there are two major cell classes in the BLC, pyramidal neurons and 

non-pyramidal neurons. Although these cells do not exhibit a laminar or columnar 

organization, their morphology, synaptology, electrophysiology, and pharmacology are 

remarkably similar to those of their counterparts in the cerebral cortex (McDonald, 1982, 

1984, 1992a,b; Carlsen and Heimer, 1988; Washburn and Moises, 1992; Rainnie et al., 

1993; Paré, 2003; Sah et al., 2003; Muller et al., 2005, 2006, 2007). Thus, pyramidal 

neurons in the BLC are projection neurons with spiny dendrites that utilize glutamate as an 

excitatory neurotransmitter, whereas most nonpyramidal neurons are spine-sparse 

interneurons that utilize GABA as an inhibitory neurotransmitter. Recent dual-labeling 

immunohistochemical studies suggest that the BLC contains at least four distinct 

subpopulations of GABAergic interneurons that can be distinguished on the basis of their 

content of calcium-binding proteins and peptides. These subpopulations are: 1) 

parvalbumin+/calbindin+ neurons; 2) somatostatin+/calbindin+ neurons; 3) small bipolar and 

bitufted inter-neurons that exhibit extensive colocalization of vasoactive intestinal peptide, 

calretinin, and cholecystokinin; and 4) large multipolar cholecystokinin+ neurons that are 

often calbindin+ (Kemppainen and Pitkänen, 2000; McDonald and Betette, 2001; McDonald 

and Mascagni, 2001, 2002, Mascagni and McDonald, 2003).

There is evidence from electrophysiological studies that basal forebrain cholinergic inputs 

activate both pyramidal projection neurons and GABAergic interneurons in the BLa by both 

muscarinic (Washburn and Moises, 1992; Yajeya et al., 1997; Pape et al., 2005; Power and 

Sah, 2008) and nicotinic (Zhu et al., 2005; Klein and Yakel, 2006) receptor-mediated 

mechanisms. Consistent with these findings, ultrastructural analyses of the BLa revealed 

synaptic contacts of cholinergic (i.e., choline acetyltransferase-positive) axons with both 

major neuronal classes (Carlsen and Heimer, 1986; Nitecka and Frotscher, 1989). Carlsen 

and Heimer (1986) found that some cholinergic axons formed synapses with cell bodies of 

BLa pyramidal neurons that were identified either morphologically or by virtue of their 

labeling by injections of retrograde tracers into the ventral striatum. However, most synaptic 
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contacts were seen with unlabeled dendritic shafts and to a lesser extent with dendritic 

spines (Carlsen and Heimer, 1986). Cholinergic synaptic inputs were also seen targeting 

BLa interneurons that were identified either morphologically (Carlsen and Heimer, 1986) or 

by virtue of their immunohistochemical labeling for GAD (Nitecka and Frotscher, 1989) or 

choline acetyltransferase (Carlsen and Heimer, 1986). Because neither of these two 

ultrastructural analyses used quantitative methods, and because neither labeled the great 

majority of dendritic shafts, the major targets of cholinergic synaptic inputs to the BLa, there 

is currently no information regarding the postsynaptic targets of the majority of cholinergic 

inputs to this brain region.

The present dual-labeling EM study addressed this issue by using antibodies to the vesicular 

acetylcholine transporter (VAChT) to label cholinergic axons (Weihe et al., 1996; Gilmor et 

al., 1996) and antibodies to cell-specific markers to identify different neuronal 

subpopulations in the BLa. An antibody to the alpha subunit of calcium/calmodulin kinase II 

(CaMK) was used to label pyramidal cell perikarya and dendrites (McDonald et al., 2002), 

and an antibody to parvalbumin (PV) was used to label this important subpopulation of 

interneurons. PV+ interneurons are the predominant subpopulation in the BLa, making up 

approximately 40% of all interneurons (McDonald and Mascagni, 2001; Mascagni and 

McDonald, 2003). In addition, the nonaccommodating, rapid firing pattern of many PV+ 

neurons (Rainnie et al., 2006; Woodruff and Sah, 2007a) indicates that they correspond to 

many of the interneurons identified in previous electrophysiological studies of cholinergic 

activation of the BLa (Washburn and Moises, 1992; Zhu et al., 2005).

MATERIALS AND METHODS

Tissue preparation

All experiments were performed in male Sprague-Dawley rats (250–350 g; Harlan) and 

were carried out in accordance with the NIH 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. For light microscopy, rats (n 

= 5) were anesthetized with chloral hydrate (350 mg/kg) and perfused intracardially with 

phosphate-buffered saline (PBS; pH 7.4) containing 0.5% sodium nitrite (50 ml), followed 

by 4% paraformaldehyde in phosphate buffer (PB; pH 7.4; 500 ml). Brains were removed 

and postfixed in the perfusate for 3 hours. For electron microscopy, rats (n = 8) were 

anesthetized and perfused intracardially with PBS containing 0.5% sodium nitrite (50 ml), 

followed by an acrolein/paraformaldehyde mixture (2.0% paraformaldehyde-3.75% acrolein 

in PB for 1 minute, followed by 2.0% paraformaldehyde in PB for 30 minutes). After 

removal, acrolein-fixed brains were postfixed in 2.0% paraformaldehyde for 1 hour. Two 

additional rats received bilateral injections of colchicine (100 μg total; Sigma, St. Louis, 

MO) into the lateral cerebral ventricles 1 day before acrolein/paraformaldehyde perfusion to 

determine whether blockade of axonal transport might produce VAChT immunoreactivity in 

BLC interneurons. These brains were processed for light microscopy only.

Brains were sectioned on a vibratome in the coronal plane at either 50 μm (for light 

microscopy) or 60 μm (for electron microscopy). Sections from acrolein-fixed brains were 

rinsed in 1.0% borohydride in PB for 30 minutes and then rinsed thoroughly in several 
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changes of PB for 1 hour. Sections were processed for immunocytochemistry in the wells of 

tissue culture plates.

Light microscopic immunocytochemistry

Antibodies are listed in Table 1. Single-label localization of vesicular acetylcholine 

transporter (VAChT) was performed in seven rats (five perfused with 4% paraformaldehyde 

and two perfused with the acrolein/paraformaldehyde mixture after colchicine injection; see 

above) using a goat polyclonal antibody to VAChT (1:10,000; catalog No. 24286; 

Immunostar, Hudson, WI). All antibodies were diluted in PBS containing 0.3% Triton 

X-100 and 1% normal donkey serum (NDS). Sections were incubated in primary antibody 

overnight at 4°C and then processed for the avidin-biotin immunoperoxidase technique 

using a biotinylated donkey anti-goat secondary antibody (1:400; Jackson Immunoresearch 

Laboratories, West Grove, PA) and a Vectastain standard ABC kit (Vector Laboratories, 

Burlingame, CA). Nickel-enhanced DAB (3,3′-diaminobenzidine-4HCl; Sigma) was used as 

a chromogen to generate a black reaction product (Hancock, 1986). After the 

immunohistochemical procedures, sections were mounted on gelatinized slides, dried 

overnight, dehydrated in ethanol, cleared in xylene, and coverslipped in Permount (Fisher 

Scientific, Pittsburgh, PA). In one of the five noncolchicine-injected rats, sections were 

Nissl counterstained with 1% pyronin Y to label neuronal somata in the amygdala. Sections 

were analyzed with an Olympus BX51 microscope, and digital light micrographs were taken 

with an Olympus DP2-BSW camera system. Brightness and contrast were adjusted in 

Photoshop 6.0 software.

Electron microscopic double-label immunocytochemistry

Electron microscopic immunocytochemistry using a sequential dual-labeling 

immunoperoxidase method (Muller et al., 2006) was utilized in eight rats to survey the 

cholinergic innervation of neurons 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 

because cholinergic inputs from the basal forebrain to the BLa are critical for memory 

consolidation of emotionally arousing experiences (McGaugh, 2004).

Sections were cryoprotected in 30% sucrose in PB for 3 hours, followed by three cycles of 

freezing-thawing over liquid nitrogen in order to increase antibody penetration. Sections 

were then rinsed well in PB and incubated for 36 hours at 4°C in the goat VAChT antibody 

(1:6,000) in PBS containing 1% NDS and processed using a biotinylated donkey anti-goat 

secondary antibody (1:400; Jackson Immunoresearch Laboratories) and a Vectastain 

standard ABC kit (Vector Laboratories) with nonintensified DAB as the chromogen. After 

rinsing, sections were incubated in a avidin/biotin blocking solution (avidin/biotin blocking 

kit; Vector Laboratories). Sections were then incubated overnight at 4°C in either mouse 

anti-CaMK (1:500; Sigma) to label pyramidal cells (McDonald et al., 2002; Muller et al., 

2006, 2007) or in rabbit anti-PV (1:6,000; donated by Dr. Kenneth Baimbridge, University 

of British Columbia) to label the PV+ interneuronal subpopulation (McDonald and 

Mascagni, 2001). PV+ interneurons were chosen for analysis because 1) they represent the 

predominant interneuronal subpopulation in the BLa (Mascagni and McDonald, 2003); 2) 
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both somata and dendrites, including distal dendrites, are intensely stained; and 3) the 

nonaccommodating, rapid firing pattern of many PV+ neurons (Rainnie et al., 2006; 

Woodruff and Sah, 2007a) indicates that they correspond to many of the interneurons 

identified in previous electrophysiological studies of cholinergic activation of the BLa 

(Washburn and Moises, 1992; Zhu et al., 2005). For CaMK immunoreactivity, sections were 

processed using a biotinylated donkey anti-mouse secondary antibody (1:200; Jackson 

Immunoresearch Laboratories) and an Elite ABC kit (Vector Laboratories). For PV 

immunoreactivity, sections were then processed using a biotinylated donkey anti-rabbit 

secondary antibody (1:400; Jackson Immunoresearch Laboratories) and a Vectastain 

standard ABC kit (Vector Laboratories). PV and CaMK immunoreactivity was then 

visualized by 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., 2005). For electron microscopy, the 

penetration of the V-VIP reaction was similar to that of DAB immunoperoxidase, and the 

particulate reaction product was easily distinguishable from the dense, diffuse DAB 

immunoperoxidase reaction product.

Sections processed for electron microscopy were postfixed in 2% osmium tetroxide in 0.16 

M sodium cacodylate buffer (pH 7.4) for 1 hour, 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). Steps in the dehydration series were shortened by 

25–30% to minimize extraction of the purple reaction product (Lanciego et al., 1997). 

Selected areas of the BLa were remounted onto resin blanks. 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 and labeled and their components’ tonal ranges 

adjusted and matched in Adobe Photoshop 6.0.

Analysis

Data analysis focused on the synaptic contacts formed by VAChT+ axon terminals with PV+ 

and CaMK+ structures (one or two vibratome sections per animal in four animals were 

analyzed for each pair of neuronal markers). Serial sections were analyzed and often 

followed on consecutive grids. Serial sections were helpful for verifying label in small and 

lightly immunoreactive structures, determining the synaptic nature of contacts, and 

identifying multiple targets of individual VAChT+ terminals. Synapses were identified by 

standard criteria: 1) parallel pre-synaptic 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). 

Similar to many GABAergic symmetrical synapses in the cerebral cortex (see, e.g., Fig. 

Muller et al. Page 5

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



11-9 of Peters et al., 1991), the postsynaptic densities of many symmetrical synapses formed 

by VAChT+ terminals in the BLa were very thin and created the appearance of a thickened 

postsynaptic membrane, rather than forming a discrete thickening below the postsynaptic 

membrane.

Postsynaptic profiles were identified as perikarya, larger caliber (>1 μm) and smaller caliber 

(<1 μm) dendrites, and dendritic spines by using established morphological criteria (Peters et 

al., 1991). Although CaMK immunoreactivity is a reliable marker for perikarya and 

dendrites of BLa pyramidal cells, many spines of pyramidal cells do not exhibit CaMK 

immunoreactivity (McDonald et al., 2002). However, because the results of previous studies 

suggest that the great majority of spines seen in electron microscopic studies belong to 

pyramidal cells (for discussion see Muller et al., 2006), all spines, whether CaMK+ or not, 

were considered to be of pyramidal cell origin.

For both CaMK and PV preparations, the frequency of synaptic contacts from VAChT+ 

terminals, and the identification of their postsynaptic targets, was tallied and pooled from the 

two brains judged to have the best ultrastructural preservation and immunohistochemistry 

for both VAChT and the neuronal markers. To get sufficient sampling of all cellular 

compartments, it was necessary for the samples to meet these criteria for large, continuous 

areas. Labeled terminals were partially reconstructed from serial sections (four to six serial 

sections per terminal). In VAChT/CaMK and VAChT/PV preparations, both labeled and 

unlabeled synaptic targets of VAChT+ terminals were counted.

Antibody specifity

The VAChT antibody was raised in goat by using a synthetic carboxy-terminal 20-amino-

acid sequence (511–530) from the cloned rat VAChT 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).

The polyclonal PV antiserum (antiserum R-301; generously donated by Dr. Kenneth 

Baimbridge, University of British Columbia) was raised in rabbit against rat muscle PV. 

Previous studies have shown that immunohistochemical staining with this antiserum was 

blocked by preadsorption of the antiserum with PV, but not calretinin or calbindin (Conde et 

al., 1994).

The mouse monoclonal antibody to the α-subunit of CaMK (Sigma; catalog No. C265; 

clone 6G9) was raised against purified type II CaMK. This antibody binds with high affinity 

to purified α-subunit of CaMK obtained from rat brain on immunoblots and produces a 

single line at 50 kDa (Kennedy et al., 1983). It also recognizes a single protein band at 50 

kDa on immunoblots of rat brain homogenates (Erondu and Kennedy, 1985). Additional 

immunoblot studies revealed that the antibody recognizes both phosphorylated and 

nonphosphorylated forms of the kinase (Erondu and Kennedy, 1985).
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RESULTS

Light microscopic examination revealed that the BLC contained a plexus of thin VAChT+ 

axons, which varied in density in the various nuclei of the complex. The density of this 

axonal plexus was greatest in the BLa and BLp (anterior and posterior subdivisions of the 

basolateral nucleus) and significantly less in the lateral and basomedial nuclei (Fig. 

1A,C,D). Within the basolateral nucleus, the density of the axonal plexus was greater in 

more anterior portions of the nucleus (Fig. 1). Axonal morphology was similar in all 

portions of the BLC. Axonal varicosities were very small (~0.5 μm), and intervaricose 

segments of VAChT+ axons were either unstained or very lightly stained (Fig. 1B). 

Occasional VAChT+ cell bodies were observed along the medial and ventral borders of the 

BLa at rostral levels. The morphology of these cells closely resembled that of the large 

VAChT+ cholinergic neurons seen in the overlying striatum. No small VAChT+ neurons 

resembling the choline acetyltransferase-positive (ChAT+) bipolar interneurons described in 

previous studies (Carlsen and Heimer, 1986; see also Nitecka and Frotscher, 1989, and Li et 

al., 2001) were observed, even in the animals that received colchicine injections.

In the electron microscope, VAChT+ terminals were approximately 0.5 μm in cross-

sectional diameter, although some subtle swellings were smaller and some terminals 

appeared larger in oblique or longitudinal view (Figs. 2–7). The DAB reaction product was 

diffuse throughout the terminal, darkest around the synaptic vesicle membranes, and 

relatively light or clear in the lumens of synaptic vesicles (Figs. 2–7). Synaptic vesicles in 

VAChT+ terminals were round, medium-sized, and fairly uniform; dense-core vesicles were 

rarely seen. Even in a short series of thin sections, the majority of VAChT+ terminals made 

synaptic contacts, and virtually all of these synapses were symmetrical. Although most 

VAChT+ terminals were separated from each another, it was not uncommon to see VAChT+ 

profiles adjacent to one another (Figs. 3, 4) and in some cases clustered around the same 

dendrite (Fig. 4B).

The granular V-VIP reaction product in postsynaptic pyramidal cell profiles (CaMK+) and 

PV+ interneuronal profiles was easily distinguished from the dense, diffuse DAB reaction 

product in VAChT+ terminals. The innervation of CaMK+ pyramidal cells by VAChT+ 

terminals included all major cellular compartments: perikarya (Fig. 2), large- and small-

caliber dendrites (Figs. 3, 4), and spines (Figs. 3, 5). From initial qualitative surveys, it was 

clear that small-caliber CaMK+ dendritic shafts were the predominant targets, with many 

dendritic segments receiving multiple synaptic inputs (Figs. 3, 4). The quantitative survey 

was sampled from two different animals where the VAChT and CaMK+ immunoreactivity 

and overall morphology were superior, yielding similar results (Table 2). The main targets in 

each animal were small-caliber CaMK+ dendritic shafts and spines. In the pooled results for 

the two animals, among 152 synapses from VAChT+ terminals, 136 (89.5%) of the targets 

were of pyramidal cell origin (i.e., either CaMK-positive structures or dendritic spines), and 

the remaining 16 (10.5%) were unlabeled dendrites. Pyramidal cell small-caliber dendrites 

(62; 40.8%) and spines (60; 39.5%) made up a total of 80.3% of the postsynaptic targets.

Initial surveys of preparations labeled for VAChT and parvalbumin (PV) immunoreactivity 

found VAChT+ terminals making synaptic contact onto the perikarya of PV+ interneurons 
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(Fig. 6) as well as large- and small-caliber PV+ dendrites (Fig. 7). Quantitative surveys from 

two different animals, in which the VAChT+ and PV+ immunoreactivity and overall 

morphology were superior over a large area of the section, yielded similar results (Table 3). 

The pooled results showed that, among 177 synapses counted, 12 (6.8%) were onto PV+ 

dendrites, 10 of which were less than 1 μm in diameter. In these preparations, the primary 

targets overall were unlabeled small-caliber dendrites (42.4%) and spines (38.4%).

In addition to instances in which VAChT+ terminals were clustered around the same 

dendrite (Fig. 4B), VAChT+ terminals were often adjacent to or in close proximity to other 

terminals synapsing onto the same profile. This arrangement was particularly notable on 

dendritic spines (Figs. 3, 5) and among asymmetric (excitatory) synaptic inputs to PV+ 

dendrites (Fig. 7).

DISCUSSION

This is the first study to quantify the distribution of cholinergic synaptic inputs onto defined 

neuronal populations in the basolateral amygdala. This was made possible, in part, by using 

antibodies to CaMK to label selectively cell bodies and dendritic shafts of pyramidal cells. 

Most cholinergic terminals, as characterized by VAChT immunoreactivity, were small, were 

packed with round vesicles of uniform size, and formed symmetrical synapses. Their main 

targets in the BLa were small-caliber (distal) dendrites and spines of pyramidal cells, with 

many dendritic segments receiving multiple synaptic contacts. Interneurons immunoreactive 

for parvalbumin (PV+) also received significant innervation, mainly on their dendrites.

Cholinergic structures and synapses in the BLC

Previous light microscopic studies of the distribution of VAChT-positive cholinergic 

structures in the rat brain have noted that the BLC receives a dense innervation by VAChT+ 

axons that matches the high density of choline acetyltransferase-positive (ChAT+) axons in 

this brain region (Gilmor et al., 1996; Ichikawa et al., 1997; Arviddson et al., 1997; Schäfer 

et al., 1998). This similarity is not surprising, insofar as both proteins are produced from a 

common “cholinergic operon” (Usdin et al., 1995; Weihe et al., 1996). In situ hybridization 

and immunohistochemical studies have demonstrated that neurons expressing ChAT and 

VAChT exhibit very similar distribution patterns throughout the brain, and these markers, 

and their mRNAs, have been found to colocalize extensively (Gilmor et al., 1996; Arvidsson 

et al., 1997; Ichikawa et al., 1997). In fact, VAChT has been found to be a stronger marker 

for cholinergic terminals than ChAT (Gilmor et al., 1996; Weihe et al., 1996). The 

morphology of VAChT+ axons in our investigation, at both the light and the electron 

microscopic levels of analysis, appeared to be identical to that described in previous studies 

of the BLa using ChAT antibodies as cholinergic markers (Wainer et al., 1984; Carlsen and 

Heimer, 1986; Nitecka and Frotscher, 1989; Houser, 1990; Li et al., 2001).

Some immunohistochemical studies have reported the existence of a small number of 

ChAT+ bipolar interneurons in the BLC (~5 per 50-μm-thick section through the BLa, 

Carlsen and Heimer, 1986; see also Nitecka and Frotscher, 1989, and Li et al., 2001), 

similarly to the cerebral cortex (Houser et al., 1985). The staining of these neurons with two 

different monoclonal antibodies that recognize different epitopes suggests that this staining 
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is not due to recognition of an unrelated protein. As in previous VAChT 

immunohistochemical studies that have commented on the amygdala (Gilmor et al., 1996; 

Ichikawa et al., 1997; Arvidsson et al., 1997), no VAChT+ interneurons were observed in 

the BLC in the present investigation, despite strong staining of the perikarya of striatal and 

basal forebrain cholinergic neurons. Even the injection of colchicine, which interrupts the 

transport of proteins from the cell body to axon terminals by disrupting microtubules, failed 

to generate VAChT immunoreactivity in small bipolar interneurons in the BLC in the 

present study. Although this suggests that cholinergic bipolar interneurons in the BLC do 

not express VAChT, it is possible that the perikaryal levels of VAChT are below the level 

needed for immunodetection, perhaps as a result of very slow turnover of VAChT in these 

neurons. If this is the case, then some of the VAChT+ axon terminals seen in the present 

study may be associated with axons of cholinergic interneurons whose perikarya do not have 

detectable levels of VAChT. Bipolar cholinergic interneurons in the cortex have very 

modest axonal arborizations (von Engelhardt et al., 2007), as do Golgi-stained bipolar/

bitufted interneurons in the BLC (McDonald, 1982). Thus, even if the axon terminals of the 

few cholinergic inter-neurons in the BLC are VAChT+, it is unlikely that many were 

observed in our sample. This conclusion is also supported by the uniform morphology of 

VAChT+ terminals seen in the present study. It is therefore presumed that the great majority 

(or perhaps all) of the VAChT+ axon terminals observed in the present study originate from 

cholinergic neurons of the basal forebrain.

In the present study, the majority of VAChT+ terminals examined formed synaptic contacts, 

even though complete serial-section reconstructions of each terminal were not performed. 

Virtually all of these synapses were symmetrical. These findings agree with previous 

ultrastructural studies of ChAT+ axon terminals in the BLa (Wainer et al., 1984; Carlsen and 

Heimer, 1986; Nitecka and Frotscher, 1989; Houser, 1990; Li et al., 2001) and suggest that 

conventional synaptic release is the primary mode of cholinergic transmission in the BLa.

Innervation of BLa pyramidal cells by cholinergic terminals

Previous ultrastructural studies of the cholinergic innervation of the BLa using ChAT as a 

marker found labeled terminals making synaptic contacts mainly with dendritic shafts and, 

to a lesser extent, with dendritic spines (Wainer et al., 1984; Carlsen and Heimer, 1986; 

Houser, 1990; Li et al., 2001), although none of these studies used quantitative methods to 

determine the exact ratio of these postsynaptic targets. As in the present study, these 

synapses were generally symmetrical, although some asymmetrical synapses with spines 

were also described. Although most of the spines probably belonged to pyramidal cells, the 

cells of origin of the dendritic shafts could not be determined in these single-label ChAT 

studies. The use of CaMK antibodies to label pyramidal cell dendrites selectively in the 

present study, in conjunction with counts of postsynaptic targets, allowed us to determine 

that the great majority (82%; 72/88) of the dendritic shafts receiving VAChT+ synapses 

belonged to pyramidal cells. If all spines (both CaMK-positive and CaMK-negative) are 

considered to be of pyramidal cell origin, then the total percentage of VAChT+ terminals 

forming synapses with pyramidal cells is 89% (136/152). Moreover, 90% (122/136) of the 

pyramidal cell targets, and 80% (122/152) of the total targets of VAChT+ terminals, were 

small-caliber distal dendrites and spines of BLa pyramidal cells. Thus, the synaptic 
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modulation of the BLa by cholinergic afferents from the basal forebrain would appear to be 

mediated primarily by inputs to the distal dendritic compartment of pyramidal cells.

These findings are consistent with electrophysiological studies that have demonstrated that 

cholinergic transmission in the basolateral amygdala increases the excitability of pyramidal 

cells via both nicotinic receptors (Klein and Yakel, 2006) and muscarinic receptors 

(Washburn and Moises, 1992; Womble and Moises, 1992, 1993; Yajeya et al., 1997, 1999; 

Power and Sah, 2008; Power et al., 2008). Postsynaptic cholinergic activation of nicotinic 

receptors on BL pyramidal cell perikarya and dendrites is characterized by rapid activation 

kinetics and pharmacological selectivity for receptors containing α7 subunits (Klein and 

Yakel, 2006). One of the main effects of muscarinic agonists and/or stimulation of 

cholinergic afferents to the amygdala is an increase in the excitability of BLC pyramidal 

cells resulting from the suppression of several potassium currents, including the muscarine 

sensitive M-current (IM), a voltage-insensitive leak current (ILeak), a hyperpolarization-

activated inward rectifier current (IQ), and the calcium-activated slow afterhyperpolarization 

current (sIAHP; Washburn and Moises, 1992; Womble and Moises, 1992, 1993; Yajeya et 

al., 1999; Power and Sah, 2008; Power et al., 2008). Electrophysiological studies indicate 

that most sIAHP channels are located along distal dendrites of BLC pyramidal neurons 

(Power and Sah, 2008; Power et al., 2008), which correlates with the largely dendritic 

distribution of cholinergic synaptic inputs to these neurons seen in the present study. 

Interestingly, there is evidence that the cholinergic suppression of sIAHP channels in 

hippocampal pyramidal cells is mediated by activation of CaMK (Muller et al., 1992), the 

marker used in the present study to identify the dendritic shafts of BLC pyramidal neurons. 

For the BLC, it is thought that suppression of sIAHP channels not only attenuates spike 

frequency adaptation but also is involved in the modulation of synaptic inputs to pyramidal 

cells (Power et al., 2008). Finally, a recent study has demonstrated that activation of 

muscarinic cholinergic receptors activates small-conductance calcium-activated potassium 

(SK) channels in BLC pyramidal cells, following the release of calcium from intracellular 

stores via activation of the phosphatidylinositol signal transduction pathway (Power and 

Sah, 2008). Because the M1 family of cholinergic receptors is known to activate the 

phosphatidylinositol system (Richelson, 1995), M1 receptors in BLC pyramidal cells may 

mediate this response. This is consistent with strong M1 receptor immunoreactivity in BLC 

pyramidal cells (McDonald and Mascagni, 2010).

Innervation of BLa interneurons by cholinergic terminals

The results of our VAChT/CaMK analysis revealed that about 10% of VAChT+ terminals in 

the BLa formed synapses with CaMK-negative dendrites, presumed to be dendrites of 

GABAergic interneurons. Our VAChT/PV studies suggest that more than half of these 

dendrites belong to the PV+ subpopulation of GABAergic interneurons (6.8% of all 

structures postsynaptic to VAChT+ terminals). Moreover, our qualitative survey found 

synaptic contacts with PV+ perikarya as well. Because interneurons constitute about 15% of 

the total neuronal population in the BLa (McDonald, 1992b), and PV+ neurons constitute 

about 40% of all interneurons in the BLa (Mascagni and McDonald, 2003), the percentage 

of PV+ interneurons targeted by cholinergic terminals is proportional to their occurrence in 
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this nucleus (about 6%). Interestingly, the same is true for pyramidal cells (85% of the total 

neuronal population in the BLa; 89% of the targets of cholinergic terminals).

These results regarding interneurons are consistent with previous nonquantitative 

ultrastructural analyses of cholinergic afferents to the BLa (Carlsen and Heimer, 1986; 

Nitecka and Frotscher, 1989). Thus, Carlsen and Heimer (1986) observed ChAT+ terminals 

forming synapses with perikarya of unlabeled interneurons identified using morphological 

criteria. They also found occasional ChAT+ synapses with ChAT+ interneuronal perikarya. 

Nitecka and Frotscher (1989) reported that ChAT+ terminals formed contacts, including 

synapses, with GAD+ interneuronal cell bodies and dendrites. Both muscarinic (Washburn 

and Moises, 1992; Yajeya et al., 1997) and nicotinic (Zhu et al., 2005) agonists have been 

found to increase the excitability of fast-spiking GABAergic interneurons in the BLa. An 

indirect effect of muscarinic excitation of fast-spiking GABAergic interneurons (Washburn 

and Moises, 1992) was seen as a rapid-onset, early hyperpolarization in pyramidal cells, 

followed by prolonged depolarization, the direct muscarinic effect on the pyramidal cells 

(Washburn and Moises, 1992). Insofar as most fast-spiking interneurons in the BLa have 

been found to be PV+ (Rainnie et al., 2006; Woodruff and Sah, 2007a), our finding that PV+ 

interneurons receive direct synaptic input from VAChT+ terminals is consistent with the 

cholinergic physiological data. In whole-cell recordings in the BLa, nicotinic activation of 

GABAergic interneurons elicited an increase in spontaneous inhibitory postsynaptic currents 

(sIPSCs) in pyramidal cells (Zhu et al., 2005). This effect was selectively blocked by an 

antagonist specific for the α3β4 subunit combination, evidence that nicotinic postsynaptic 

effects on interneurons and pyramidal cells in the basolateral amygdala are distinguishable 

by their receptors’ subunit composition (see above).

Anatomical associations of cholinergic and noncholinergic terminals

VAChT+ terminals in close proximity to unlabeled terminals forming symmetrical (usually 

inhibitory) synapses and to unlabeled or CaMK-labeled terminals forming asymmetrical 

(presumed excitatory) synapses were observed in the present study. These associations were 

most obvious on some spines of pyramidal neurons (see, e.g., Figs. 3, 5) and on dendrites of 

PV+ interneurons (see, e.g., Fig. 7). Postsynaptic interactions of these inputs might allow 

cholinergic synapses to modulate the postsynaptic responses of glutamatergic or GABAergic 

inputs to BLC neurons (or vice versa). If the noncholinergic terminals express cholinergic 

receptors, it is also possible that synaptic spillover of acetylcholine during high rates or 

bursts of cholinergic activity could modulate the release of glutamate or GABA from these 

terminals (or vice versa; Vizi and Kiss, 1998; Sarter et al., 2009). In a previous paper, Li and 

coworkers (2001) reported that ChAT+ axon terminals in the BLa formed synaptic junctions 

with adjacent axon terminals. In the present study, no clear examples of cholinergic 

axoaxonal synapses were found.

These findings are consistent with electrophysiological studies of the BLC that have 

demonstrated modulation of glutamate and GABA release from axon terminals by 

cholinergic mechanisms. In general, presynaptic muscarinic receptors inhibit release from 

glutamatergic and GABAergic terminals, whereas presynaptic nicotinic receptors increase 

release. In the lateral nucleus of the BLC, muscarinic suppression of GABAergic and 
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glutamatergic release was found to be receptor subtype specific, mediated by M1 and M3 

muscarinic receptors, respectively (Sugita et al., 1991). In another study, muscarinic 

suppression of glutamatergic release from cortical terminals in the BLC was found to 

involve multiple muscarinic receptor subtypes (Yajeya et al., 2000). There is also evidence 

for differential reduction of inhibitory transmission in different subpopulations of 

GABAergic interneurons via M2 muscarinic receptors in the BLC (Szabo et al., 2009). 

Nicotinic enhancement of glutamatergic and GABAergic release in the BLC has been found 

to be receptor subtype specific as well, with glutamatergic cortical afferents expressing 

nicotinic receptors composed of α7 and α4/β2 subunits (Jiang and Role, 2008) and 

GABAergic terminals containing nicotinic receptors composed of α3/β4 subunits (Zhu et al., 

2005). Thus the specific distribution of muscarinic and nicotinic receptors among 

GABAergic and glutamatergic terminals can determine the weighting of various synaptic 

pathways, in response to the dynamics of cholinergic transmission. Future 

immunocytochemical studies involving dual labeling of cholinergic terminals and 

cholinergic receptors at the ultrastructural level are needed to help clarify these issues in the 

BLC.

Functional implications

Cholinergic neurotransmission in the BLC plays an important role in mnemonic function 

and long-term potentiation (Power et al., 2003; Paré, 2003; Jiang and Role, 2008; Huang et 

al., 2008). The main function associated with the cholinergic innervation of the BLC is 

memory consolidation in a wide variety of learning tasks (for review see Power et al., 2003). 

It is thought that the BLC enhances memory consolidation by promoting interactions 

between hippocampal regions and neocortical memory storage sites (Paré, 2003). These 

interactions appear to depend on the generation of synchronous theta oscillations among 

these structures, which create recurring time windows that facilitate synaptic interactions 

and promote synaptic plasticity (Pelletier and Paré, 2004; Pape and Paré, 2010). The results 

of anatomical and electrophysiological studies suggest that the innervation of BLC 

pyramidal neurons and PV+ interneurons by basal forebrain cholinergic inputs may play a 

major role in generating these oscillations.

Thus, in addition to projections to extrinsic regions such as the hippocampal region and 

cerebral cortex, BLC pyramidal cells have extensive local axonal arborizations (Pitkänen et 

al., 2003; McDonald et al., 2005) that provide a dense innervation of the dendritic spines of 

numerous surrounding pyramidal cells, which could promote synchronous firing of these 

cells (Paré and Gaudreau, 1996; Smith et al., 2000). BLC pyramidal cells also have a largely 

perisomatic innervation of neighboring PV+ inter-neurons, which can provide potent 

excitation of these neurons (Morys et al., 1999; Smith et al., 2000; McDonald et al., 2005; 

Woodruff and Sah, 2007b). It has been shown that activation of a network of PV+ basket 

cells in the hippocampus, interconnected by dendritic gap junctions and GABAergic 

chemical synapses, plays an important role in the generation and maintenance of oscillatory 

activity in this brain region (Freund and Buzsaki, 1996; Freund, 2003). Recent studies have 

shown that similar networks of PV+ neurons also exist in the BLC (Muller et al., 2005; 

Woodruff and Sah, 2007a) and that these networks can entrain the firing of a large number 

of neighboring pyramidal cells via a robust, inhibitory, perisomatic innervation (Rainnie et 
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al., 2006; Woodruff and Sah, 2007a,b). The existence of reciprocal interconnections 

between excitatory pyramidal cells and inhibitory PV+ interneurons is consistent with 

electrophysiological studies in the BLC that have demonstrated counterphase firing of 

pyramidal cells and fast-firing (presumptive PV+) interneurons during theta rhythms (Paré 

and Gaudreau, 1996).

As discussed above, electrophysiological studies indicate that the robust cholinergic 

innervation of pyramidal cells and PV+ interneurons observed in the present study is 

associated with excitation of both types of neurons by muscarinic and nicotinic receptors. 

Given the anatomy and physiology of the reciprocal interconnections between these 

neurons, rhythmic oscillations are likely to be produced by this activation. Moreover, BLC 

pyramidal cells have intrinsic conductances, including conductances sensitive to muscarinic 

cholinergic agonists, that produce theta (Paré et al., 1995; Pape et al., 1998). It has been 

suggested that muscarinic cholinergic reduction of the slow AHP current may facilitate these 

theta oscillations in BLC pyramidal cells (Pape et al., 2005). If the amygdala is like the 

hippocampus, nicotinic influences may not be critical for generating oscillations but may be 

important for modulating preexisting oscillatory states (Cobb and Davies, 2005). In addition, 

recent studies indicate that corticopetal cholinergic neurons in the basal forebrain fire at 

theta frequency (Lee et al., 2005). If amygdalopetal cholinergic basal forebrain neurons have 

similar firing patterns, this would also promote the generation of theta rhythms in the BLC.
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Figure 1. 
Innervation of the amygdala by cholinergic VAChT+ axons. A: Low-power light micrograph 

of VAChT immunoreactivity at the Bregma –2.3 level (Paxinos and Watson, 1997). Note 

that the density of VAChT+ axons in the BLa is much greater than in the lateral nucleus 

(Lat) and that the lateral subdivision of the central nucleus (Ce) contains very few VAChT+ 

axons. B: Higher power light micrograph of VAChT+ axons in the BLa at the level of A. 

C,D: Low-power light micrographs of VAChT immunoreactivity at the Bregma –3.3 level 

(C) and Bregma –4.0 level (D). Note that the density of VAChT+ axons in the BLa and BLp 

is much greater than in the lateral (Lat) or basomedial nucleus (BM). Scale bars = 150 μm in 

A; 10 μm in B; 150 μm in D (applies to C,D).

Muller et al. Page 18

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
A CaMK+ pyramidal cell perikaryon (Cpk) labeled with particulate V-VIP reaction product 

is contacted by three VAChT+ terminals (Vt). Two of these contacts are synaptic (arrows), 

and the third makes synaptic contact with an adjacent CaMK+ dendrite (Cd, arrowhead). 

Inset: Enlarged view of the synaptic contact (arrow) from the Vt on the left. Scale bars = 1 

μm; 0.5 μm in inset.
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Figure 3. 
A–C: A CaMK+ pyramidal cell dendrite (Cd) and its spine (sp, arrow in A) receive multiple 

synaptic contacts from VAChT+ terminals (Vt, arrows in B,C). The dendritic spine (sp in 

A), in addition to receiving synaptic input from a VAChT+ terminal (arrow in A), receives 

an asymmetrical synaptic contact (arrowhead) from a CaMK+ terminal (Ct). The granular V-

VIP label for CaMK in the Ct is most apparent in partial view in C (double arrowheads). 

Another small VAChT+ axonal profile contacting the Cd adjacent to an emerging spine 

(asterisk in C) appeared synaptic in subsequent sections. A–C are from the first, second, and 

fourth sections in a short series. Scale bar = 0.5 μm.
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Figure 4. 
A: A small-caliber CaMK+ dendrite (Cd) receives synaptic inputs from two VAChT+ 

terminals (Vt, arrows). B: A small-caliber CaMK+ dendrite and its branch (Cd, line) were 

found, in serial sections, to receive synaptic input from at least six VAChT+ terminals 

(asterisks). Another CaMK+ dendrite (Cd, lower right) also received several VAChT+ 

synapses. Scale bars = 0.5 μm.
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Figure 5. 
A,B: Serial electron micrographs of a cross-sectional view of a small-caliber CaMK+ 

dendrite (Cd) and its spine (sp). A: The spine neck receives a symmetrical synaptic contact 

from a VAChT+ terminal (Vt, arrow), and the spine head receives a perforated asymmetrical 

synapse from a CaMK+ terminal (Ct, single arrowheads). The spine also receives 

symmetrical synaptic contacts from at least two unlabeled terminals (Ut, double arrowheads 

in A,B), whose small, pleomorphic synaptic vesicles are consistent with their being 

GABAergic. A third, similar unlabeled terminal appears to be forming a symmetrical 

synapse onto the spine as well (Ut on left in B, asterisk). Scale bar = 0.5 μm.
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Figure 6. 
A V-VIP labeled PV+ perikaryon (Ppk) receives contacts from two VAChT+ terminals, one 

of which (asterisk) is clearly synaptic (Vt, arrow in inset). Scale bars = 1 μm; 0.5 μm in 

inset.
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Figure 7. 
A: A large-caliber PV+ dendrite (Pd) receives synaptic input from a VAChT+ terminal (Vt, 

arrow) as well as asymmetrical synapses from adjacent and nearby unlabeled terminals (Ut, 

arrowheads). The PV+ dendrite also gives rise to a spine (asterisk) that receives two 

asymmetrical synaptic contacts. B: A large-caliber PV+ dendrite receives synaptic contact 

from a VAChT+ terminal (Vt, arrow in inset). The inset is from two thin sections away in 

the series. This PV+ dendrite also receives asymmetrical synaptic contacts from four nearby 

unlabeled terminals (Ut, arrowheads), and a symmetrical synapse from a PV+ terminal (Pt, 

double arrowheads). C: A small-caliber PV+ dendrite (Pd) receives synaptic input from a 

VAChT+ terminal (Vt, arrow). Adjacent and nearby unlabeled terminals (Ut) are shown 

making asymmetrical synapses (arrowheads). From serial sections, it was found that two 

more unlabeled terminals formed asymmetrical synapses in the same cross-sectional area as 

the VAChT+ terminal. D: A VAChT+ terminal (Vt) is synapsing onto a PV+ longitudinally 

oriented small-caliber dendrite (Pd, arrow). The synapse is oblique in this section but was 

confirmed in serial sections. The VAChT+ terminal sits between two unlabeled terminals 

making asymmetrical synapses with the PV+ dendrite. Scale bars = 0.5 μm.
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TABLE 1

Primary Antibodies

Antigen Immunogen Manufacturing details Dilution

VAChT Synthetic peptide, aa 511–530 from cloned rat 
VAChT

Immunostar, goat polyclonal, catalog No. 24286 1:10,000

Parvalbumin Rat muscle parvalbumin Gift from Dr. Kenneth Baimbridge, rabbit polyclonal, 
antiserum R-301

1:6,000

CaM kinase II Purified type II CaM kinase alpha 2 subunit Sigma, mouse monoclonal, catalog No. C265 (clone 6G9) 1:500
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