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Abstract

Perineuronal nets (PNNs) are specialized condensations of extracellular matrix that ensheath 

particular neuronal subpopulations in the brain and spinal cord. PNNs regulate synaptic plasticity, 

including the encoding of fear memories by the amygdala. The present immunohistochemical 

investigation studied PNN structure and distribution, as well as the neurochemistry of their 

ensheathed neurons, in the rat amygdala using monoclonal antibody VC1.1, which recognizes a 

glucuronic acid 3-sulfate glycan associated with PNNs in the cerebral cortex. VC1.1+ PNNs 

surrounded the cell bodies and dendrites of a subset of nonpyramidal neurons in cortex-like 

portions of the amygdala (basolateral amygdalar complex, cortical nuclei, nucleus of the lateral 

olfactory tract, and amygdalohippocampal region). There was also significant neuropilar VC1.1 

immunoreactivity whose density varied in different amygdalar nuclei. Cell counts in the 

basolateral nucleus revealed that virtually all neurons ensheathed by VC1.1+ PNNs were 

parvalbumin-positive (PV+) interneurons, and these VC1.1+/PV+ cells constituted 60% of all PV+ 

interneurons, including all of the larger PV+ neurons. Approximately 70% of VC1.1+ neurons 

were calbindin-positive (CB+), and these VC1.1+/CB+ cells constituted about 40% of all CB+ 

neurons. Colocalization of VC1.1 with Vicia villosa agglutinin (VVA) binding, which stains 

terminal N-acetylgalactosamines, revealed that VC1.1+ PNNs were largely a subset of VVA+ 

PNNs. This investigation provides baseline data regarding PNNs in the rat which should be useful 

for future studies of their function in this species.
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Introduction

Perineuronal nets (PNNs) are specialized condensations of extracellular matrix that ensheath 

the cell bodies, proximal dendrites, and axon initial segments of neurons. They were initially 

described by Camillo Golgi using his Golgi technique (Golgi, 1893; Celio and Blümke, 

1994; Celio et al., 1998). Investigations conducted in the last 25 years have shown that 

PNNs consist of a variety of glycoconjugates including hyaluronic acid, proteoglycans, and 

glycoproteins (Galtrey and Fawcett, 2007; Berretta et al., 2015; Smith et al., 2015). Recent 

studies have demonstrated that PNNs are formed during postnatal development and are 

critical for the regulation of a variety of synaptic functions including synaptic stabilization 

and synaptic plasticity (Galtrey and Fawcett, 2007; Berretta et al., 2015). The finding that 

PNNs and other components of the extracellular matrix are altered in several neurological 

and neuropsychiatric diseases suggests that a greater understanding of their structure and 

function could lead to novel therapies to treat these disorders (Viapiano and Matthews, 2006; 

Galtrey and Fawcett, 2007; Berretta et al., 2015; Maeda, 2015; Smith et al., 2015; 

Pantazopoulos and Berretta 2016; Sorg et al., 2016).

PNNs are found throughout the central nervous system but have been most extensively 

studied in the cerebral cortex and cerebellum. Various components are synthesized by the 

ensheathed neuron and/or neighboring glial cells (Carulli et al., 2006). The backbone of 

PNNs consists of long hyaluronic acid molecules attached to the ensheathed neuron, to 

which numerous chondroitin sulfate proteoglycans (CSPGs) are bound via link proteins. 

These CSPGs are mainly lecticans (e.g. aggrecan and brevican), whose core proteins are 

attached at one end to hyaluronic acid, and at the other end to the glycoprotein tenascin-R. 

PNNs are of heterogeneous composition and different neuronal subpopulations can be 

labeled by: (1) antibodies to distinct core proteins or glycosaminoglycan (GAG) sidechains 

of CSPGs, (2) by lectins which bind to distinct components of the GAGs, or (3) by 

antibodies to other carbohydrate moieties of PNNs. The same glycoconjugates that are 

concentrated in PNNs are also found diffusely distributed in the neuropil where they 

contribute to the extracellular matrix in the extracellular space around glial cells, blood 

vessels and neural processes including nodes of Ranvier (Celio et al., 1998; Bekku et al., 

2009).

The lectins Wisteria floribunda agglutinin (WFA) and Vicia villosa agglutinin (VVA), which 

bind to terminal N-acetylgalactosamines on the GAG sidechains of lecticans, are commonly 

used to label PNNs in the cerebral cortex and other CNS areas. A large percentage of WFA+ 

and VVA+ PNNs in the cortex are also labeled by antibodies that recognize a unique 

carbohydrate epitope that contains glucuronic acid 3-sulfate (Yamamoto et al., 1988; 

Barnstable et al., 1992). One of these antibodies, HNK-1, was raised against human natural 

killer cells (Abo and Balch, 1981), while the other, VC1.1, was generated using a 

homogenate of cat visual cortex (Arimatsu et al., 1987). The epitopes of HNK-1 and VC1.1 

antibodies are either identical or overlapping, and are also found on N-CAM cell adhesion 

molecules (Kosaka et al., 1990; Naegele and Barnstable, 1991). Staining produced by these 

two antibodies is identical and both label PNNs ensheathing a subpopulation of neocortical 

GABAergic neurons that express the calcium-binding protein parvalbumin (Kosaka et al., 

1990). HNK-1-positive PNNs also ensheath PV+ interneurons in the hippocampus (Ren et 
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al., 1994; Weber et al., 1999). Studies in the hippocampus have shown that tenascin-R 

molecules carrying the VC1.1/HNK-1 carbohydrate epitope modulate perisomatic inhibition 

and long-term potentiation (Saghatelyan et al., 2000, 2001; Bukalo et al., 2001)

Most studies of PNNs in the amygdala have been performed in human and non-human 

primates (Härtig et al., 1995; Pantazopoulos et al., 2006, 2008; Mueller et al., 2016). Using 

WFA as a marker for PNNs, Härtig and coworkers (1995) demonstrated that many neurons 

ensheathed by PNNs in the monkey basolateral amygdala express the calcium-binding 

proteins PV or calbindin (CB). Likewise Pantazopoulos and coworkers (2006) found that 

about one-third of PV+ interneurons in the human basolateral amygdala were ensheathed by 

WFA+ PNNs, and a subset of these neurons also expressed CB. The finding that there is 

significant loss of PNNs in the basolateral amygdala of patients with schizophrenia 

implicates these structures in the dysfunction of GABAergic neurons in this disorder 

(Pantazopoulos et al., 2010, 2015; Berretta, 2012; Berretta et al., 2015).

Much less is known about the neuroanatomy and neurochemistry of PNNs in the rodent 

amygdala. As in cortical structures, WFA+ PNNs develop postnatally in the rodent 

basolateral amygdala, increasing in number through juvenile, adolescent, and adult stages 

(Gogolla et al., 2009; Horii-Hayashi et al., 2015; Umemori et al., 2015; Baker et al., 2017). 

In a study describing the distribution and composition of PNNs throughout the rat brain, 

PNNs were described in the amygdala that differentially expressed aggrecan, brevican, 

and/or tenascin-R, but their location in individual amygdalar nuclei was not mentioned 

(Dauth et al., 2016). Perhaps the most remarkable finding about amygdalar PNNs to date is 

that it is the formation of WFA+ PNNs in the rat basolateral amygdala during postnatal days 

16-21 that protects fear memories from erasure during extinction training (Gogolla et al., 

2009). Likewise, it has been found that intra-amygdalar injections of chondroitinase (to 

deplete PNNs that express chondroitin sulfate proteoglycans) combined with extinction 

training erased drug-induced conditioned place preference memory (Xue et al., 2014).

These studies implicating amygdalar PNNs in synaptic plasticity and emotional learning 

suggest that a greater understanding of their structure, neurochemistry, cell-type-specific 

expression, and function in rodents could lead to novel therapies to treat anxiety disorders, 

drug addiction, and psychoses. Interestingly, very recent studies using WFA to stain PNNs in 

the rodent basolateral amygdala have shown that these N-acetylgalactosamine-positive 

PNNs ensheath both glutamatergic pyramidal neurons, the principal neurons of the 

basolateral amygdala, as well as PV+ interneurons (Baker et al., 2017; Morikawa et al., 

2017). However, nothing is known about the expression of the VC1.1/HNK-1 carbohydrate 

epitope in the amygdala. In order to better understand the neurochemical heterogeneity of 

PNNs in the amygdala, we examined the structure and distribution of PNNs in the rat 

amygdala labeled by the VC1.1 antibody, and also analysed coexpression of N-

acetylgalactosamines in these PNNs using the lectin VVA. In addition, we determined 

whether VC1.1+ PNNs ensheath PV+ and CB+ GABAergic interneurons in the basolateral 

amygdala, like they do in the cortex.
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Experimental procedures

Tissue preparation

A total of 13 adult male Sprague-Dawley rats (250-350g; Envigo, Indianapolis, IN) were 

used in this study. 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.

Rats were anesthetized with sodium pentobarbital (40 mg/kg, IP) and perfused through the 

heart with 0.1 M phosphate-buffered saline (PBS; pH 7.4) containing 1% sodium nitrite (100 

ml), followed by mixture of 4.0% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M 

phosphate buffer (pH 7.4; 500 ml). Following perfusion, brains were removed, postfixed in 

the perfusate for 3 h, and sectioned at 50 μm in the coronal plane using a vibratome. 

Amygdalar sections were placed in tissue culture chamber slides for immunohistochemical 

processing.

Single-labeling immunohistochemistry for VC1.1

Sections from five rats were processed for VC1.1 immunohistochemistry alone. The VC1.1 

monoclonal antibody was produced in the Barnstable laboratory (Arimatsu et al., 1987; 

Barnstable et al., 1992). Sections through the amygdala were incubated in VC1.1 mouse 

monoclonal antibody (1:150). Following an overnight incubation in primary antibody (4°C), 

sections were processed for the avidin–biotin immunoperoxidase technique using a mouse 

IgM ABC kit (Vector Laboratories, Burlingame, CA, USA) with nickel-intensified DAB as a 

chromogen to produce a black reaction product (Hancock, 1986). All immunoreagents were 

diluted in PBS containing Triton X-100 (0.05%) and 1% normal goat serum. Following 

immunohistochemical processing, sections from three of the five brains were mounted on 

gelatinized slides, dried overnight, dehydrated in ethanols, cleared in xylene, and 

coverslipped with Permount (Fisher Scientific, Pittsburgh, PA, USA). Slides from the other 

two brains were counterstained with pyronin Y (Sigma Chemical Co., St. Louis, MO), a red 

Nissl stain, before dehydration in order to better appreciate the location of VC1.1-

immunoreactive (VC1.1+) perineuronal nets (PNNs) in relation to the different nuclei of the 

amygdala. In one of the latter brains the locations of VC1.1+ PNNs in the amygdala were 

plotted at 0.5-mm intervals onto template drawings taken from an atlas of the rat brain 

(Paxinos and Watson, 1997).

Dual-labeling immunohistochemistry for VC1.1 and calcium-binding proteins

Sections from six rats were first processed for VC1.1 immunoreactivity as described above 

and then alternate sections were incubated in a rabbit parvalbumin (PV) antibody (1:2000) or 

a rabbit calbindin-D28k (CB) antibody (1:50,000) (both obtained from Kenneth Baimbridge, 

University of British Columbia, Vancouver, Canada). Thus, half of the sections were dual 

labeled for VC1.1/PV and the other half for VC1.1/CB. The high dilution of the CB 

antibody was used to distinguish interneurons, which exhibit high levels of CB-ir, from 

pyramidal cells, which in many amygdalar nuclei exhibit low levels of CB-ir (McDonald and 
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Betette, 2001). Pyramidal cells exhibited little or no CB-ir with the dilutions used in this 

study. Following an overnight incubation in primary antibody (4°C), sections were processed 

for the avidin–biotin immunoperoxidase technique using a rabbit ABC kit (Vector 

Laboratories) with non-intensified DAB as a chromogen to produce a brown reaction 

product. All immunoreagents were diluted in PBS containing Triton X-100 (0.05%) and 1% 

normal goat serum. Following immunohistochemical processing, sections were mounted on 

gelatinized slides, dried overnight, dehydrated in ethanols, cleared in xylene, and 

coverslipped with Permount. Control sections processed as described above but with the PV 

or CB antibody omitted exhibited no brown perikaryal staining.

Colocalization of PV and VC1.1 revealed that a subset of amygdalar PV+ neurons were 

ensheathed by PNNs. To estimate the percentage of PV+ neurons that were ensheathed by 

PNNs counts of the following neuronal types in the anterior subdivision of the basolateral 

nucleus (BLa) were made in three of the brains stained for PV and VC1.1: (1) PV+ cell 

bodies ensheathed by VC1.1+ PNNs; (2) PV+ cell bodies that were not ensheathed by 

VC1.1+ PNNs; and (3) PV-negative cell bodies ensheathed by VC1.1+ PNNs. The BLa was 

chosen for this analysis since it contained the most PNNs, and because the levels of 

neuropilar VC1.1-ir were low, which made it easier to discriminate cell bodies ensheathed 

by PNNs versus those that were surrounded by high levels of neuropilar VC1.1-ir. Counts in 

the BLa of each of these three types of neurons were made in a total of 7-10 amygdalar 

sections from each brain (from both left and right sides; bregma levels −1.7 to −3.0). 

Analogous counts for CB and VC1.1 in the BLa were made in 8-9 amygdalar sections from 

each brain.

It appeared that the PV+ cell bodies that were ensheathed by VC1.1+ PNNs in the BLa were 

generally larger than those that were not ensheathed by PNNs. To determine if there were 

statistically significant morphological differences in these two types of PV+ neurons, the 

lengths and widths of the cell bodies of both types of neurons in the BLa were measured in 

two brains at 400× magnification using a calibrated ocular reticule. Cell bodies of BLa PV+ 

neurons were measured in a total of 11-13 amygdalae from each brain (from both left and 

right sides; bregma levels −1.7 to −3.0). In each section analyzed all cell bodies in the BLa 

that were PV+/VC1.1+ or PV+/VC1.1-negative were measured. The sum of the length and 

width of each cell body was used as a measure of cell body size, and the ratio of the length 

and width was used as an indicator of cell body shape (i.e., elongation). Both the cell body 

and nucleus of PV+ neurons were stained, but their nucleoli appeared as small unstained 

round profiles within the nucleus. Only PV+ cell bodies with a nucleolus in the section were 

measured in order to ensure that the cell body profile measured was near the center of the 

cell body rather than near the edge of the cell body where it would appear smaller. Since t-

tests revealed that there was no statistically significant difference in the size and elongation 

data from the two brains, these data was pooled. Statistical comparisons of the cell body size 

and elongation data of PV+/VC1.1+ neurons and PV+/VC1.1-negative neurons were made 

using Student’s t-tests.
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Colocalization of VC1.1-ir and VVA binding in amygdalar PNNs

The lectins Vicia villosa agglutinin (VVA) and Wisteria floribunda agglutinin (WFA), which 

bind to terminal N-acetylgalactosamines on the GAG sidechains of lecticans, are commonly 

used to label PNNs in the cerebral cortex and other CNS areas. In two rats alternate 50 μm 

sections through the amygdala were processed for VC1.1 immunohistochemistry or VVA 

histochemistry in order to compare the neuronal localization of these two PNN components. 

VC1.1 immunoperoxidase histochemistry was performed as described above. For VVA 

staining sections were incubated in HRP-conjugated VVA (40 μg/ml in PBS with 1% bovine 

serum albumin; E-Y Labs, Inc., San Mateo, CA) for 3.5 h at room temperature and then in 

nickel-intensified DAB-H2O2 to produce a black reaction product (Hancock, 1986). Sections 

that were incubated in VVA-HRP that had been preadsorbed for 1 h with N-

acetylgalactosamine (0.1 M; Sigma Chemical Co., St. Louis, MO) showed no staining. In 

one brain the locations of VVA+ PNNs in the amygdala were plotted at 0.5-mm intervals 

onto template drawings taken from an atlas of the rat brain (Paxinos and Watson, 1997).

Colocalization of VC1.1 and N-acetylgalactosamine (detected by VVA-HRP) in neurons of 

the BLa was investigated in both brains using the mirror technique (McDonald and Betette, 

2001). The use of low concentrations of Triton X-100 (0.05%) in the incubation solutions 

limited immunostaining to the upper and lower surfaces of the section. Profiles of all 

VC1.1+ cell bodies, as well as blood vessel lumina as fiducial landmarks, at one surface of 

each VC1.1-stained section were drawn using a camera lucida at 200× magnification. Then 

the corresponding surface of the adjacent VVA-stained section was viewed through the 

microscope and the lumina of the fiducial blood vessels were superimposed upon those of 

the drawing of the VC1.1-stained section (seen through the camera lucida). Profiles of all 

VVA+ somata at the surface of the section were then drawn. VVA+ somata that were in the 

same position, and of corresponding shape, as VC1.1+ somata were considered to exhibit 

coexistence of the two PNN components. Since almost all VC1.1+ and VVA+ dendrites 

were less than 3 mm wide, it was not difficult to distinguish cell bodies from dendrites.

To estimate the extent of overlap of VC1.1+ and VVA+ neurons, counts of the following 

neuronal types in the BLa were made in both brains: (1) double-labeled VC1.1+/VVA+ cell 

bodies; (2) single-labeled VC1.1+/VVA-negative cell bodies; and (3) single-labeled VVA+/

VC1.1-negative cell bodies. Counts in the BLa of each of these three types of neurons were 

made in a total of 6-7 amygdalar sections from each brain (from both left and right sides; 

bregma levels −1.7 to −3.0).

Antibody Specificity

The monoclonal VC1.1 IgM antibody was generated in mice using an unfixed homogenate 

of cat area 17 and has been extensively characterized (Arimatsu et al., 1987; Barnstable et 

al., 1992). The VC1.1 antibody recognizes an N-linked carbohydrate epitope associated with 

integral membrane proteins that is either identical to or highly overlaps the carbohydrate 

epitope labeled by the HNK-1 antibody (Arimatsu et al., 1987; Kosaka et al., 1990; Naegele 

and Barnstable, 1991; Barnstable et al., 1992). This VC1.1/HNK-1 carbohydrate epitope has 

been shown to be a sulfated trisaccharide that has a unique terminal sulfated glucuronic acid 

(Kizuka and Oka, 2012). It is carried by several extracellular matrix components including 

McDonald et al. Page 6

Brain Struct Funct. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



myelin associated glycoproteins (95-105 kDa band), N-CAMs (145 kDa and 170 kDa 

bands), some aggrecan proteoglycans (650-700 kDa bands), and tenascin–R (Arimatsu et al., 

1987; Zaremba et al., 1990; Naegele and Barnstable, 1991; Barnstable et al., 1992; 

Matthews et al., 2002). In previous studies VC1.1 immunoreactivity was found in PNNs and 

the neuropil in the cortex, as well as in subcortical regions including the thalamic reticular 

nucleus. In the coronal amygdalar sections used in the present study VC1.1 immunostaining 

in the cortex and reticular nucleus at the level of the amygdala was identical to that obtained 

in previous studies (Arimatsu et al., 1987; Barnstable et al., 1992). Sections incubated with 

the primary antibody omitted exhibited no immunostaining.

The polyclonal PV antiserum (antiserum R-301) and CB antiserum (antiserum R-8701) were 

generously donated by Dr. Kenneth G. Baimbridge (University of British Columbia). The 

polyclonal PV antiserum was raised in rabbit against rat muscle PV. The CB antiserum was 

raised in rabbit against bovine cerebellar CB. Previous adsorption studies have shown that 

each antiserum recognizes its respective antigen, but not other calcium-binding proteins 

(Condé et al., 1994). Sections incubated in preimmune serum, normal rabbit serum, or PBS 

in place of the primary antisera exhibited no immunostaining.

Results

Single-labeling immunohistochemistry

VC1.1 immunoreactivity (VC1.1-ir) was very intense in perineuronal nets (PNNs) 

ensheathing the cell bodies and proximal dendrites of particular neuronal subpopulations in 

the amygdala. Diffuse VC1.1-ir was also observed in the neuropil of all amygdalar nuclei. 

Most VC1.1+ PNNs in the rostral third of the amygdala were located in the anterior 

subdivision of the basolateral nucleus (BLa) and in layers II and III of the nucleus of the 

lateral olfactory tract (NLOT) (Figs. 1, 2A and 2B). In the middle third of the amygdala 

most PNNs were seen in the BLa, the posterior subdivision of the basolateral nucleus (BLp), 

lateral nucleus, and posterolateral cortical nucleus (PLCo) (Figs. 2C, D). In more caudal 

portions of the amygdala many PNNs were located in the anterolateral 

amygdalohippocampal area (AHA), as well as in the basal and lateral nuclei (Figs. 2 E, F).

At low and medium powers of magnification it appeared that VC1.1+ PNNs formed a 

continuous sheath surrounding cell bodies when seen in sections that were perpendicular to 

their plasma membranes, but observations at higher power revealed that PNNs actually 

consisted of punctate structures that were either closely apposed to each other or separated 

by gaps of 0.5 to 2.0 μm (Figs. 3C, D). When viewed en face (in sections that were 

tangential to plasma membranes) PNNs appeared as true nets with circular or oval openings 

that were 0.5 to 2.0 μm in diameter (Figs. 3C, 4A). In some cases PNNs extended beyond 

primary dendrites to also ensheath secondary dendrites (Figs. 3A, D). VC1.1-ir along these 

dendrites always had a punctate appearance. In the lateral subdivision of the central nucleus 

no PNNs were observed, but VC1.1-ir was found in irregular clumps in neuronal cell bodies 

(Fig. 4B).

Although the PNNs were the most conspicuous VC1.1+ structures in the amygdala, there 

appeared to be a much greater overall quantity of VC1.1-ir in the neuropil of most 
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amygdalar nuclei. Neuropilar VC1.1-ir was in the form of puncta, or ring-like structures that 

were 0.5 to 2.0 μm in diameter (Figs. 1, 3). At rostral levels of the amygdala the dorsolateral 

subdivision of the lateral nucleus (Ld) and anterior basomedial nucleus (BMA) had very 

dense neuropilar VC1.1-ir, and the BLa had fairly low levels (Fig. 5). At middle levels of the 

amygdala most nuclei had moderate levels of neuropilar VC1.1-ir, but high levels were seen 

in dorsolateral lateral nucleus (Ld) and low levels were seen in the BLa (Fig. 6). At levels of 

the amygdala caudal to the lateral nucleus neuropilar VC1.1-ir was light in the BLp and 

amygdalohippocampal area, and moderate in the posteromedial cortical nucleus. VC1.1-ir 

was also seen in the stria terminalis (st), one of the main fiber bundles connecting the 

amygdala with the hypothalamus and other brain areas (Fig. 6).

Dual-labeling immunohistochemistry using VC1.1 and calcium-binding protein antibodies

The low density of neurons ensheathed by VC1.1+ PNNs in amygdalar nuclei that contained 

them (basolateral complex, amygdalohippocampal area, cortical nuclei, and NLOT) 

suggested that they might belong to a subpopulation of nonpyramidal neurons. This was also 

suggested by the nonpyramidal morphology of some of the cell bodies of these neurons 

(e.g., the large multipolar cell body of the neuron shown in the upper part of Figure 1B). 

Since PNNs typically surround PV+ neurons in many CNS areas, we performed dual-

labeling for PV and VC1.1 to determine if this was the case for the rat amygdala. This 

analysis revealed that most neurons ensheathed by VC1.1+ PNNs were PV+ (Figs. 7, 8). 

Cell counts in the BLa demonstrated that over 90% of neurons ensheathed by VC1.1+ PNNs 

were PV+, and these VC1.1+/PV+ neurons constituted about 60% of all PV+ neurons (Table 

1; Fig. 10). Likewise, it appeared that in other areas of the amygdala with high concentration 

of VC1.1+ PNNs, the majority of PV+ neurons were VC1.1+ (Figs. 7B, 8). Since the 

majority of PV+ neurons in the basolateral amygdala also express calbindin (McDonald and 

Betette, 2001) we analyzed the extent to which VC1.1+ PNNs were associated with CB+ 

neurons (Fig. 9). Like PV+ neurons, CB+ neurons ensheathed by VC1.1+ PNNs were found 

in all amygdalar nuclei that exhibited PNNs. Cell counts in the BLa demonstrated that about 

70% of neurons ensheathed by VC1.1+ PNNs were CB+, and these VC1.1+/CB+ neurons 

constituted about 41% of all CB+ neurons (Table 2; Fig. 10).

In the BLa it appeared that PV+ cell bodies that were ensheathed by VC1.1+ PNNs were 

generally larger than those that were not ensheathed by PNNs. To determine if there were 

morphological differences in these two types of neurons, the lengths and widths of PV+ cell 

bodies ensheathed (PV+/VC1.1+ neurons; n = 48) or not ensheathed by PNNs (PV+/VC1.1-

negative neurons; n = 37) were measured. The sum of the length and width of each cell body 

was used as a measure of cell body size, and the ratio of the length and width was used as an 

indicator of elongation. These measurements revealed that there was a very significant 

difference in the size of PV+/VC1.1+ cell bodies (M = 28.04 μm, SD = 5.21) compared to 

PV+/VC1.1-negative cell bodies (M = 24.84 μm, SD = 3.35) (p< 0.01), but no significant 

difference in the elongation of PV+/VC1.1+ cell bodies (M = 1.38, SD = 0.31) compared to 

PV+/VC1.1-negative cell bodies (M = 1.29, SD = 0.26) (p> 0.05). These results indicate that 

the subpopulation of PV+ neurons in the BLa whose cell bodies are ensheathed by VC1.1+ 

PNNs are significantly larger than those that are not ensheathed by PNNs, but another 

morphological feature, elongation, is not different. In fact, all of the cell bodies of PV+ 
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neurons in our quantitative sample whose summed lengths and widths totaled 33 μm or more 

were ensheathed by VC1.1+ PNNs (Fig. 11).

Colocalization of VC1.1-ir and VVA binding in amygdalar PNNs

The structure of VVA+ PNNs was very similar to that of VC1.1 PNNs (Fig. 12). The 

distribution of VVA+ PNNs in the amygdala was very similar to that of VC1.1+ PNNS, but 

they were found in greater numbers (compare Figs. 2 and 13). Cell counts performed using 

the mirror technique in the BLa revealed that about half (48/94) of all cell bodies that were 

VC1.1+ or VVA+ were positive for both markers. About 77% of VC1.1+ cell bodies were 

VVA+, and 60% of VVA+ cell bodies were VC1.1+ (Table 3).

DISCUSSION

This investigation utilized the VC1.1 monoclonal antibody and VVA staining to provide the 

first detailed maps of PNNs in the rat amygdala. Since the VC1.1 antibody was generated in 

mice using a homogenate of cat cortical area 17 (Arimatsu et al., 1987) it is not surprising 

that in the rat amygdala VC1.1+ PNNs were only seen in amygdalar nuclei that have cortex-

like cell types (i.e., basolateral nuclei, cortical nuclei, NLOT, and the AHA) (McDonald, 

1992), but not in the remaining nuclei (e.g., central and medial nuclei). As in the cortex, 

VC1.1+ PNNs ensheathed PV+ interneurons in these nuclei. Many of these neurons in the 

amygdala also expressed calbindin. About half of all PNNs that were VC1.1+ or VVA+ were 

positive for both markers. However, many VVA+ PNNs were VC1.1-negative. Significant 

neuropilar VC1.1-ir was seen throughout the amygdala but its density varied in different 

nuclei.

Morphology, neurochemistry, and distribution of amygdalar VC1.1+ PNNs

The morphology of VC1.1+ PNNs in the amygdala is identical to that of VC1.1+ PNNs in 

the cortex (Arimatsu et al., 1987; Kosaka et al., 1989). Recent studies indicate that 

amygdalar PNNs in the rat are immunoreactive for several lecticans, including aggrecan and 

brevican, as well as tenascin-R (Dauth et al., 2016). Since the VC1.1 antibody recognizes a 

VC1.1/HNK-1 epitope that is carried by aggrecan and tenascin-R (see Antibody Specificity 

in Experimental Procedures), many of the PNNs detected by Dauth and co-workers are 

probably also VC1.1+. In fact, the structure of PNNs in all regions of the CNS are altered in 

tenascin-R knock-out mice (Brückner et al., 1999).

Electron microscopic studies in the cortex have demonstrated that VC1.1-ir in PNNs is 

found around axon terminals forming symmetrical (excitatory) or asymmetrical (inhibitory 

or neuromodulatory) synapses with cell bodies of ensheathed neurons, but not in the 

presynaptic axon terminals or their synaptic clefts (Naegele et al., 1988). VC1.1-ir was also 

seen along the cytoplasmic side of the plasma membrane of ensheathed cortical neurons. 

The morphological similarities in cortical and amygdalar VC1.1+ PNNs suggest that they 

are associated with the same structures in the amygdala. This is consistent with the size of 

the fenestrations of the PNNs in the rat amygdala in the present study which are the same 

size as most axon terminals (0.5 to 2.0 μm in diameter). VC1.1-ir was also seen ensheathing 

some axon terminals and dendrites in the neuropil of the cortex. This is probably also the 
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case for the amygdala since VC1.1+ ring-like structures 0.5 to 2.0 μm in diameter (i.e., the 

size of most axon terminals and dendrites) were seen in the amygdalar neuropil.

VC1.1+ PNNs ensheath subpopulations of calcium-binding expressing interneurons in the 
rat basolateral amygdala

The present study demonstrated that virtually all of the neurons in the rat amygdala that 

were ensheathed by VC1.1+ PNNs were PV+. This PV+/VC1.1+ subpopulation constituted 

about 60% of all PV+ neurons in the BLa. These data are very similar to the results in rat 

parietal cortex where essentially all VC1.1+ neurons were PV+, and these neurons constitute 

66% of all PV+ neurons (Kosaka et al., 1989). Likewise, it appeared that in other areas of 

the amygdala with high concentrations of VC1.1+ PNNs, the majority of PV+ neurons were 

ensheathed by PNNs. PV+ neurons constitute about 40% and 20% of GABAergic 

interneurons, respectively, in the rat basolateral and lateral nuclei, and they are distinct from 

subpopulations expressing somatostatin, CCK, calretinin, and VIP (McDonald and 

Mascagni, 2001, 2002; Mascagni and McDonald, 2003). Since it has been estimated that PV

+ interneurons in BLa constitute about 6% of the entire neuronal population in this nucleus 

(Mascagni and McDonald, 2003), and 60% are ensheathed by VC1.1+ PNNs, then PV+/

VC1.1+ interneurons appear to make up about 3.6% of the total neuronal population in BLa.

There are actually several subpopulations of PV+ interneurons in the rodent basolateral 

amygdala that differ in size, electrophysiological characteristics, connectivity, and co-

expression of CB (Kemppainen and Pitkänen, 2000; McDonald and Betette, 2001; Rainnie 

et al., 2006; Woodruff and Sah, 2007; Bienvenu et al., 2012; Vereczki et al., 2016; Veres et 

al., 2017). On the basis of cell body size (sum of lengths and widths), elongation, and 

dendritic morphology, Kemppaninen and Pitkänen (2000) described three morphological 

types of PV+ neurons in the rat basolateral amygdala: (1) Type 1 neurons with small cell 

bodies; (2) Type 2 neurons with medium-to-large-sized cell bodies; and (3) Type 3 neurons 

with elongated fusiform cell bodies. Many of the PV+/VC1.1+ neurons in the present study, 

especially those in the BLa, were among the largest PV+ neurons and thus mainly 

correspond to Type 2 neurons. Likewise, VC1.1+ PNNs ensheathed GABAergic neurons in 

the rat visual cortex that had medium to large cell bodies (Naegele et al., 1988). Previous 

studies have provided evidence that specific electrophysiologically-defined subpopulations 

of amygdalar PV+ neurons correlate with specific anatomically-defined subpopulations that 

innervate distinct pyramidal cell domains, including cell bodies (PV+ basket cells), axon 

initial segments (PV+ chandelier [axo-axonic] cells), or distal dendrites (PV+ dendrite-

targeting cells), but the relative size of these subsets of PV+ neurons was not reported 

(Woodruff and Sah, 2007; Bienvenu et al., 2012). However, Golgi studies (McDonald and 

Culberson, 1981; McDonald, 1982) have found that chandelier cells, which are now known 

to be PV+ (McDonald and Betette, 2001; Bienvenu et al., 2012), have relatively large cell 

bodies. Thus, it seems likely that some of the large PV+/VC1.1+ neurons seen in the present 

study are chandelier cells (Fig. 11).

In the BLa about 40% of CB+ neurons exhibited VC1.1+ PNNs, and similar percentages of 

CB+/VC1.1+ neurons were seen in other nuclei of the basolateral amygdala. Approximately 

60% of CB+ neurons in the rat BLa were PV+, and PV+/CB+ neurons constituted about 

McDonald et al. Page 10

Brain Struct Funct. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



80% of all PV+ neurons (McDonald and Betette, 2001). The finding that 93% of amygdalar 

VC1.1+ PNNs ensheath PV+ neurons and 70% ensheath CB+ neurons indicates that at least 

two-thirds of the ensheathed PV+ neurons also express CB. It is of interest in this regard that 

all PV+ basket cells in the rat basolateral amygdala appear to express CB, but that PV+ 

chandelier cells do not (Bienvenu et al., 2012; Vereczki et al., 2016). These data are 

consistent with previous studies which found that pericellular basket-like arrays of 

immunoreactive axon terminals surrounding pyramidal cell somata are prominent in both 

CB-stained and PV-stained preparations of the rat basolateral amygdala, and that PV+ 

axonal cartridges enveloping pyramidal cell axon initial segments are only seen in PV-

stained preparations (McDonald, 1997; Kemppainen and Pitkänen, 2000; McDonald and 

Betette 2001). Collectively, these data, and the cell body size data mentioned previously, 

suggest that PV+ interneurons ensheathed by VC1.1 PNNs in the basolateral amygdala may 

include basket cells and chandelier cells.

Colocalization of VC1.1-ir and VVA binding in amygdalar PNNs

Studies in the cortex using the same mirror technique used in the present study demonstrated 

that about 90% of VC1.1+ neurons were VVA+, and these VC1.1+ neurons constituted 

about 75% of all VVA+ neurons (Kosaka et al., 1989). Similarly, we found that VVA+ 

neurons were only located in amygdalar regions that contained VC1.1+ neurons, and about 

77% of VC1.1+ neurons in the BLa were also VVA+, constituting 60% of all VVA+ 

neurons. It is likely that many of the single-labeled VVA+/VC1.1-negative PNNs in the 

basolateral amygdala ensheath pyramidal cells since WFA, another marker for N-

acetylgalactosamines, has been shown to stain PNNs that ensheath these excitatory neurons 

in this region (Baker et al., 2017; Morikawa et al., 2017). The finding that 93% of VC1.1+ 

PNNs in the BLa ensheathed PV+ interneurons, suggests that VC1.1+ neurons in the 

amygdala are largely a subset of VVA+ GABAergic interneurons. As discussed above, many 

of these amygdalar PV+/VC1.1 interneurons may be basket or chandelier cells. In the visual 

cortex, however, large basket cells, but not chandelier cells exhibit WFA+ PNNs (Naegele 

and Katz, 1990). In the hippocampus 90% of WFA+ PNNs ensheath basket cells, but very 

few ensheath chandelier cells (Yamada and Jinno, 2015). Future studies combining analysis 

of axonal morphology of individual neurons with VC1.1 immunohistochemistry will be 

necessary to definitely determine which PV subpopulations in the basolateral amygdala are 

ensheathed by VC1.1+ PNNs.

Functional Significance

The electrophysiological significance of PNNs surrounding PV+ interneurons has not been 

studied in the amygdala, but has been investigated in the neocortex. Most PNNs in the rat 

and monkey neocortex ensheath fast-firing PV+ interneurons that express potassium channel 

Kv3.1b subunits, which are critical for producing the short-duration action potentials 

required for high-frequency firing (Härtig et al., 1999). These findings suggested that PNNs 

might be necessary for this fast-spiking phenotype. However, the results of a recent study of 

fast-spiking GABAergic PV+ neurons of the neocortex, as well as fast-spiking glycinergic 

neurons of the medial trapezoid nucleus of the brainstem, suggests that this is not the case. 

In recordings from brain slices in which PNNs were degraded by chondroitinase (by 

breaking down GAGs of chondroitin sulfate proteoglycans), it was found that there was no 
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change in passive membrane properties in these neurons, or in their ability to fire rapid 

short-duration action potentials, but that there was reduced and delayed spiking (Balmer 

2016). Similar results were obtained in brevican knock-out mice (Blosa et al., 2015). Thus, it 

appears that PNNs increase the excitability of the ensheathed neurons in response to 

synaptic inputs.

Electrophysiological studies have demonstrated that subpopulations of PV+ neurons in the 

basolateral amygdala, like those in the cortex, exhibit high-frequency firing (Rainnie et al., 

2006; Woodruff and Sah, 2007) and are the main interneuronal subtype expressing Kv3.1b 

subunits (McDonald and Mascagni, 2006). Consistent with the finding that PNNs are not 

required for the fast-firing phenotype (Balmer 2016), 96% of PV+ neurons in the BLa 

expressed Kv3.1b (McDonald and Mascagni, 2006), but only 60% were ensheathed by 

VC1.1+ PNNs (present study). In addition, many WFA+ PNNs in the cortex and basolateral 

amygdala ensheath pyramidal cells (Wegner et al., 2003; Alpár et al., 2006; Morikawa et al., 

2017), and it is well established that pyramidal cells in the basolateral amygdala, like those 

in the cortex, are not fast-spiking (McDonald et al., 2005; Pape et al., 2005). Thus, it seems 

likely that one of the main roles of PNNs in the basolateral amygdala, like those in the 

neocortex, may be to increase the excitability of the PV+ neurons rather than being essential 

for fast-spiking. It has been suggested that PNNs, which are negatively charged (Brückner et 

al., 1993), may do this by several possible mechanisms including: (1) shifting the activation 

of voltage-dependent ionic currents to lower voltages; (2) maintaining a perineuronal 

buffering system for Na+ and K+ ions; and/or (3) promoting clustering of AMPA receptors 

and Na+ and K+ channels (Balmer, 2016).

There is extensive evidence that PNNs regulate synaptic plasticity (for reviews see Dityatev 

and Schachner, 2003; Hensch, 2005; Galtrey and Fawcett, 2007; Wang and Fawcett 2012; 

Sorg et al., 2016). PNNs form postnatally in an activity-dependent manner, and have been 

shown to mark the end of “critical periods” in the development of several systems including 

the ocular dominance columns of the visual cortex and the barrels of the somatosensory 

cortex (Wang and Fawcett, 2012). Synaptic plasticity during critical periods involves 

synaptogenesis and the formation of the basic circuits of these sensory systems. PNNs 

appear to stabilize these basic synaptic connections and tend to restrict further synaptic 

plasticity. It has been suggested that PNNs may restrict synaptic plasticity by: (1) forming a 

physical barrier between neurons and incoming axons; (2) providing a scaffold which binds 

molecules that inhibit the formation of new synapses; and/or (3) restricting the lateral 

mobility of AMPA receptors (Wang and Fawcett 2012; Sorg et al., 2016).

PNNs have also been shown to regulate synaptic plasticity involved in memory formation 

and erasure in the rat amygdala. The formation of PNNs in the basolateral amygdala during 

postnatal days 16-21 protect fear memories from erasure during extinction training (Gogolla 

et al., 2009). Fear conditioning memories formed before this critical postnatal period can be 

erased by extinction training whereas those formed after PNNs are formed cannot be erased. 

Injections of chondroitinase to deplete PNNs in the basolateral amygdala restored the 

juvenile condition in which extinguished fear memories cannot be restored by spontaneous 

recovery or context-dependent renewal training (Gogolla et al., 2009). Likewise, it has been 

found that intra-amygdalar injections of chondroitinase combined with extinction training 
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erased drug-induced conditioned place preference memory in rats (Xue et al., 2014). 

Although it is known that amygdalar PV+ interneurons are critical for inhibitory and 

disinhibitory influences during conditioning and extinction (Trouche et al., 2013; Wolff et 

al., 2014), the exact mechanism by which PNNs surrounding these interneurons prevent the 

erasure of memories has yet to be determined. Since one function of PNNs is the 

stabilization of synapses, it would appear that long-term potentiation of synapses or other 

forms of synaptic plasticity involved in conditioning may be protected from further 

alterations, such as depotentiation, by the presence of PNNs. It remains to be determined 

how PNNs are critical for this change and whether chondroitin sulphate proteoglycans in the 

neuropil (diffuse extracellular matrix), which are also degraded by chondroitinase, play a 

role. It has been proposed that long-term memories are stored in the pattern of holes in 

PNNs occupied by axon terminals (Tsien, 2013).

Gogolla and co-workers (2009) found that chondroitinase injections into the basolateral 

amygdala completely abolished LTP of monosynaptic excitatory thalamic inputs to lateral 

nucleus pyramidal cells and significantly reduced LTP of disynaptic inhibition of pyramidal 

cells in amygdalar slices. It is possible that reduced LTP of disynaptic inhibition, which 

entails glutamatergic inputs to feedforward interneurons, could involve excitatory thalamic 

inputs onto PV+ interneurons which have had their PNNs degraded since PV+ interneurons 

in the lateral nucleus receive potent excitatory inputs from the thalamus and mediate 

feedforward inhibition onto pyramidal cells (Woodson et al., 2000; Lucas et al., 2016). A 

decrease in the excitability of these PV+ interneurons, which occurs in cortical PV+ neurons 

with degraded PNNs (see above), might contribute to the reduction in LTP. It is not clear if 

the complete elimination of LTP of monosynaptic excitatory thalamic inputs to lateral 

nucleus pyramidal cells is related to breakdown of PNNs around PV+ interneurons or is 

related to the breakdown of the diffuse neuropilar extracellular matrix.

CONCLUSIONS

This study demonstrates that monoclonal antibody VC1.1, whose epitope has been shown in 

previous studies to be the same carbohydrate moiety recognized by the HNK-1 monoclonal 

antibody, stains PNNs ensheathing a subpopulation of PV+ interneurons in the cortex-like 

amygdalar nuclei of the rat, including the basolateral nuclear complex. These amygdalar 

VC1.1 PNNs are largely a subset of VVA+ PNNs that express N-acetylgalactosamine. Most 

PV+/VC1.1+ interneurons also express CB, and many may correspond to a subpopulation of 

large PV+ interneurons known to provide a perisomatic innervation of pyramidal cells. 

Although less conspicuous, there is also significant neuropilar VC1.1-ir whose density 

varied in different amygdalar nuclei. Since electrophysiological studies suggest that the 

VC1.1/HNK-1 glycan modulates LTP in the hippocampus (Saghatelyan et al., 2000, 2001; 

Bukalo et al., 2001), it may also play a similar role in the alterations of LTP and the 

encoding of fear and drug-related memories associated with PNNs in the basolateral 

amygdala. There is a loss of PNNs surrounding GABAergic interneurons in the basolateral 

amygdala in schizophrenia (Pantazopoulos et al., 2010, 2015; Berretta et al., 2015; 

Pantazopoulos and Berretta 2016), which may be associated with altered fear learning seen 

in this disorder (Holt et al., 2009). The finding that PNNs and other components of the 

extracellular matrix are altered in neuropsychiatric diseases suggests that a greater 
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understanding of their structure and function could lead to novel therapies to treat these 

disorders.
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Fig. 1. 
VC1.1-ir in PNNs and the neuropil in the anterior subdivision of the basolateral nucleus 

(BLa). (A) Photomicrograph of VC1.1-ir in the BLa at the bregma −1.8 level. Asterisks 

indicate the borders of BLa and the dorsolateral subdivision of the lateral nucleus (Ld). Four 

neurons ensheathed by VC1.1+ PNNs are in the boxed area of BLa (arrows; see B). Two 

additional BLa neurons ensheathed by VC1.1+ PNNs are also indicated by arrows. Other 

abbreviations: CLC, lateral capsular subdivision of the central nucleus; IN, intercalated 

nucleus. (B) Higher power photomicrograph of the boxed area in A. Note punctate VC1.1-ir 

McDonald et al. Page 19

Brain Struct Funct. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the neuropil and along the plasma membranes of the cell bodies and proximal dendrites of 

four neurons (arrows). In addition, some VC1.1-ir in the neuropil is in the form of small 

rings that are 1-2 μm in diameter. Asterisks indicate representative neurons that are not 

ensheathed by PNNs, but whose plasma membranes are decorated by punctate neuropilar 

VC1.1-ir. Scale bars = 100 μm in A, 20 μm in B
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Fig. 2. 
Distribution of VC1.1+ PNNs in the amygdala (red dots) in sections arranged from rostral 

(A) to caudal (F). Each bregma level shows the locations of neurons plotted from three non-

adjacent 50 μm-thick sections; each dot represents one neuron. Templates are modified from 

the atlas by Paxinos and Watson (1997). Abbreviations: ACo, anterior cortical nucleus; 

AHA, amygdalohippocampal area; AHiAL, anterolateral amygdalohippocampal area; 

AHiPM, posteromedial amygdalohippocampal area; BLa, anterior basolateral nucleus; BLp, 

posterior basolateral nucleus; BLv, ventral basolateral nucleus; BMa, anterior basomedial 

nucleus; BMp, posterior basomedial nucleus; CL, lateral central nucleus; CLC, lateral 

capsular subdivision of the central nucleus; CM, medial central nucleus; CP, caudate 

putamen; DEn, dorsal endopiriform nucleus; IN, intercalated nucleus; Ld, dorsolateral 

lateral nucleus; Lvl, ventrolateral lateral nucleus; Lvm, ventromedial lateral nucleus; Mad, 

anterodorsal medial nucleus; Mav, anteroventral medial nucleus; Mpd, posterodorsal medial 

nucleus; Mpv, posteroventral medial nucleus; NLOT, nucleus of the lateral olfactory tract; 

PC, piriform cortex; PLCo, posterolateral cortical nucleus; PMCo, posteromedial cortical 

nucleus; st, stria terminalis; VEn, ventral endopiriform nucleus.
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Fig. 3. 
(A) Photomicrograph of a neuron in the BLa that is ensheathed by a VC1.1+ PNN (arrow). 

Also in the field is a primary dendrite (1) and two secondary dendrites (2) of another neuron. 

Only the edge of the cell body giving rise to these dendrites was in this section (unlabeled 

arrowhead). (B) Photomicrograph of a neuron in the lateral nucleus that is ensheathed by a 

VC1.1+ PNN (arrow). (C) Higher power view of the cell bodies in A. (D) Higher power 

view of the dendrites in A. Asterisks in A, B and C indicate representative neurons that are 

not ensheathed by PNNs, but whose plasma membranes are decorated by punctate 

neuropilar VC1.1-ir. Scale bars = 20 μm for A and B; 10 μm in D (C is at the same 
magnification)
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Fig. 4. 
(A) Photomicrograph of a VC1.1+ PNN (black) surrounding the cell body of a BLa neuron 

(arrow) in a pyronin Y counterstained section. This en face view of the VC1.1+ lattice 

coating the plasma membrane of this cell shows ovoid gaps that probably correspond to 

locations where axon terminals are forming synaptic contacts with this cell body. (B) VC1.1-

ir in the lateral subdivision of the central nucleus. Scale bars = 20 μm
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Fig. 5. 
Photomicrograph of VC1.1-ir in a coronal section through the rostral amygdala (bregma 

−1.8 level; compare with Fig. 2A; see caption of Fig. 2 for abbreviations). Figure 1A is a 

higher power photomicrograph of the BLa in this section. Arrow indicates a large neuron in 

the anterior subdivision of the basolateral nucleus (BLa) that is ensheathed by a VC1.1+ 

PNN. There are 5 additional PNNs in the BLa in this section, and 3 in the nucleus of the 

lateral olfactory tract (NLOT), but they are difficult to see at this low magnification. Thus, 

almost all of the VC1.1-ir seen in this section is in the neuropil. Scale bar = 200 μm

McDonald et al. Page 24

Brain Struct Funct. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Photomicrograph of VC1.1-ir in a coronal section through the middle of the amygdala 

(bregma −3.3 level; compare with Fig. 2D). Almost all of the VC1.1-ir seen in this section is 

in the neuropil. Scale bar = 200 μm
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Fig. 7. 
Photomicrographs of sections through the BLa (A) and lateral nucleus (B) stained for VC1.1 

(black) and PV (brown). Most PV+ neurons are ensheathed by VC1.1+ PNNs (PV/VC) but 

some are not (PV). One neuron in A is ensheathed by a VC1.1+ PNN but exhibits little or no 

PV immunoreactivity (VC). Scale bar = 20 μm for both A and B
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Fig. 8. 
(A) VC1.1+ PNNs (black) surround PV+ neurons (brown) in the nucleus of the lateral 

olfactory tract. Two of these neurons are in layer II and five are in layer III (arrows). (B) 

Four PV+ neurons (brown) in the amygdalohippocampal area are ensheathed by VC1.1+ 

PNNs (black). Scale bar = 50 μm in A and 20 μm in B
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Fig. 9. 
Photomicrographs of sections through the BLa (A) and lateral nucleus (B) stained for VC1.1 

(black) and CB (brown). Several CB+ neurons are ensheathed by VC1.1+ PNNs (CB/VC) 

but some are not (CB). Two neurons in A are ensheathed by a VC1.1+ PNN but exhibit no 

CB immunoreactivity (VC). Scale bar = 20 μm for both A and B
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Fig. 10. 
Venn diagrams illustrating the relationship of PV+ neurons (upper diagram) and CB+ 

neurons (lower diagram) to VC1.1+ neurons in the BLa. The sizes of the rectangles indicate 

the relative numbers of the different neuronal populations. Note that CB+ neurons 

outnumber PV+ neurons in the BLa. Approximately 80% of PV+ neurons are CB+, and 

these PV+/CB+ neurons constitute about 60% of the CB+ population (McDonald and 

Betette, 2001)

McDonald et al. Page 29

Brain Struct Funct. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 11. 
Histogram showing the perikaryal sizes of PV+ interneurons ensheathed by VC1.1+ PNNs 

(PV+/PNN+; black) and PV+ interneurons not ensheathed by VC1.1+ PNNs (PV+/PNN–; 

gray) in the BLa
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Fig. 12. 
Photomicrographs of corresponding surfaces of adjacent sections through the BLa stained 

with the VC1.1 antibody (A) or VVA (B). Arrows indicate two VC1.1+/VVA+ neurons that 

were stained in both sections. Arrowhead in A indicates a single-labeled VC1.1+ neuron. 

Arrowhead in B indicates a single-labeled VVA+ neuron. Scale bar = 20 μm for both A and 
B
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Fig. 13. 
Distribution of VVA+ PNNs in the amygdala (red dots) in sections arranged from rostral (A) 

to caudal (F). Each bregma level shows the locations of neurons plotted from three non-

adjacent 50 μm-thick sections; each dot represents one neuron. Templates are modified from 

the atlas by Paxinos and Watson (1997). For abbreviations see caption for Figure 2.

McDonald et al. Page 32

Brain Struct Funct. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

McDonald et al. Page 33

Ta
b

le
 1

A
ss

oc
ia

tio
n 

of
 V

C
1.

1+
 p

er
in

eu
ro

na
l n

et
s 

w
ith

 P
V

+
 n

eu
ro

ns
 in

 th
e 

an
te

ri
or

 s
ub

di
vi

si
on

 o
f 

th
e 

ba
so

la
te

ra
l n

uc
le

us
 (

B
L

a)
. C

ou
nt

s 
in

 th
e 

B
L

a 
of

 e
ac

h 
of

 

th
es

e 
th

re
e 

ty
pe

s 
of

 n
eu

ro
ns

 w
er

e 
m

ad
e 

in
 a

 to
ta

l o
f 

7-
10

 a
m

yg
da

la
r 

se
ct

io
ns

 f
ro

m
 e

ac
h 

br
ai

n 
(f

ro
m

 b
ot

h 
le

ft
 a

nd
 r

ig
ht

 s
id

es
; b

re
gm

a 
le

ve
ls

 −
1.

7 
to

 −
3.

0)
.

B
ra

in
Si

ng
le

-l
ab

el
ed

 P
V

+ 
ne

ur
on

s
Si

ng
le

-l
ab

el
ed

 V
C

1.
1+

 n
eu

ro
ns

D
ou

bl
e-

la
be

le
d 

P
V

+/
V

C
1.

1+
 n

eu
ro

ns
%

 o
f 

P
V

+ 
ne

ur
on

s 
th

at
 w

er
e 

V
C

1.
1+

%
 o

f 
V

C
1.

1+
 n

eu
ro

ns
 t

ha
t 

w
er

e 
P

V
+

V
C

-1
1

51
2

71
58

.2
%

 (
71

/1
22

)
97

.3
%

 (
71

/7
3)

V
C

-1
8

56
7

83
59

.6
%

 (
83

/1
39

)
92

.2
%

 (
83

/9
0)

V
C

-2
3

52
9

93
64

.1
%

 (
93

/1
45

)
91

.1
%

 (
93

/1
02

)

To
ta

l
15

9
18

24
7

60
.8

%
 (

24
7/

40
6)

93
.2

%
 (

24
7/

26
5)

Brain Struct Funct. Author manuscript; available in PMC 2018 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

McDonald et al. Page 34

Ta
b

le
 2

A
ss

oc
ia

tio
n 

of
 V

C
1.

1+
 p

er
in

eu
ro

na
l n

et
s 

w
ith

 C
B

+
 n

eu
ro

ns
 in

 th
e 

an
te

ri
or

 s
ub

di
vi

si
on

 o
f 

th
e 

ba
so

la
te

ra
l n

uc
le

us
 (

B
L

a)
. C

ou
nt

s 
in

 th
e 

B
L

a 
of

 e
ac

h 
of

 

th
es

e 
th

re
e 

ty
pe

s 
of

 n
eu

ro
ns

 w
er

e 
m

ad
e 

in
 a

 to
ta

l o
f 

8-
9 

am
yg

da
la

r 
se

ct
io

ns
 f

ro
m

 e
ac

h 
br

ai
n 

(f
ro

m
 b

ot
h 

le
ft

 a
nd

 r
ig

ht
 s

id
es

; b
re

gm
a 

le
ve

ls
 −

1.
7 

to
 −

3.
0)

.

B
ra

in
Si

ng
le

-l
ab

el
ed

 C
B

+ 
ne

ur
on

s
Si

ng
le

-l
ab

el
ed

 V
C

1.
1+

 n
eu

ro
ns

D
ou

bl
e-

la
be

le
d 

C
B

+/
V

C
1.

1+
 n

eu
ro

ns
%

 o
f 

C
B

+ 
ne

ur
on

s 
th

at
 w

er
e 

V
C

1.
1+

%
 o

f 
V

C
1.

1+
 n

eu
ro

ns
 t

ha
t 

w
er

e 
C

B
+

V
C

-1
1

66
12

46
41

.1
%

 (
46

/1
12

)
79

.3
%

 (
46

/5
8)

V
C

-1
8

64
28

48
42

.9
%

 (
48

/1
12

)
63

.2
%

 (
48

/7
6)

V
C

-2
3

61
16

41
40

.2
%

 (
41

/1
02

)
71

.9
%

 (
41

/5
7)

To
ta

l
19

1
56

13
5

41
.4

%
 (

13
5/

32
6)

70
.7

%
 (

13
5/

19
1)

Brain Struct Funct. Author manuscript; available in PMC 2018 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

McDonald et al. Page 35

Ta
b

le
 3

C
ol

oc
al

iz
at

io
n 

of
 V

C
1.

1+
 a

nd
 V

V
A

+
 p

er
in

eu
ro

na
l n

et
s 

in
 th

e 
an

te
ri

or
 s

ub
di

vi
si

on
 o

f 
th

e 
ba

so
la

te
ra

l n
uc

le
us

 (
B

L
a)

. C
ou

nt
s 

in
 th

e 
B

L
a 

of
 e

ac
h 

of
 th

es
e 

th
re

e 
ty

pe
s 

of
 n

eu
ro

ns
 w

er
e 

m
ad

e 
in

 a
 to

ta
l o

f 
6-

7 
am

yg
da

la
e 

fr
om

 e
ac

h 
br

ai
n 

(f
ro

m
 b

ot
h 

le
ft

 a
nd

 r
ig

ht
 s

id
es

; b
re

gm
a 

le
ve

ls
 −

1.
7 

to
 −

3.
0)

.

B
ra

in
Si

ng
le

-l
ab

el
ed

 V
V

A
+ 

ne
ur

on
s

Si
ng

le
-l

ab
el

ed
 V

C
1.

1+
 n

eu
ro

ns
D

ou
bl

e-
la

be
le

d 
V

C
1.

1+
/V

V
A

+ 
ne

ur
on

s
%

 o
f 

V
V

A
+ 

ne
ur

on
s 

th
at

 w
er

e 
V

C
1.

1+
%

 o
f 

V
C

1.
1+

 n
eu

ro
ns

 t
ha

t 
w

er
e 

V
V

A
+

V
C

-2
2

18
8

25
58

.1
%

 (
25

/4
3)

75
.8

%
 (

25
/3

3)

V
C

-1
7

14
6

23
62

.2
%

 (
23

/3
7)

79
.3

%
 (

23
/2

9)

To
ta

l
32

14
48

60
.0

%
 (

48
/8

0)
77

.4
%

 (
48

/6
2)

Brain Struct Funct. Author manuscript; available in PMC 2018 April 01.


	Abstract
	Introduction
	Experimental procedures
	Tissue preparation
	Single-labeling immunohistochemistry for VC1.1
	Dual-labeling immunohistochemistry for VC1.1 and calcium-binding proteins
	Colocalization of VC1.1-ir and VVA binding in amygdalar PNNs
	Antibody Specificity

	Results
	Single-labeling immunohistochemistry
	Dual-labeling immunohistochemistry using VC1.1 and calcium-binding protein antibodies
	Colocalization of VC1.1-ir and VVA binding in amygdalar PNNs

	DISCUSSION
	Morphology, neurochemistry, and distribution of amygdalar VC1.1+ PNNs
	VC1.1+ PNNs ensheath subpopulations of calcium-binding expressing interneurons in the rat basolateral amygdala
	Colocalization of VC1.1-ir and VVA binding in amygdalar PNNs
	Functional Significance

	CONCLUSIONS
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Fig. 9
	Fig. 10
	Fig. 11
	Fig. 12
	Fig. 13
	Table 1
	Table 2
	Table 3

