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Abstract

Chronic social subordination is a well-known precipitant of numerous psychiatric and 

physiological health concerns. In this study, we examine the effects of chronic social stress in the 

visible burrow system (VBS) on the expression of glutamic acid decarboxylase (GAD) 67 and 

brain-derived neurotropic factor (BDNF) mRNA in forebrain stress circuitry. Male rats in the VBS 

system form a dominance hierarchy, whereby subordinate males exhibit neuroendocrine and 

physiological profiles characteristic of chronic exposure to stress. We found that social 

subordination decreases GAD67 mRNA in the peri-paraventricular nucleus region of the 

hypothalamus and the interfascicular nucleus of the bed nucleus of the stria terminalis (BNST), 

and increases in GAD67 mRNA in the hippocampus, medial prefrontal cortex, and dorsal medial 

hypothalamus. Expression of BDNF mRNA increased in the dorsal region of the BNST, but 

remained unchanged in all other regions examined. Results from this study indicate that social 

subordination is associated with several region-specific alterations in GAD67 mRNA expression 

in central stress circuits, whereas changes in the expression of BDNF mRNA are limited to the 

BNST.
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1. Introduction

Chronic exposure to stress is linked to numerous psychiatric and physiological health 

concerns. Epidemiological studies consistently associate exposure to stressors to the 

development of depression and metabolic disorders (Kessler et al., 2005, Sapolsky, 2005, 
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Bergmann et al., 2014). Subjection to social subordination status is a potent form of chronic 

stress. In rats, the effect of chronic stress imposed by social subordination can be studied in 

the well-characterized visible burrow system (VBS), characterized originally by the 

Blanchards (Blanchard et al., 1985, Blanchard and Blanchard, 1989, Blanchard et al., 1995, 

Albeck et al., 1997). In this model, four male and two female rats are housed together, an 

arrangement that causes formation of a dominance hierarchy among the males. Within one 

to two days, one male emerges as a dominant. Subordinate members are typically 

characterized by weight loss, bite wounds to the back and tail, and spend the most amount of 

time in the non-open areas of the VBS (Blanchard et al., 1995, Tamashiro et al., 2007a). 

This dominance hierarchy, once formed, is very stable and presents a potent form of chronic 

stress to subordinate members.

The physiological profile of dominant and subordinate members in the VBS model also 

varies. Subordinate members in the VBS are characterized by hypertrophy of the adrenal 

glands, lower testosterone levels, elevated basal and stress-induced corticosterone levels, 

atrophy of the thymus, and marked and persistent loss of both fat mass and lean body mass 

(Blanchard et al., 1993, Blanchard et al., 1995, Tamashiro et al., 2004, Tamashiro et al., 

2005, Choi et al., 2006, Tamashiro et al., 2007a). Dominant rats, however, have a very 

limited weight loss in comparison to non-VBS controls, which is largely due to loss of body 

fat (Blanchard et al., 1993, Hardy et al., 2002, Choi et al., 2006).

Stress integration involves a variety of limbic structures, including the ventromedial 

prefrontal cortex (prelimbic and infralimbic cortices), hippocampus and the medial and 

central amygaloid nuclei (Ulrich-Lai and Herman, 2009). These limbic structures project to 

a number of hypothalamic structures that appear to relay output to stress effector systems 

such as the paraventricular nucleus of the hypothalamus (PVN). Prior studies from our 

group and others have underscored the importance of one of these relay nuclei, the bed 

nucleus of the stria terminalis (BNST), in control of acute and chronic stress responses (Choi 

et al., 2006, Choi et al., 2008a, Choi et al., 2008b, Radley et al., 2009). Moreover, chronic 

stress increases dendritic branching in the BNST and enhances brain derived neurotrophic 

factor (BDNF) expression in the dorsal BNST, suggesting that stress induces neuroplastic 

responses in this region that may impact output. Importantly, VBS exposure increases 

corticotropin releasing hormone (CRH) expression in the dorsal BNST of subordinates, 

while decreasing expression of glutamic acid decarboxylase (GAD) 67 in the intrafascicular 

BNST, suggesting gain of function in putative stress-excitatory nucleus (Choi et al., 2006).

The current study was designed to determine the consequences of social subordination on 

BDNF as well as GAD67 expression in the BNST as well as other brain regions responsible 

for brain stress integration. Our data indicate a marked increase in BDNF mRNA expression 

in the dorsal BNST of subordinates, accompanied by an increase in GAD67 mRNA levels in 

the prefrontal cortices and hippocampus. In combination, the data support the importance of 

the BNST in control of chronic stress reactivity in multiple experimental contexts, and 

suggests that drive of regions such as the BNST may be related to increased inhibition in 

upstream limbic structures.
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2. Materials and methods

2.1 Subjects

Adult male Long-Evans rats (n=32) and intact adult female Long-Evans rats (n=12) (Harlan, 

Indianapolis, IN, USA; 100–120 days of age upon arrival) were obtained and allowed to 

habituate in individual housing in shoebox cages for three weeks before exposure to VBS. 

Water and food were provided ad libitum in a temperature/humidity-controlled room on a 

12/12-h light/dark cycle. Rats were fed standard rat chow (Harlan Teklad, Indianapolis, IN, 

USA) and provided tap water for the duration of the experiment. All procedures were carried 

out in accordance with the guidelines of the National Institutes of Health (NIH) and were 

approved by the Institutional Animal Care and Use Committee of the University of 

Cincinnati.

2.2 The visible burrow system (VBS)

Detailed descriptions of the VBS have been published previously (Blanchard et al., 1995, 

Tamashiro et al., 2004, Tamashiro et al., 2007a). Briefly, the VBS was constructed from 

black Plexiglas material with one large open area and two smaller chambers. Clear 

Plexiglas-covered tunnels connected the three chambers, and the tops of the two smaller 

chambers were made of clear Plexiglas to allow for visual monitoring. The larger, open field 

area was illuminated by a mounted 15 W light bulb on a 12/12-h light cycle with lights on at 

6:00am. The two other small chambers were kept in constant darkness. Food and water were 

provided ad libitum in each of the three chambers. For behavioral reference, each VBS 

colony was videotaped starting at 6:00pm (at lights out) for 6 h on days 0, 1, 2, 4, 6, 8, 10 

and 12.

Six VBS colonies were created for this study, with each colony consisting of four males and 

two females. One day prior to entry into the VBS, male rats were weight-matched. Pictures 

of the dorsal hair patterns were taken for identification purposes. Control male rats were 

pair-housed with a female in a standard plastic shoebox cage in a separate room. Each 

control male rat was weight-matched with each colony and remained in its housing for the 

duration of the study (14 days). Experimental animals remained in the VBS apparatus for a 

total of 14 days.

2.3 Body weight and wound counts

On days 0, 1, 3, 5, 7, 9, 11 and 12, male rats were removed from their VBS colony and 

placed in their original home cage with ad libitum access to water and food. The rats were 

then weighed and wound counts recorded. Wounds to the face and head were accounted for 

separately from wounds to the flank, tail and underside regions. Similarly, controls were 

removed from their female partner, weighed and handled for the same duration that 

experimental VBS animals spent in their home cages. The time the experimental animals 

spent out of the VBS apparatus was limited to no more than 1.5 h.

2.4 Assessment of social status

Dominance status was determined by three criteria: (1) time in open area of the VBS, (2) 

body weight and composition and (3) wound counts. Typically, a social hierarchy is 
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established within one day of entering into the VBS. Each day at 12:00pm, the VBS colonies 

were checked, and animals spending the most amount of time in the open area of the VBS 

were recorded. The second criterion was assessed as a percentage of weight gain or loss 

from original starting weight and by the percent of lean/fat mass gain or loss. Whole body 

composition was assessed on day 0 and 13 of the experiment. Animals were placed into a 

clear Plexiglas tube, which was then inserted into an EchoMRI whole body composition 

analyzer system (Echo Medical Systems, Houston, TX). This system provides a count of fat 

mass, lean mass, and water content (Smeltzer et al., 2012). The third criterion was assessed 

by counting the total number of wounds to each part of the body. Typically, dominant 

animals are characterized as having the least amount of weight loss, fewest number of bite 

wounds, and the most amount of time spent in the open area of the VBS. Subordinates, on 

the other hand, have substantially more bite wounds to the back and tail regions, lose 

significantly more weight, and spend virtually no time in the open area region of the VBS. 

In the present study, each of the six VBS colonies established one clear dominant and three 

subordinate members.

2.5 Acute restraint stress test and sacrifice

On day 14 of the study, experimental rats were removed from their VBS apparatus and 

immediately placed into clear, ventilated Plexiglas restraint tubes (length 17 cm and inner 

diameter of 7 cm) within their original home cages. For the pair-housed controls, females 

were removed from the control males, whereupon the males were placed in restraint tubes 

within their home cage. A small blood sample (50 μl) from each rat was collected into 1.5-

ml microcentrifuge tubes containing 4 μl of 100 mM EDTA by creating a nick at the tip of 

the tail (Vahl et al., 2005). A second blood sample was collected at 60 min by removing the 

blood clot at the end of the tail. At this time, the animals were removed from the restrainers 

and allowed to move freely within their home cage. At 120 min, a third blood sample was 

collected. Females were then returned to their pair-housed controls, and all other rats 

returned to their respective VBS apparatus. All samples were immediately placed on ice 

after collection and centrifuged at 0°C. The plasma was then removed and stored at −20°C 

until assayed by radioimmunoassay (RIA). Initial baseline blood collection occurred at 

9:00am. Approximately 24 h after the 120 min time-point bleed (12:00pm), all animals were 

euthanized by rapid decapitation. Brains were rapidly removed and flash-frozen on dry ice 

before being stored at −80°C. Plasma corticosterone (CORT) levels were determined using 

an RIA kit (CORT DA; MP Biomedicals, Solon, OH). The RIA kit had an inter-assay 

coefficient of variation (CV) of ~7.2% and an intra-assay CV of ~10.3%. Samples were run 

in duplicates within the same assay.

2.6 In situ hybridization

Frozen brains were sectioned at 12-μm thickness in the coronal plane using a Leica 3050 S 

cryostat and thaw-mounted onto Fisher Superfrost Plus slides (Fisher, Hampton, NJ). Slides 

were stored at −20°C until processing for the detection of BDNF and GAD67 mRNAs by 

using in situ hybridization, as detailed previously (Seroogy and Herman, 1997, Hemmerle et 

al., 2012). Briefly, the sections were fixed in a 4% paraformaldehyde/0.1 M phosphate-

buffered saline (PBS) solution for 10 min, rinsed twice in 0.1 M PBS, once in 0.1 M PBS 

with 0.2% glycine for 5 min and then twice in 0.1 M PBS for 5 min each. Sections were then 
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acetylated in 0.1M triethanolamine (pH 8.0) with 0.25% acetic anhydride for 10 min. Next, 

sections were then washed in 0.2X saline-sodium citrate (SSC) (2 × 5 min) before being 

dehydrated through a graded series of ethanol washes and delipidated with chloroform.

Antisense pan-BDNF and GAD67 cRNA probes were labeled with 35S-UTP (PerkinElmer, 

Boston, MA) and diluted in hybridization buffer to yield a count of 1.0×106 cpm/50 μl 

buffer. The remaining hybridization cocktail consisted of 50% deionized formamide; 335 

mM NaCl; 10% dextran sulfate; 0.3 mg/ml ssDNA; 1 mM EDTA; 1X Denhardt’s solution; 

0.15 mg/ml tRNA; 40 mM DTT; 20 mM Tris-HCl. Fifty μl of hybridization solution were 

pipetted onto each slide followed by coverslipping. All slides were incubated at 60°C 

overnight in hybridization chambers containing moist blotting paper soaked in 50% 

formamide. Following 18 h incubation, coverslips were removed, and the slides were 

washed in 4XSSC for 30 min, rinsed in RNase A (50 μg/ml for 30 min at 37°C), and then 

washed in 2X SSC (2 × 20 min), 0.5XSSC (2 × 20 min), and 0.1XSSC (30 min). Slides were 

then quickly dipped in dH20, 95% ethanol, and air-dried.

2.7 Image analysis

Hybridized slides were exposed to BioMax MR film (Kodak, Rochester, NY) for 16 days 

for BDNF and 7 days for GAD67. Images of the brain sections were obtained via a digital 

video camera. Semi-quantitative image analyses were performed by densitometry using 

Scion Image software (Scion, Frederick, MD). Regions of interests were identified using the 

rat stereotaxic brain atlas of Paxinos and Watson (Paxinos and Watson, 1998). Gray level 

intensities were determined in anatomically defined regions showing hybridization signal 

using BDNF or GAD67 cRNA probes. Background gray level signal was taken from a 

comparably sized region showing no hybridization signal, and was subtracted from each 

gray level measure to yield a corrected gray level.

2.8 Data analysis

Data are presented as mean ± standard error of the mean (S.E.M). Body weights are 

expressed as percent change from original body weight. Because adrenal weight correlates 

to the overall weight of the animal, adrenal weights were corrected for by taking the weight 

of the organ divided by the final body weight. Organ weight, body mass, and corrected 

GAD67 and BDNF mRNA hybridization signal were analyzed using a one-way factorial 

ANOVA design. Differences in means of CORT measurements were analyzed via two-way 

repeated measures ANOVA. Post hoc comparisons of significant interactions were made 

using Fisher’s least significant difference (LSD) analysis.

3. Results

3.1 Body composition and adrenal weights

The physiological profiles of subordinate rats (SUB) following 14d in the VBS are 

consistent with chronic stress exposure. Control rats (CON) and dominant rats (DOM) 

gained or maintained their weight while SUB lost weight as a percentage of original body 

weight (Fig. 1A). There were main effects of social status (F2,162=25.006, P<0.05), time 

(F2,126=9.442, P<0.05) and status x time interaction (F2,162=10.230, P<0.05). SUB rats had 

Makinson et al. Page 5

Physiol Behav. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lower body weight on days 4–12 compared to CON and DOM (P<0.05). Body composition 

was determined via nuclear magnetic resonance at the start of the VBS and on day 13. Main 

effects of fat mass loss and social status were seen with SUB and DOM losing significantly 

more fat mass compared to CON (F2,28=23.995, P<0.05) (Fig. 1B). Similarly, a main effect 

of social status and lean mass loss was seen with SUB losing significantly more of their 

original lean body mass compared to CON (F2,28=3.552, P<0.05) (Fig. 1C). There were 

significant differences in adjusted adrenal weights among social status (F2,28=4.996, 

P<0.05) with SUB having greater adrenal weights compared to CON.

3.2 Restraint stress test

On day 14, rats were placed into restraint chambers and plasma CORT levels were measured 

(Fig. 2). There was a significant effect of time on plasma CORT (F2,54=120.11, P<0.001), 

with all groups displaying increased plasma CORT after 1 h of novel restraint challenge. 

There was no significant time x social status interactions.

3.3 GAD67 mRNA expression

GAD67 mRNA was robustly expressed in regions regulating mood, anxiety, and the stress 

response, including the dorsal and ventral peri-PVN, interfascicular (BNSTif) and principle 

(BNSTpr) nucleus of the bed nucleus of the stria terminalis, DMH, the CA1, CA3 and DG 

regions of the hippocampal formation, the prelimbic (PL) and infralimbic (IL) of the mPFC, 

and the suprachiasmatic nucleus (SCN) (Figs. 3, 4, 5, Table 1). Significant interactions of 

social status and GAD67 mRNA expression were noted in the dorsal peri-PVN 

(F2,24=12.674, P<0.05) (Fig. 4A), ventral peri-PVN (F2,23=9.633, P<0.05) (Fig. 4B), the 

BNSTif (F2, P<0.05) (Fig. 4C), DMH (F2,26=6.355, P<0.05) (Fig. 4D), the CA1 

(F2,25=17.079, P<0.05), CA3 (F2,25=17.459, P<0.05) and DG (F2,24=20.768, P<0.05) 

regions of the hippocampus (Fig. 4E,F,G) and the PL/IL (F2,23=7.281, P<0.05) (Fig. 4H). 

Post hoc analysis revealed a significant increase in GAD67 mRNA expression in the PL/IL, 

ventral peri-PVN, CA1 and CA3 regions in the SUB group (P<0.05). A slight but significant 

increase in GAD67 mRNA hybridization was also observed in the DMH of the SUB group. 

In contrast, GAD67 mRNA expression was found to be significantly decreased in in the 

dorsal peri-PVN and BNSTif in DOM. No differences in GAD67 mRNA expression were 

observed among social status groups in the SCN and the BNSTpr (Table 1).

3.4 BDNF mRNA expression

BDNF mRNA was robustly expressed in the dorsal BNST, the PVN and the CA1 and CA3 

regions and DG of the hippocampal formation (Figs. 5, Table 2). BDNF mRNA expression 

in the PL/IL, PVN, CA1, CA3 and DG was not significantly different among social status 

groups (Table 2). However, LSD post hoc analysis indicated a significant increase in BDNF 

mRNA hybridization in the dorsal BNST in the SUB group (F2,21=4.446, P<0.05) (Fig. 5).

4. Discussion

Results from this study suggest that prolonged exposure to social subordination is associated 

with physiological signs of stress and region-specific alterations in BDNF and GAD67 

mRNA expression in central stress circuitry. Of note, BDNF was up-regulated in the dorsal 
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region of the BNST, a CRH-rich region thought to be involved in activation of physiological 

stress responses. GAD67 mRNA expression was increased within the hippocampus and 

mPFC (regions known to regulate HPA axis inhibition and emotional behavior), and in the 

DMH, which projects directly to the PVN and regulates activation of ACTH release 

(DiMicco et al., 2002, Fontes et al., 2011). Collectively, these data support a role for limbic 

GABAergic interneurons and dorsolateral BNST projection neurons in physiological and 

behavioral changes associated with social subordination.

As noted in previous studies, the VBS model produced SUB with physiological profiles 

associated with exposure to chronic stress (Blanchard et al., 1993, Blanchard et al., 1995, 

Albeck et al., 1997, Choi et al., 2006). DOM were clearly identified by time spent in the 

open area section of the VBS, little or no weight loss, and smaller adrenal sizes compared to 

SUB. DOM also received fewer bite wounds than SUB. On the other hand, SUB lost 

significantly more weight, including lean and fat mass, as compared to CON. DOM also lost 

a significantly greater amount of fat mass (but not lean mass) than CON. This may reflect 

the fact that DOM were more physically active (primarily sexual and aggressive behaviors) 

and had greater physical space to move around relative to SUB. Additionally, all three 

chambers of each VBS colony had ad libitum access to food and water for the duration of 

the study. Thus, it is unlikely that SUB would enter into the open area section of the VBS 

for need of nutrients. Weight loss in this model is, therefore, most likely attributed to 

exposure to chronic physical and psychological stress.

Along with body weight loss, increased adrenal weight suggests that ongoing/episodic social 

stress is sufficient to have a cumulative impact on secretion of ACTH. However, at the time 

of stress testing (day 14) there was no effect of social status on either basal CORT or CORT 

release during restraint stress. Exposure to VBS is known to increase baseline CORT; 

however, increases are not seen in all experiments, including those within our group 

(Nguyen et al., 2007). Thus, it is possible that animals are able to habituate to chronic stress 

over the two-week period so as to normalize basal CORT activity. Indeed, analysis of 

wounding reveals that most of the agonistic interactions occurred within the first few days of 

colony establishment. Thus, although the impact of social stress on somatic and brain 

endpoints is clear, these do not necessarily translate into frank long-term glucocorticoid 

hypersecretion.

Additionally, previous VBS studies have delineated between responsive and non-responsive 

SUB based on CORT secretion to restraint stress (Blanchard et al., 1993, Blanchard et al., 

2001). As previously defined, non-responsive SUB have a stress-induced increase of plasma 

CORT of less than 10 μg/dl compared to the average basal CORT level of all SUB (Albeck 

et al., 1997). These non-responsive rats also exhibit other signs of HPA hypoactivity, such 

as reduced CRH mRNA expression in the PVN and central amygdala (Albeck et al., 1997). 

No SUB in this study, however, clearly met this criterion as a non-responder. One difference 

between this current investigation and previous VBS studies is that food and water were 

provided ad libitum in each of the three chambers. Earlier VBS studies provided food and 

water only in the open field area of the VBS (Blanchard et al., 1993, Blanchard et al., 1995, 

McKittrick et al., 1995). This design creates an approach-avoidance scenario, whereby SUB 

must risk antagonistic interactions with a dominant rat to obtain nutrients. Previous VBS 
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studies also reported greater weight loss, more wounds and higher mortality rates amongst 

SUB (Blanchard et al., 1985, Blanchard et al., 1993, Blanchard et al., 1995). This more 

intense social stress experience may underlay the greater prevalence of non-responders 

reported in these studies. In this investigation and other recent VBS studies, however, SUB 

had greater access to food and water allowing them to spend more time in the smaller 

tunnels and inner chambers of the VBS, reducing the risk of an attack from a dominant rat 

(Choi et al., 2006, Tamashiro et al., 2007b, Davis et al., 2009). Despite this alteration, SUB 

still exhibit a number of physiological signs associated with chronic stress exposure, such as 

reduced body weight and enlarged adrenals.

Behavioral and endocrine phenotypes associated with SUB or DOM can each have adaptive 

advantages. For example, SUB show increase caution in risk assessment behaviors (i.e. an 

animal pokes its head out of the tunnel to investigate the open area chamber of the VBS) 

after cat exposure in the VBS compared to DOM (Blanchard and Blanchard, 1989, 

Blanchard et al., 1993). This reduction in risk assessment by SUB is adaptive in some 

contexts, as it reduces opportunities for exposure to a predator or an aggressive conspecific. 

Conversely, rats that exhibit decreased anxiety-like behaviors on the elevated plus maze and 

augmented responses to food reward are more likely to assume dominant status when later 

placed in the VBS (Davis et al., 2009). This increased risk-taking and reward seeking 

behaviors by DOM may confer advantages in reproductive opportunities and greater control 

over limited resources in the environment. Overall, risk-avoidant and risk-taking behaviors 

likely reflect important tradeoffs, as each has specific adaptive advantages. How stressed-

induced alterations in GAD67 and BDNF expression in examined brain regions influence 

risk-taking and reward-based decision making, however, remains poorly understood. One 

interesting observation, nonetheless, is that DOM showed marked decreases in expression in 

the BNSTif, which is in contrast with the tendency for enhanced GAD67 expression in SUB. 

The BNSTif plays a prominent role in circuitry regulating aggression and submissive 

behaviors (Cooper and Huhman, 2005, Markham et al., 2009, Hammack et al., 2012). Thus, 

it is possible that lower GAD67 levels may be linked to aggressive behaviors in the VBS, 

either as a consequence of dominance status or as an innate behavioral trait.

DOM also manifested lower GAD67 expression in the peri-PVN zones. Decreased GAD67 

expression in the peri-PVN suggests attenuated GABAergic input to the PVN, which may be 

responsible for enhanced CRH mRNA expression observed in DOM groups (Albeck et al., 

1997). Interestingly, no changes in peri-PVN GAD67 were observed in the SUB group or in 

previous studies using non-social chronic stress exposure (Bowers et al., 1998). These data 

suggest that the role of local GABAergic neurons may differ in SUB vs. DOM, implying 

differential behavioral and endocrine responses to stress.

A number of studies have implicated BDNF in mood disorders and stress (Hashimoto et al., 

2005, Yulug et al., 2009, Bath et al., 2013). Rodent studies indicate that hippocampal BDNF 

mRNA decreases following both acute and chronic stress (Smith et al., 1995, Umemoto et 

al., 1997, Russo-Neustadt et al., 2001, Murakami et al., 2005). However, other studies have 

failed to detect differences in BDNF expression following chronic stress or social defeat, 

suggesting that BDNF down-regulation may be situation- or stressor-specific (Lauterborn et 

al., 1995, Kuroda and McEwen, 1998, Hammack et al., 2009, Coppens et al., 2011). In line 
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with the latter observation, we did not observe changes in BDNF mRNA in the 

hippocampus, suggesting that social subordination (or dominance) is not sufficient to 

modulate BDNF in this region. We were also unable to detect changes in other key stress-

regulatory regions, such as the mPFC and PVN, suggesting that chronic social subordination 

does not alter BDNF mRNA levels in these regions.

The only region showing significant up-regulation of BDNF was the dBNST. This region 

has a central role in responding to acute-unexpected threats and anxiety behaviors (Kalin et 

al., 2005, Pego et al., 2008, Somerville et al., 2010) and is heavily connected with both the 

amygdala and brainstem stress regulatory regions, such as the nucleus of the solitary tract 

and ventrolateral medulla (Walker et al., 2003, Dong and Swanson, 2004, 2006). The 

dBNST also receives synaptic input from the paraventricular nucleus of the thalamus, 

postpiriform transition area and the insular region, and thus acts as a potential limbic stress 

integration center (Cullinan et al., 1993, Dong et al., 2001). Notably, the observed up-

regulation of BDNF in SUB is consistent with prior studies using a chronic variable stress 

model (Hammack et al., 2009). An increase in dBNST BDNF is suggestive of ongoing 

neuroplasticity in BNST circuits, as exposure to chronic stress is known to increase dendritic 

remodeling in this region (Vyas et al., 2003). Whereas future studies may clarify the role of 

BDNF within the dBNST, results from this investigation suggest involvement in neuronal 

changes pursuant to chronic stress exposure.

The fact that both BDNF and GAD67 mRNA expression are altered by social stress suggests 

modification of BNST signaling is of relevance to behavioral and physiological sequelae of 

subordination. The ifBNST is a component of the rodent defense circuitry, being activated 

under conditions of agonist interactions or predator exposure (Canteras, 2002, Figueiredo et 

al., 2003). Loss of GABA output from this region may be linked to altered coping strategies 

in the SUB vs. DOM animals. Enhanced BDNF in the dBNST may be linked to stress-

induced sprouting. This region of the BNST is known to play a role in autonomic function 

and behavior with enhanced function predictive of increased anxiety phenotypes (Egli and 

Winder, 2003, Hammack et al., 2009).

In summary, chronic stress imposed by social subordination status is associated with several 

region- and paradigm-specific alterations in GAD67 and BDNF mRNA expression in central 

stress circuitry. In combination with prior studies performed in other models, these data 

suggest that modulation of limbic GABAergic signaling is a common feature of chronic 

stress exposure. Modulation of BNST BDNF and GAD67 expression may be linked with 

specific features of VBS exposure, and may contribute to anxiety phenotypes seen under 

conditions of chronic stress.
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Highlights

• We examine the effects of chronic social stress in the visible burrow system 

(VBS)

• Chronic stress induced changes in the expression of GABAergic synthesizing 

enzyme

• Chronic stress increased expression of BDNF mRNA in the BNST

• These changes were region-specific in central stress circuitry, including the 

BNST

• Modulation of BNST BDNF and GAD67 mRNA expression may be linked with 

anxiety
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Fig. 1. 
The physiological profile of SUB is consistent with exposure to chronic stress. The VBS had 

a significant effect on body mass (A), fat mass (B), lean mass (C) and adrenal weight (D). 

Body mass, fat mass and lean mass measurements were made as a percent change from day 

1 VBS. Different symbols indicate significant differences between groups. * p<0.05 SUB 

vs. CON. # p<0.05 SUB vs. DOM. $ p<0.05 DOM vs. CON. Data are presented as mean

±S.E.M. CON=control rats, SUB=subordinate rats, DOM=dominant rats. CON n=8, SUB 

n=18, DOM n=6.
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Fig. 2. 
Plasma CORT levels were elevated after 60 min of restraint stress. 0-min =before restraint; 

60-min =1 h after restraint; 120 =1 h after removal from restraint. No significant differences 

were noted between groups at each time point. Data are presented as mean±S.E.M.
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Fig. 3. 
Representative film autoradiograms showing examples of chronic social subordination-

induced modulation of GAD67 mRNA expression in several forebrain regions. Top row: 

Note the apparent decrease in hybridization signal in the dorsal and ventral peri-PVN of 

DOM (third column) compared to both SUB (middle column) and CON (first column). In 

addition, GAD67 expression appears reduced in the ventral peri-PVN of SUB vs. CON. 

Second row: In the bed nucleus of the stria terminalis (BNST), hybridization signal for 

GAD67 mRNA was apparently reduced in the interfascicular nucleus (BNSTif) of DOM vs. 

both CON and SUB. Third row: Labeling for GAD67 mRNA was increased in the dorsal 

medial hypothalamus (DMH) of SUB compared to DOM. Fourth row: In the hippocampal 

formation, GAD67 mRNA expression appears elevated in the dentate gyrus granule cell 

layer (DG) and hippocampal CA1 and CA3 regions of SUB compared to both CON and 

DOM. In addition, GAD67 mRNA hybridization appears decreased in the CA3 region of 

DOM vs. CON. Bottom row: GAD67 mRNA hybridization is elevated in the prelimbic (PL) 

and infralimbic (IL) regions of the medial prefrontal cortex of SUB compared to both CON 

and DOM. Semi-quantitative densitometric analyses of these data are shown in Figure 4. 

CON=control rats, SUB=subordinate rats, DOM=dominant rats.
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Fig. 4. 
Densitometric measurements of GAD67 mRNA hybridization in the peri-hypothalamic 

periventricular nucleus (peri-PVN), the bed nucleus of the stria terminalis (BNST), the 

dorsal medial hypothalamus (DMH), the hippocampal formation and the medial prefrontal 

cortex (mPFC). Expression of GAD67 mRNA was decreased in the dorsal peri-PVN (A), 

ventral peri-PVN (B) and in the interfascicular nucleus of the BNST (BNSTif) (C) in 

subordinate rats (SUB) and dominant rats (DOM). GAD67 mRNA was up-regulated in the 

DMH (D), the CA1 and CA3 regions of the hippocampus (E, F), in the granule cell layer of 

the dentate gyrus (DG) (G), and the prelimbic (PL) and infralimbic (IL) regions of the 

mPFC (H) in SUB. Hybridization for GAD67 mRNA was also decreased in the CA3 region 
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of DOM compared to both SUB and control rats (CON) (B * p<0.05 SUB vs. CON. # 

p<0.05 SUB vs. DOM. $ p<0.05 DOM vs. CON. Data are presented as mean±S.E.M.
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Fig. 5. 
Densitometric measurements of BDNF mRNA hybridization signal in the dorsal bed nucleus 

of the stria terminalis (dBNST) (A). Subordinate rats (SUB) exhibited increased BDNF 

mRNA in the dBNST compared to dominant rats (DOM) and control rats (CON). * p<0.05 

SUB vs. CON. # p<0.05 SUB vs. DOM. Data are presented as mean±S.E.M. Figure 5B is 

representative film autoradiograms showing BDNF mRNA expression in the dorsal bed 

nucleus of the stria terminalis (dBNST) of the social status groups (B). Note the increased 

hybridization signal present in the dBNST of SUB compared to both CON and DOM.
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Table 1

Densitometric measurements of GAD67 mRNA hybridization signal in the suprachiasmatic nucleus (SCN) 

and the principal (BNSTpr) nuclei of the bed nucleus of the stria terminalis. No group differences in BDNF 

mRNA expression were found in the examined regions. Data are presented as mean±S.E.M. of corrected grey 

levels.

Brain Region CON SUB DOM

BNSTpr 117±2 118±2 113±6

SCN 115±6 112±2 109±6
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Table 2

Densitometric measurements of BDNF mRNA hybridization signal in the hippocampal formation, the 

paraventricular nucleus of the hypothalamus (PVN) and the prelimbic (PL) and infralimbic (IL) regions of the 

mPFC. No group differences in BDNF mRNA expression were found in examined regions. Data are presented 

as mean±S.E.M. of corrected grey levels.

Brain Region CON SUB DOM

PL/IL 45±4 41±4 46±3

PVN 34±3 40±2 42±3

CA1 40±5 37±2 37±3

CA3 43±3 41±2 41±2

DG 80±3 78±2 78±4
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