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In vulnerable individuals, exposure to stressors can result in chronic disorders such as generalized anxiety
disorder (GAD), major depressive disorder (MDD), and post-traumatic stress disorder (PTSD). The extended
amygdala is critically implicated in mediating acute and chronic stress responsivity and anxiety-like
behaviors. The bed nucleus of the stria terminalis (BNST), a subregion of the extended amygdala, serves as a
relay of corticolimbic information to the paraventricular nucleus of the hypothalamus (PVN) to directly
influence the stress response. To investigate the influence of the corticosteroid milieu and housing conditions
on BNST function, adult C57Bl/6J were either acutely or chronically administered corticosterone (CORT,
25 mg/kg in sesame oil) or vehicle (sesame oil) or were group housed or socially isolated for 1 day (acute) or
6–8 weeks (chronic). To ascertain whether these stressors could influence anxiety-like behavior, studies were
performed using the novel open-field (NOF) and the elevated zero maze (EZM) tests. To investigate potential
associated changes in plasticity, alterations in BNST function were assessed using ex vivo extracellular field
potential recordings in the (dorsal–lateral) dlBNST and a high frequency stimulus protocol to induce long-
term potentiation (LTP). Our results suggest that chronic CORT injections and chronic social isolation housing
conditions lead to an increase in anxiety-like behavior on the EZM and NOF. Chronically stressed mice also
displayed a parallel blunting of LTP in the dlBNST. Conversely, acute social isolation housing had no effect on
anxiety-like behavior but still resulted in a blunting of LTP in the dlBNST. Collectively, our results suggest
acute and chronic stressors can have a distinct profile on plasticity in the BNST that is not uniformly associated
with an increase in anxiety-like behavior.
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1. Introduction

In susceptible individuals, chronic life stressors are associated with
maladaptive responses that present in clinical populations as
psychopathological conditions such as generalized anxiety disorder
(GAD), major depressive disorder (MDD), obsessive compulsive
disorder (OCD), and post-traumatic stress disorder (PTSD). Impor-
tantly, these affective disorders may also be characterized by
abnormalities in glucocorticoid secretion [1]. Elucidating the short
and long-term effects of acute and chronic stress on neuroplasticity in
critical brain regions implicated in hypothalamic pituitary adrenal
(HPA) axis regulation is of paramount importance and may have
broad implications for the treatment of affective disorders.

The bed nucleus of the stria terminalis (BNST), a subregion of the
extended amygdala, has been heavily implicated in stress-induced
plasticity. The BNST is considered an integral regulator of the HPA
stress axis. It acts as a critical intermediary by receiving stressor inputs
from the corticolimbic system and sending projections (primarily
GABAergic) to the paraventricular nucleus of the hypothalamus
(PVN), where corticotrophin releasing hormone (CRH) is released,
inducing pituitary activation to initiate the peripheral stress response
[2]. Moreover, the limbic integration and stress regulatory roles of the
heterogeneous BNST nuclei are likely site-specific and quite complex
[3–6].

Importantly, the BNST has been implicated in longer-duration and
sustained increases in anxiety-like behavior [7]. Previous studies have
demonstrated restraint stress and corticosterone (CORT) (systemic
and micropellets implanted into the BNST) administered chronically
can result in structural alterations in the BNST and increased anxiety-
like behavior, although the effects on behavior and BNST plasticity in
adult C57Bl/6J mice are unknown [8–11]. Interestingly, an additional
type of stressor, chronic social isolation, may provide an understudied
and uniquely relevant model for certain components of anxiety- and
depression-related affective disorders that are often diagnostically
characterized by, among other symptoms, social withdrawal [12–16].
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Previous social isolation studies in adult C57 mice have found an
increase in anxiety- and/or depressive-like behavior [17,18]. More-
over, previous work has shown that chronic social isolation does not
result in an increase in plasma corticosterone levels in C57 mice [19].
These and other studies suggest that altered anxiety-like behavior
following chronic stress may be associated with distinct profiles on
plasticity in the BNST, as has been reported in other limbic HPA-
regulatory regions [20–22]. Therefore, we sought to utilize two unique
stressors that have distinct corticosterone profiles to determine if
they could similarly impact anxiety-like behavior and LTP in the
dlBNST.

Given the key role the BNST plays in integrating stress and limbic
inputs to regulate the stress response, it is critically important to
understand the differential response acute and chronic CORT and
social isolation stress may have on anxiety-like behavior and LTP in
the dlBNST. Therefore, in this study we assessed the effects of acute
and chronic CORT and social isolation on anxiety-like behaviors
measured in the elevated zero maze (EZM) and novel open field
(NOF) as well as on the early and late components of long-term
potentiation in the dlBNST.

2. Methods

2.1. Subjects and treatments

All procedures were performed according to Vanderbilt University
Institutional Animal Care and Use Committee approved procedures.
Male C57Bl/6J mice (7–8 weeks old on arrival; Jackson Laboratories,
Bar Harbor, ME), were used for all experiments. All animals were
housed in groups of two to five, unless otherwise noted. Food and
water were available ad libitum. Body weights were recorded twice a
week. All mice were kept on a 12-hour light–dark cycle (light on at
07:00).

To assess the influence of acute and chronic corticosteroids on
behavior and plasticity, two cohorts of mice were randomly assigned
to one of four experimental groups (n=9–11 per group): acute
vehicle (sesame oil; Sigma), acute corticosterone (acute CORT; 25 mg/
kg in sesame oil), chronic vehicle, or chronic CORT. Acute CORT and
vehicle treated mice received a single subcutaneous injection while
chronic vehicle and chronic CORT mice received daily subcutaneous
injections over a 10 day period. We chose to use the paradigm (CORT:
25 mg/kg/day for 10 days) from Pego et al. to further investigate their
reported findings of altered BNST morphology and increased anxiety-
like behavior in rodents chronically but not acutely treated with CORT
[8]. The light–dark cycle utilized in our behavioral facility and the time
of day of the CORT injections were in accordance with the ascending
phase (13:00–16:00) of the circadian CORT cycle, as shown by
previous studies [23,24]. Prior to beginning CORT or vehicle injections,
all mice were handled for 2–3 days and then administered 3 days of
habituating saline injections. The first cohort (Cohort 1) underwent
the EZM and NOF behavioral assays ~24 h after the final injection. A
second cohort (Cohort 2) of mice was treated in an identical manner
and ~24 h after final injection, used for electrophysiology experiments.

To assess the influence of a social stressor on behavior and
plasticity, 2 additional cohorts of mice were randomly assigned to one
of three treatment groups (n=10–12 per group): group housing,
acute social isolation housing (1 day), or chronic social isolation
housing (42–56 days). This third cohort (cohort 3) underwent the
EZM and NOF behavioral assays. The fourth cohort (cohort 4) was
treated in an identical manner to cohort 3 but used for electrophys-
iology experiments.

2.2. Behavior

Mice from Cohorts 1 and 3 were tested on the EZM and NOF 20–
24 h after their final CORT injection, final vehicle injection, acute social
isolation (24 h of isolation), chronic social isolation (42–56 days of
isolation), or group housing. Mice were brought to the behavioral
testing rooms to acclimate 1 h prior to testing. All mice were tested
between 13:00 and 17:00. All behavior tests were performed in the
Vanderbilt Murine Neurobehavioral Lab shared behavior core facili-
ties at Vanderbilt University Medical Center (https://medschool.mc.
vanderbilt.edu/mnl).

2.3. Elevated zero maze (EZM)

The elevated plus and zeromazes (EPM and EZM, respectively) are
behavioral assays frequently used to assess anxiety-like behavior in
rodents [25]. An EZM (34 cm inner diameter, 46 cm outer diameter,
placed 40 cm off the ground on 4 braced legs) was used and lux levels
were assessed midway along the open and closed arms (2–6 lx for
closed arms and 25–30 lx for open arms). At the start of the test, mice
were placed in the center of one of the open quadrants facing the
closed quadrant. The test lasted 5 min. In between subjects, the
apparatus was cleaned with 30% ethanol. Mice were considered to be
in a quadrant when 75% of their body was in the area. Time spent in
the open and closed areas, as well as, number of entries into the open
and closed areas were scored using ANY-Maze software (San Diego
Instruments, San Diego, CA).

2.4. Novel open field (NOF)

Mice were tested for open field locomotor activity in a novel
environment as previously described [26]. Briefly, mice were tested in
a 1-hour session using automated experimental chambers (745
cm2 cm; MED-OFA-510; MED Associates, St Albans, VT) under
constant illumination within a sound-attenuated room. The center
area of the NOF measured 352cm2 . Between subjects, the apparatus
was cleaned with 30% ethanol. Analysis of open field activity was
performed using Activity Monitor v5.10 (MED Associates).

2.5. Electrophysiology: slice preparation

Slices were prepared as previously described [27,28]. Mice from
Cohorts 2 and 4 were brought to a holding chamber and allowed to
acclimate for 1 h. Mice were then decapitated under isoflurane. For
field potential recordings, the brains were removed quickly and
placed in ice-cold artificial cerebrospinal fluid (ACSF) with sucrose:
(in mM) 194 sucrose, 20 NaCl, 4.4 KCl, 2 CaCl2, 1 MgCl2, 1.2 NaH2PO4,
10.0 glucose, and 26.0 NaHCO3 saturated with 95% O2/5% CO2.
Hemisected coronal slices (300 μm) were prepared with a Vibratome
(Pelco). Slices containing anterior portions of the dorsal anterolateral
BNST (dlBNST; bregma, 0.26–0.02 mm) (Franklin and Paxinos, 1997)
were selected using the internal capsule, anterior commissure, and
stria terminalis as landmarks.

2.6. Electrophysiology: field potential recordings

Recordings were conducted as previously described [27,28].
Briefly, after dissection, slices were transferred to an interface
recording chamber where they were perfused with heated (29 °C),
oxygenated (95% O2–5% CO2) ACSF at a rate of 2 ml/min. Slices were
allowed to equilibrate in ACSF for at least 1 h before experiments
began. A bipolar stainless steel stimulating electrode and a borosil-
icate glass recording electrode filled with ACSF were placed in the
dlBNST to elicit and record an extracellular field response. Baseline
responses to a stimulus (50 μs) at an intensity that produced 40% of
the maximum response were recorded for no less than 20 min at a
rate of 0.05 Hz. To elicit LTP, two trains of 100 Hz, 1 sec tetanus were
delivered with a 20 sec intertrain interval at the same intensity as
baseline test pulses. Experiments in which the N1 (an indicator of the
approximate number of fibers excited and general health of the slice)
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changed by N20% were discarded. If the N1 could not be accurately
estimated, input–output curves taken at the beginning and end of
experiments were used to determine whether the N1 at higher
stimulation intensities changed.

2.7. Statistical analysis

All values are expressed as mean±SEM. Data was analyzed using
the Prism Software package. For the CORT experiments, statistical
significance was assessed using a Two-Way ANOVA for all tests
(Pb0.05) and when a significant effect was found, Bonferroni's test
was used for post-hoc analysis. For the Housing (isolation stress)
experiments, statistical significance was assessed using a One-Way
ANOVA for all tests (Pb0.05) and when a significant effect was found,
Tukey's HSD test was used for post-hoc analysis.

3. Results

3.1. Chronic CORT mice display increased levels of anxiety-like behavior
in the EZM and NOF

In the current study, 20–24 h after the final chronic or acute CORT
or vehicle injection, mice were tested for changes in anxiety like-
behavior on the EZM and NOF. We found that mice in the chronic
CORT group spent significantly less time in the open arm compared to
all other groups in the EZM. There was a significant effect of treatment
(F1,40=10.81; p b0.05) and interaction of treatment× time
(F1,40=6.409; pb0.05) but not time, consistent with an increase in
anxiety-like behavior in the chronic CORT group (Fig. 1A). For number
of open arm entries on the EZM, there was no significant effect of
treatment (Fig. 1B). Closed arm entries were also analyzed but no
Fig. 1. Anxiety-like behavior is decreased in chronic corticosterone treated mice. A. Time sp
injection of vehicle or CORT. Chronic CORT treatedmice spent significantly less time in the op
represented as mean±SEM. B. Number of open arm entries on the EZM. No significant di
represented as mean±SEM. C. Time spent in the center zone of the NOF. All mice were teste
significantly less time in the center zone compared to acute vehicle treated mice (n=9–12
NOF. No differences were found in the distance traveled on the NOF (n=9–12 per group).
significant differences were found (data not shown; F1,40=0.3365)
No differences were found in distance traveled on the EZM (data not
shown). On the NOF, we found that the chronic CORT group spent
significantly less time in the center zone compared to the acute
vehicle treated group. There was a significant effect of treatment
(Fig. 1C; F1,40=6.869; pb0.05) and time (F1,40=14.699; pb0.05) but
not treatment×time. No differences were found in distance travelled
in the NOF in any group (Fig. 1D).

3.2. Chronic socially isolated (6–8 weeks) mice display increased levels
of anxiety-like behavior in the EZM and NOF

Changes in anxiety like-behavior on the EZM and NOF were
assessed in group housed or mice socially isolated for 6–8 weeks
(chronic) or 24 h (acute). We found that mice socially isolated for 6–
8 weeks spent significantly less time in the open arm compared to
group housed mice on the EZM (Fig. 2A; F2,28=4.485; pb0.05)
consistent with an increase in anxiety-like behavior in the chronic
socially isolated group compared to group house mice. Moreover, the
mice socially isolated for 24 h showed a trend for a decrease in time
spent in the open arm of the EZM (Fig. 2A; p=0.09) compared to
group housed mice. For number of open arm entries on the EZM, no
significant difference was found (Fig. 2B; F2,28=0.006). In addition,
no differences were found on closed arm entries on the EZM (data not
shown; F2,28=1.373). No effect on distance travelled in the EZM was
observed (data not shown). On the NOF, we found that the chronic
socially isolated group spent significantly less time in the center zone
compared to group housed mice (Fig. 2C; F2,28=3.803; pb0.05). No
differences were found in distance travelled on the NOF (Fig. 2D).
Acute socially isolated mice were not significantly different than
group housed mice on any behavioral measure.
ent on the open arm of the EZM (seconds). All mice were tested 20–24 h after the final
en arm of the EZM compared to all other groups (n=9–12 per group), *pb0.05. Data are
fferences were found on number of open arm entries (n=9–12 per group). Data are
d 20–24 h after the final injection of vehicle or CORT. Chronic CORT treated mice spent
per group), *pb0.05. Data are represented as mean±SEM. D. Distance Traveled on the
Data are represented as mean±SEM.



Fig. 2. Anxiety-like behavior is decreased in chronically socially isolated mice compared to group housed mice. A. Time spent on the open arm of the EZM (seconds). All mice were
tested after being group housed or socially isolated for 24 h or 5–6 weeks. Chronic socially isolated mice spent significantly less time in the open arm of the EZM compared to group
housed mice (n=7–13 per group), *pb0.05. Data are represented as mean±SEM. B. Number of open arm entries on the EZM. No significant differences were found on number of
open arm entries (n=7–13 per group). Data are represented as mean±SEM. C. Time spent in the center zone of the NOF. Chronic socially isolated mice spent significantly less time
in the center zone of the NOF compared to group housed mice (n=7–13 per group), *pb0.05. Data are represented as mean±SEM. D. Distance Traveled on the NOF. No differences
were found in the distance traveled on the NOF (n=7–13 per group). Data are represented as mean±SEM.
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3.3. Chronic CORT mice display blunted LTP in the dlBNST compared to
other groups

To investigate whether glutamatergic plasticity in the dlBNST
would be altered following the chronic or acute CORT and vehicle
treatments, we stimulated these afferents with a tetanus protocol
(two 100 Hz, 1 sec trains with a 20 sec intertrain interval; Fig. 3D)
previously shown to induce NMDA receptor dependent LTP [28].
Input–output curves were generated at the start of all experiments in
order for a submaximal baseline stimulation intensity to be
determined (Inset, Fig. 3D). An effect of stimulation intensity
(V) (F7,98=43.38; pb0.05) but not stress conditions nor stress-
conditions×stimulation intensity (V) interactions was observed
across these input–output plots. Based on previous research from
our lab, this NMDA receptor-dependent LTP can be separated into an
early (0–5 min post-tetanus) and late (40–45 min) component. Thus,
ethanol has been shown to impair, whereas cocaine has been shown
to selectively enhance, the early but not late component of LTP in the
dlBNST [27,28]. Here, we found this protocol elicited significantly
impaired LTP of the N2 [6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX)-sensitive synaptic response] 0–5 min after tetanus in the
chronic CORT chronic group compared to the chronic vehicle and
acute CORT groups (Fig. 3A; acute vehicle: 143.4±4.52%; acute
CORT: 156.4±7.05%; chronic vehicle: 149.3±8.57%; chronic CORT:
105.584±3.83%; effect of treatment: F1,26=4.746; interaction of
treatment×time F1,26=9.046; pb0.05) but no effect of time was
observed. This protocol also elicited significantly blunted LTP of the
N2 40–45 min after tetanus in the chronic CORT group compared to
acute vehicle and acute CORT treatment groups (Fig. 3B; acute
vehicle: 131.12±3.07%; acute CORT: 131.79±5.40%; chronic vehi-
cle: 125.82±9.36%; chronic CORT: 105.48±4.75%; effect of time:
F1,26=6.941; pb0.05) but no effect of treatment or an interaction
of treatment×time was observed. Representative traces of field
potential recordings post-tetanus (Fig. 3C) i) acute vehicle, ii) acute
CORT, iii) chronic vehicle, and iv) chronic CORT.

3.4. Socially isolated mice display blunted LTP in the dlBNST compared to
group housed mice

To investigate whether glutamatergic plasticity in the dlBNST
would be altered following acute or chronic social isolation versus
group housing, we stimulated the stria terminalis afferents with the
same tetanus protocol described above (two 100 Hz, 1 sec trains with
a 20 sec intertrain interval; Fig. 4D). Again, input–output curves were
generated at the start of each experiment (Inset, Fig. 4D). An effect of
stimulation intensity (V) (F7,98=22.51; pb0.05) but not stress
conditions nor stress-conditions×stimulation intensity (V) interac-
tions was observed in these plots. This protocol had no effect on the
early (0–5 min post-tetanus) component of LTP of the N2 (Fig. 4A;
F2,23=3.073; p=0.0675), although a trend for a decrease was
observed in the 6–8 week socially isolated compared to the group
housed mice. This protocol did elicit significantly blunted LTP of the
N2 40–45 min after tetanus chronic (6–8 weeks) and acute (24 h)
socially isolated mice compared to group housed mice (Fig. 4B;
chronic socially isolated (6–8 weeks): 105.42±5.21%; acute socially
isolated (1 day): 110.78±6.05%; group housed: 142.01±7.24%;
F2,23=8.807; pb0.05). Representative traces of field potential
recordings post-tetanus (Fig. 4C) i) acute socially isolated, ii) chronic
socially isolated, and iii) group housed.

4. Discussion

In this study, we found that chronic CORT treatment and long-term
social isolation (6–8 weeks) results in an increase in anxiety-like

image of Fig.�2


Fig. 3. Chronic corticosterone group displays blunted LTP in the dlBNST. A. 0–5 min after administering tetanus, N2 amplitude was significantly blunted in the chronic CORT group
compared to chronic vehicle and acute CORT. B. 55–60 min after administering tetanus, N2 amplitude was lower in the chronic CORT group compared to acute vehicle and acute
CORT groups. C. Representative traces from: i) acute vehicle, ii) acute CORT, iii) chronic vehicle, and iv) chronic CORT. D. Time of tetanus [two trains (20 sec interstimulus
interval); 100 Hz, 1 s]. Inset. Input [stimulation intensity (v)]–output [amplitude of N2 (mV)] curves taken at start of each experiment.
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behavior in adult male C57Bl/6J mice. The increase in anxiety like
behavior was accompanied by an impairment of LTP in the dlBNST in
the chronically stressed mice. In contrast to the altered behavior in
chronically stressed mice, we did not observe an increase in anxiety-
like behavior in the short-term socially isolatedmice but did observe a
blunting of LTP in the dlBNST.

image of Fig.�3
Unlabelled image


Fig. 4. Socially isolated mice display blunted LTP in the dlBNST compared to group housed mice. A. 0–5 min after administering tetanus, there was no significant difference in N2
amplitude in any group. B. 55–60 min after administering tetanus, N2 amplitude was lower in the isolated compared to group housed mice. C. Representative traces from: i) acute
(1 day) socially isolated, ii) chronic (6–8 weeks) socially isolated, and iii) group housed. D. Time of tetanus [two trains (20 sec interstimulus interval); 100 Hz, 1 s]. Inset. Input
[stimulation intensity (v)]–output [amplitude of N2 (mV)] curves taken at start of each experiment.
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Our data indicate that chronic CORT administration can lead to an
increase in anxiety-like behavior (measured as time spent on the open
arm of the EZM and in the center of the NOF) in adult C57Bl/6J mice.
Our results are consistent with previous data suggesting that stressors
which lead to increased levels of plasma CORT are associated with
enhanced anxiety-like behavior [8]. It is important to note, at the time
of behavioral testing, exogenously administered CORT is no longer
actively on-board, as plasma CORT levels return to baseline levels
within 2 h following an intraperitoneal injection of CORT in
adrenalectomized (ADX) rats similar to the CORT time-course profile

Unlabelled image
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of many acute stressors [29–31]. However, repeated chronic CORT
treatment results in dysregulation of the HPA axis and plasma CORT
levels are reportedly still elevated at 12 h but return to baseline 2 days
after termination of a chronic CORT paradigm in adrenal intact rats
[8,32–35]. Similar to what has been observed in other chronic stress
models, the repeated chronic CORT administration paradigm was
chosen based on several studies that have demonstrated an
impairment in HPA axis negative feedback regulation, increases in
anxiety- and/or depressive-like behaviors, and a downregulation in
hippocampual glucocorticoid receptors (GR) in rodents [8,36–40] but
see [32]. However, there are numerous studies that have looked at
chronic CORT administration at different times of day, doses, and for
varying lengths of time. These variables likely account for at least
some reported differential anxiety-like behavioral effects following
chronic CORT. Although we found no effects of acute CORT treatment
on anxiety-like behavior, it is possible that the time point used in our
study, 24 h following the single CORT injection, failed to capture
differences in anxiety-like behavior. Indeed, Mitra and Saplosky found
an increase in anxiety-like behavior on the EPM in rats following acute
CORT treatment, however, this increase was apparent 12 days but not
24 h after a single CORT injection, suggesting a delayed anxiogenic
effect of acute CORT [32]. Finally, species, strain, and methodological
differences may have a tremendous influence on CORT-induced
anxiety-like behavior, thus, it would also be prudent to assess this
regimen in other strains of mice, since the literature on acute and
chronic CORT-induced behavioral changes in mice is relatively
limited.

Our results indicate that chronic social isolation (6–8 weeks), can
lead to an increase in anxiety-like behavior in C57Bl/6J mice. Similar
to the chronic CORT mice, we also found an increase in anxiety-like
behavior in the chronic (6–8 weeks) socially isolatedmice on the EZM
and NOF but no change in locomotor activity. Moreover, although it
did not reach significance, a trend for an increase in anxiety-like
behavior in the 24 h socially isolated mice was observed. It is possible
that under more anxiogenic testing conditions, this trend for an
increase in anxiety-like behavior may be more apparent. We chose
prolonged social isolation because of studies demonstrating pro-
longed environmental social deprivation in C57Bl/6J mice and a sub-
strain of C57 mice, C57BL/6ByJ, results in altered affective behaviors,
and emotional reactivity [15,41–44]. It is also important to note that
previous studies have found inconsistent social isolation induced
effects in C57 mice compared to DBA/2 and AJ strains [42–44]. In
comparing this data to the CORT behavioral results, previous work has
shown there is not a corresponding increase in CORT in prolonged
socially isolated C57 mice [19]. Thus, we sought to take advantage of
stressors that had distinct CORT profiles. Social isolation stress may
serve as a valuable model for anxiety- and depressive like behaviors
and it would be interesting in the future to examine whether brief
daily exposure to another mouse may counter the effects of isolation
on anxiety-like behaviors and plasticity.

Our findings also provide new data in support of the involvement
of the dlBNST following chronic but not acute CORT treatment. Thus,
chronic CORT treatment results in an impairment of the early
component of LTP (0–5 min post-tetanus) compared to acute CORT
and chronic vehicle treatedmice. In addition, the late component (40–
45 min post-tetanus) of LTP was lower in the chronic CORT compared
to acute CORT and chronic vehicle treated mice. It is also possible the
stress of injections may have influenced the expression of LTP in the
dlBNST, however, we believe this possibility unlikely given that the
group housed mice in the Housing experiments displayed a similar
level of LTP as the vehicle injected mice in this study (~130 for vehicle
treated compared to ~140 for group housed; p=0.283). Previous
work has shown glucocorticoids can have direct effects on neuronal
excitability [45,46] and alter LTP in the hippocampus but not the
basolateral amygdala [35,47]. For example, previous studies have
shown a CORT-mediated enhancement of LTP in the CA1 region of the
hippocampus when CORT was applied immediately prior to tetanus
induction, however, if CORT was pre-applied for several hours or was
administered chronically and systemically, it suppressed LTP
[35,48,49]. Our results appear consistent with most hippocampal
studies that have demonstrated hypercorticolism results in facilita-
tion of long-term depression (LTD) or impairment of LTP. The
mechanisms underlying the changes in LTP are still unknown but
many studies suggest the degree of GR activation may be an
underlying factor [22,50,51]. Importantly, CORT enters the brain and
rapidly binds to the nuclear mineralocorticoid and glucocorticoid
receptors (MRs and GRs, respectively) and these receptors can then
act as transcriptional regulators. Thus, it is interesting to speculate
that hypercorticolism resulting from chronic CORT treatment may be
necessary to alter transcription and lead to an upregulation of target
proteins required to alter LTP induction and expression. Notably, the
BNST contains a high density of GRs [52], in addition to norepineph-
rine, dopamine (DA), glutamate, and CRH receptors that are also
heavily implicated in stress- and drugs of abuse-dependent effects on
LTP [27,46,53].

This study provides the first demonstration, to our knowledge, of
the ability of an acute and chronic social isolation stressor to result in
blunted LTP in the dlBNST. Thus, we found no significant differences of
housing conditions on the early (0–5 min post-tetanus) component of
LTP, although there was a trend for a decrease in the 6–8 week socially
isolated compared to group housed mice. However, we found that the
late (40–45 min post-tetanus) component of LTP was significantly
blunted in the short- and long-term socially isolated mice compared
to the group housedmice. There are no studies, to our knowledge, that
have examined LTP in mice first socially isolated in adulthood. Studies
in rodents socially isolated at weaning (~postnatal day 21) for a
minimum of 1 month, suggest a blunting of LTP in the hippocampus
[54,55] but see [56]. Surprisingly, we also observed impaired LTP in
the acute socially isolated mice but no increase in anxiety-like
behavior, whereas we observed both a blunting of LTP and an increase
in anxiety-like behavior in both the chronic CORT and chronic social
isolation groups. It is possible that an enhanced anxiety-like state,
driven in part by changes in plasticity in the dlBNST and downstream
targets, was only beginning to develop at 24 h of social isolation. As a
model for anxiety- and depressive-like behavior, acute and chronic
social isolation could prove a useful and unique assay that may have
significant construct validity for the anxiety and depressive symptoms
present in a clinical population.

In addition to the role of CRH in activating the HPA axis,
extrahypothalamic CRH has been implicated in stress-induced drug-
seeking and the actions of drugs of abuse on LTP in the dlBNST [57,58].
Thus, an acute cocaine injection can lead to a DA receptor- and CRH
receptor 1 (CRHR1)-mediated enhancement of an NMDA-receptor-
dependent early component of LTP, short-term potentiation (STP), in
the dlBNST [27]. In contrast to the cocaine-induced enhancement of
the early component of LTP, Francesconi et al. demonstrated [53] a
CRHR1-dependent impairment of LTP of the intrinsic excitability of
juxtacapsular (dorsal) BNST neurons during protracted abstinence
from alcohol self-administration, a known stressor that results in
increased anxiety-like behavior. These studies suggest CRHR1 may
indeed be a good candidate for mediating the impairment of LTP in
chronic-CORT treated and socially isolatedmice. Given the critical role
of the BNST in integrating limbic and stress information, it will be
important for future studies to investigate the underlying mecha-
nisms of stress-dependent blunting of LTP in the dlBNST.

Taken together, our results add to our understanding of the effects
acute versus chronic stressors have on anxiety-like behavior and LTP
in the dlBNST, Our findings also highlights the caution needed in
determining housing conditions for experimental subjects. Garnering
a better understanding of the behavioral and functional consequences
of housing conditions is critical for an accurate interpretation of
experimental findings and further research in this area is clearly
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warranted. Moreover, given that numerous stressors of varying
magnitude, intensity, and duration can increase CORT levels, it is
imperative that we understand the impact of elevated CORT on
plasticity in the BNST, a region critical for integrating and processing
stress information and shaping the stress response. Future studies
should address the effects of bath applied CORT on LTP in the dlBNST,
the number of daily CORT injections needed to observe alterations in
LTP and the role time of day (rising or falling pulsatile CORT) plays in
observing stress effects in chronically CORT treated mice. Moreover,
our understanding of the effects of acute and chronic CORT and
altered housing conditions in different inbred mouse strains is very
limited and further studies are needed to fill this gap in our
understanding of strain-dependent stress effects. Finally, since
chronic social isolation reportedly does not lead to an increase in
CORT levels, and even short-term isolation can blunt LTP in the
dlBNST, additional studies should also assess the underlying similar-
ities and differences in the mechanisms responsible for stressor
mediated-impairment of LTP in the dlBNST.
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