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Altered responsiveness of BNST and amygdala neurons in
trauma-induced anxiety
OE Rodríguez-Sierra1,3, S Goswami2,3, HK Turesson1 and D Pare1

A highly conserved network of brain structures regulates the expression of fear and anxiety in mammals. Many of these structures
display abnormal activity levels in post-traumatic stress disorder (PTSD). However, some of them, like the bed nucleus of the stria
terminalis (BNST) and amygdala, are comprised of several small sub-regions or nuclei that cannot be resolved with human
neuroimaging techniques. Therefore, we used a well-characterized rat model of PTSD to compare neuronal properties in resilient vs
PTSD-like rats using patch recordings obtained from different BNST and amygdala regions in vitro. In this model, a persistent state
of extreme anxiety is induced in a subset of susceptible rats following predatory threat. Previous animal studies have revealed that
the central amygdala (CeA) and BNST are differentially involved in the genesis of fear and anxiety-like states, respectively.
Consistent with these earlier findings, we found that between resilient and PTSD-like rats were marked differences in the synaptic
responsiveness of neurons in different sectors of BNST and CeA, but whose polarity was region specific. In light of prior data about
the role of these regions, our results suggest that control of fear/anxiety expression is altered in PTSD-like rats such that the
influence of CeA is minimized whereas that of BNST is enhanced. A model of the amygdalo-BNST interactions supporting the PTSD-
like state is proposed.
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INTRODUCTION
Convergent findings from animal and human studies implicate a
highly conserved network of brain structures in the expression of
fear and anxiety.1 These include the medial prefrontal cortex, the
bed nucleus of the stria terminalis (BNST), as well as the
basolateral (BLA) and central (CeA) amygdala. Importantly, human
functional imaging studies have revealed that many of these
structures exhibit abnormal activity levels during symptom
provocation in post-traumatic stress disorder (PTSD).2–4

However, BNST and the amygdala are in fact a collection of
functionally heterogeneous nuclei that cannot be resolved with
human functional imaging techniques. Thus, to shed light on the
mechanisms that support the altered responsiveness of BNST and
the amygdala in anxiety disorders, we used a well-characterized
rat model of PTSD.5 In this model, Lewis rats are subjected to a
species-relevant threatening experience, predatory threat, invol-
ving exposure to cat smell.6,7 Following predatory threat, a subset
(~50%) of susceptible rats (termed ‘PTSD-like’) develops severe
and persistent (42 weeks) behavioral manifestations of anxiety,
including compromised exploratory behavior and increased
startle.6,7 Importantly, this model reproduces salient features of
the human syndrome. For instance, PTSD is characterized by a fear
extinction deficit that develops after trauma8 and a hippocampal-
dependent allocentric spatial processing deficit that predates
trauma.9,10 The Lewis rat model of PTSD reproduces these two
deficits, including their different temporal relationship to
trauma.5,11,12

Therefore, using this model, we compared the intrinsic and
synaptic responsiveness of BNST and amygdala neurons in
resilient vs susceptible rats with patch recordings in vitro. This

approach revealed that the PTSD-like state is associated with
distributed but region-specific alterations in the synaptic respon-
siveness of BNST and amygdala neurons.

MATERIALS AND METHODS
Subjects and experimental timeline
Procedures were approved by the Institutional Animal Care and Use
Committee of Rutgers State University and complied with the Guide for the
Care and Use of Laboratory Animals (Department of Health and Human
Services). Adult male Lewis rats (200–225 g) were first subjected to
predator threat and, 7 days later, tested on the elevated plus maze (EPM), a
well-accepted behavioral test of anxiety (Figure 1a). Next, based on their
behavior in the EPM, rats were sorted into ‘PTSD-like’ or ‘resilient’
phenotypes as described below. Then, 1–3 days later rats were
anesthetized, their brains extracted and coronal slices prepared for
visually-guided patch-clamp neuronal recordings in BNST or the amygdala
(Figures 1b and c). Investigators were blind to the rats’ phenotype.

Predatory threat
The threatening experience consisted of a single exposure (10 min) to
soiled cat litter in a plastic rat cage with a mesh top. The litter was
obtained from male cats (sifted for stools; 2-day use period) and included
the odor of cat feces, urine, hair and skin. Predator odors are such potent
stressors that they can be used as unconditioned stimuli to drive Pavlovian
fear learning.13,14

EPM and criteria used to classify rats as resilient vs PTSD-like
Rats were placed at the EPM’s center (Supplementary Methods), facing an
open arm and allowed to explore the apparatus for 5 min. Behavior was
recorded and scored offline. All four paws had to be into the arm to be
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classified as an arm entry. Consistent with prior work,6,7,11,12 rats with
extremely compromised exploratory behavior, that is spending all of the
available time in the EPM’s closed arms, were classified as PTSD-like. Rats
that explored the open arms for any amount of time were classified as
resilient. Predatory threat exposure increases the incidence of the PTSD-
like phenotype in the EPM: from ~10% in Lewis rats exposed to clean litter
to ~ 50% after predatory threat.6,7,11 However, predatory threat does not
increase anxiety in all rats but causes the emergence of an extremely
anxious phenotype in a subset of susceptible Lewis rats.11 Indeed,
comparisons of time spent in the open arms in rats exposed to soiled vs
clean litter, but excluding subjects that did not explore the open arms,
revealed no group differences.11 Moreover, resilient rats displayed a higher
incidence of other behaviors suggestive of resilience.11

In vitro slice preparation
Rats were anesthetized with Avertin (300 mg kg− 1, i.p.) and perfused
transcardially with a cold modified artificial cerebrospinal fluid (aCSF)
detailed in the Supplementary Methods. Brains were cut in 300-μm-thick
coronal slices using a vibrating microtome while in the above solution.
Slices were then transferred to an incubating chamber for at least 1 h at
room temperature in a control aCSF (Supplementary Methods). The slices
were transferred one at a time to a recording chamber perfused with the
latter solution (10 ml min− 1). Before beginning the recordings, we
gradually increased the chamber temperature to 32 °C.

Electrophysiology
We obtained visually-guided whole-cell recordings using pipettes filled
with a standard intracellular solution (Supplementary Methods). Mem-
brane potential (Vm) values were corrected for the liquid junction potential
(10 mV with this solution). We only considered cells that had stable resting
potentials negative to − 60 mV and generated overshooting action
potentials. Electroresponsive properties were characterized by studying
the cells’ responses to graded series of current pulses (±20-pA steps,
500 ms) applied from rest, –65 or –80 mV. The linear portion of current–
voltage plots was used to estimate the cells’ input resistance. To activate
synaptic inputs to BNST cells, stimulating electrodes were positioned in the
stria terminalis (ST; Figure 1b). To activate synaptic inputs to amygdala
neurons, stimulating electrodes were positioned at one of three sites: in
the external capsule and lateral amygdala (LA) when recording neurons in
the basolateral (BL) nucleus or in BL when studying CeA neurons. Unless
otherwise noted, electrical stimuli (100 μs) were delivered at a low
frequency (0.1 Hz), in a range of intensities, and from a Vm of –65 mV. At

least three stimuli were delivered at each intensity and responses
averaged.
Presumably because the stimulation and recording sites were closer in

the BNST than amygdala experiments, high-intensity ST stimuli elicited
direct spikes in many of the recorded BNST cells. Thus, we used a lower
range of stimulation intensities in the BNST (100–600 μA) than the
amygdala (100–800 μA) experiments. When electrical stimuli elicited direct
spikes, data obtained at that intensity and above was not considered for
that cell. See Supplementary Methods for the criteria used to distinguish,
direct, orthodromic and antidromic action potentials. Finally, when the
stimuli elicited a mixture of sub- and supra-threshold responses, more
stimuli were applied.

Glutamate uncaging
Postsynaptic responsiveness to glutamate was assessed using glutamate
uncaging. In these experiments, glutamate (4-Methoxy-7-nitroindolinyl-
caged-L-glutamate, 1.0 mM; Tocris Bioscience, Bristol, UK) was added to the
aCSF. Glutamate was uncaged by applying ultraviolet light pulses
(5–30 ms, steps of 5 ms) over the recorded cell. Responsiveness to
uncaged glutamate was assessed from a membrane potential of –80 mV,
as determined by intracellular current injection. The ultraviolet light stimuli
were delivered by a LED source (365 nm, 60 mW; 0.1 Hz; CoolLED, Andover,
UK) via a × 60 immersion objective.

Data analyses and statistics
The data were analyzed offline with the software IGOR (Wavemetrics,
Portland, OR, USA), clampfit (Axon instruments, Foster City, CA, USA), and
custom software written using Numpy and Scipy (http://www.scipy.org).
Values are expressed as means ± s.e.m. All statistical tests are two-sided. In
all cases, all available cells, trials and subjects are included in the statistical
analyses, as appropriate. The tests aimed to determine whether there were
differences between neurons recorded in the two rat phenotypes.
Depending on sample sizes, we used Χ2- or Fisher's exact tests to
determine if phenotypic differences in the incidence of different cells types
were significant. To compare their electroresponsive properties, we used
non-parametric Kruskal–Wallis one-way analysis of variance (ANOVA). Since
the synaptic responsiveness data were distributed normally, we used
repeated measures ANOVAs for these comparisons.

RESULTS
We subjected 166 Lewis rats to predatory threat and tested them
on the EPM 1 week later. Subjects with extremely compromised
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nucleus when studying CeA neurons. For clarity, CeL neurons recorded in the glutamate uncaging experiments were not included. However,
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Figure 2. Synaptic responsiveness of BNST neurons to ST stimuli in resilient (black) and PTSD-like (red) rats. Neurons recorded in BNST-AL (a),
BNST-AM (b) or BNST-AV (c). The x-axis represents stimulation intensity, whereas the y-axis shows (1) the amplitude of evoked EPSPs and IPSPs
(positive and negative values, respectively), (2) EPSP slopes (measured in the first 2 ms) and (3) the proportion of trials eliciting orthodromic
spikes. Insets show representative examples of evoked responses for neurons recorded in resilient (black) and PTSD-like rats (red). Error bars
indicate s.e.m. AL, anterolateral; AM, anteromedial; AV, anteroventral; BNST, bed nucleus of the stria terminalis; EPSP, excitatory postsynaptic
potential; IPSP, inhibitory postsynaptic potentials; PTSD, post-traumatic stress disorder; ST, stria terminalis.
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exploratory behavior (no time in the open arms of the EPM) were
categorized as PTSD-like (48%) and the others as resilient (52%).
One to three days later, we performed visually-guided patch-
clamp recordings of neurons in different regions of BNST or the
amygdala (Figures 1b and c).

BNST experiments
We focused on the anterior BNST region (BNST-A) because it has
been most frequently implicated in anxiety.15 However, BNST is a
collection of ~ 15–20 nuclei with much disagreement regarding
their exact number and location.16,17 Compounding this problem,
individual BNST nuclei cannot be identified with precision in living
slices. Therefore, we used a simpler parcellation of BNST-A in three
regions, based on the position of major fiber bundles (Figure 1b):
the anterior commissure dividing the BNST-A in dorsal and ventral
(BNST-AV) sectors, and the intra-BNST component of the ST
subdividing the dorsal portion in medial (BNST-AM) and lateral
(BNST-AL) regions. The following is based on samples of 61 BNST-
AL cells (resilient, n= 33; PTSD-like, n= 28) recorded in 38 rats, 52
BNST-AM cells (resilient, n = 27; PTSD-like, n= 25) recorded in 32
rats, and 50 BNST-AV neurons (resilient, n = 24; PTSD-like, n= 26)
recorded in 30 rats.

Incidence, passive properties and spike characteristics of BNST-A
neurons in resilient vs PTSD-like rats
BNST-A contains at least five different physiological cell types.18–21

In decreasing order of incidence, they are low-threshold bursting
(LTB) neurons, regular spiking (RS) cells, neurons expressing a fast
inward rectifying K+ conductance (fIR), spontaneously active cells
and late-firing neurons. Unfortunately, with the exception of the
rare fIR neurons expressing CRF,22 there is no consistent relation-
ship between the physiological properties of BNST-A neurons and
their transmitter content (reviewed in ref. 23). Most BNST-A
neurons are GABAergic neurons.24–27 A few glutamatergic cells
have also been identified in BNST-AM and AV,27,28 where they are
intermingled with the prevalent GABAergic neurons. Thus, it is
likely that the vast majority of the cells we recorded belong to the
prevalent class of GABAergic neurons.29

We found no phenotype-related variations in the incidence of
the physiological cell types (Χ2-tests, P’s⩾ 0.51; Supplementary
Table 1), which appeared to fall in the normal range previously
reported in naive rats.18–21 Moreover, we detected no phenotype-
related differences in these cells’ passive properties and spike
characteristics (Kruskal–Wallis one-way ANOVAs, P’s ⩾ 0.05;
Supplementary Tables 2–7). Because three of the five cell types
are rare, subsequent comparisons focused on the prevalent RS
and LTB cells.

Synaptic responsiveness of BNST-A neurons in resilient vs PTSD-
like rats
To study the synaptic responsiveness of BNST-A neurons, we
positioned stimulating electrodes in the ST (Figure 1b). This fiber
bundle carries inputs from the main afferent of BNST, the
amygdala. Indeed, the BNST-A receives very strong glutamatergic
and GABAergic inputs from the BLA and CeA, respectively
(Supplementary Figure 1).25,30,31 Therefore, from a Vm of
− 65 mV, we activated these axons at a low frequency (0.1 Hz)
by delivering brief (100 μs) electrical stimuli (0.1–0.6 mA) through
the ST electrodes. As described below, we found marked region-
specific differences in the synaptic responsiveness of BNST-A
neurons between the two rat phenotypes. However, within each
region, the various physiological cell types exhibited the same
trends. Thus, for simplicity, the results obtained in the different
classes of neurons are pooled below.

BNST-AL neurons
The synaptic responsiveness of BNST-AL neurons was lower in
PTSD-like than resilient rats (Figure 2a). This difference was mostly
due to the higher amplitude of ST-evoked inhibitory postsynaptic
potentials (IPSPs) in cells from PTSD-like rats (Figure 2a1; ANOVA,
F(1,59) = 8.821, P= 0.006). Although there was a trend for ST-evoked
excitatory postsynaptic potentials (EPSPs) to have lower ampli-
tudes in neurons from PTSD-like than resilient rats (Figure 2a1), it
did not reach significance (F(1,59) = 2.4, P= 0.07). Consistent with
this, the slope of ST-evoked EPSPs did not differ significantly
between the two rat phenotypes (Figure 2a2). Despite the similar
properties of ST-evoked EPSPs in the two phenotypes, the
likelihood that ST stimuli would elicit orthodromic spiking was
significantly higher in neurons from resilient than PTSD-like rats
(Figure 2a3; F(1,59) = 5.803, P= 0.019). Overall, these results suggest
that differences in the potency of ST-evoked inhibition contribute
to reduce the orthodromic responsiveness of BNST-AL neurons in
PTSD-like relative to resilient rats.

BNST-AM neurons
Opposite to BNST-AL neurons, the responsiveness of BNST-AM
cells was higher in PTSD-like than resilient rats. Indeed, the
amplitude (Figure 2b1) and slope (Figure 2b2) of ST-evoked EPSPs
were significantly higher in neurons recorded from PTSD-like than
resilient rats (EPSPs, F(1,50) = 5.762, P= 0.02; Slope, F(1,50) = 4.95,
P= 0.03), with no difference in IPSP amplitudes (Figure 2b1;
F(1,50) = 0.179, P= 0.67). Accordingly, the probability that ST stimuli
would elicit supra-threshold responses was significantly higher in
PTSD-like than resilient rats (Figure 2b3; F(1,50) = 5.09, P= 0.028).

BNST-AV neurons
Similar to BNST-AM cells, but opposite to BNST-AL neurons, the
responsiveness of BNST-AV cells was higher in PTSD-like than in
resilient rats. This was evidenced by the significantly higher
amplitude (Figure 2c1) and slope (Figure 2c2) of ST-evoked EPSPs
in PTSD-like rats (EPSPs, F(1,48) = 9.65, P= 0.003; Slope,
F(1,48) = 9.309, P= 0.004), with again no difference in IPSP
amplitudes between the two rat phenotypes (Figure 2c1;
F(1,48) = 0.425, P = 0.51). Paralleling these results, spiking probability
in response to ST stimuli was significantly higher in PTSD-like than
resilient rats (Figure 2c3; F(1,48) = 11.51, P= 0.001).

Mechanisms underlying differences in the synaptic responsiveness
of BNST-AM and AV cells
To determine whether the phenotypic differences in EPSP
properties described above are dependent on a presynaptic
mechanism, we compared the amount of paired-pulse facilitation
(PPF) in the two groups of BNST-AM and AV neurons
(Supplementary Figure 2). In this analysis,32 two identical stimuli
are applied in rapid succession. PPF magnitude is inversely
proportional to transmitter release probability: manipulations that
increase release probability decrease PPF and conversely.33–35

Therefore, in the presence of picrotoxin (100 μM) and in voltage-
clamp mode, we applied two ST stimuli in rapid succession and
computed the ratio of the EPSC amplitude they elicited (EPSC2/
EPSC1) in BNST-AM (Supplementary Figure 2A), and AV
(Supplementary Figure 2B) neurons in the two phenotypes. In
both BNST regions, the paired-pulse ratio did not differ
significantly between groups (Supplementary Figure 2; t-tests,
AM, P= 0.8; AV, P = 0.1).

Amygdala experiments
We recorded 82 BL neurons (resilient, n = 38; PTSD-like, n= 44)
from 32 rats; 138 central lateral (CeL) neurons (resilient, n= 69;
PTSD-like, n= 69) from 37 rats; and 71 central medial (CeM)
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neurons (resilient, n = 26; PTSD-like, n= 45; Figure 1c) from 22 rats.
CeL and CeM are considered separately because they form
contrasting connections with fear output networks. While CeM
contributes extensive projections to various brainstem fear
effector structures, CeL outputs are mostly limited to the
parabrachial nucleus.36–38 However, CeL regulates fear expression
via its GABAergic projections to CeM39–42 and BNST.31

Passive properties and incidence of different cell types in resilient
vs PTSD-like rats
BL neurons. Consistent with prior work,43–46 we classified BL
neurons as putative projection cells (Figure 3a1) or interneurons
(Figure 3a3) based on their contrasting electroresponsive proper-
ties (reviewed in refs 47,48). BL neurons were classified as
projection cells when they displayed spike frequency adaptation
during depolarizing current pulses and generated action poten-
tials of comparatively long duration (⩾0.8 ms at half amplitude).
Given the heterogeneous firing patterns of BL interneurons,49–51

we relied primarily on spike duration to identify these cells
(⩽0.6 ms at half amplitude). Because a very low proportion of
recorded cells met this criterion, they are not considered further.
Consistent with previous findings,45 two types of BL projection
cells were distinguished based on their responses to depolarizing
current pulses: cells generating only single spikes (Figure 3a1),
hereafter termed RS cells, and neurons generating spike doublets
or bursts (Figure 3a2), hereafter termed intrinsically bursting. The
incidence of RS and intrinsically bursting neurons did not vary
between resilient and PTSD-like rats (Fisher’s exact test, P= 0.8230;
Figure 3c1). Whether we considered the two types of projection
cells together or separately, spike duration, amplitude and
threshold did not vary significantly as a function of the rats’
phenotypes, nor did their resting potential, time constant or input
resistance (t-tests, P’s40.1, Supplementary Table 8).

CeL neurons. Consistent with prior studies in rats,39,52,53 we
identified three main cell types in CeL, based on variations in the
temporal dynamics of current-evoked spiking: RS (Figure 3b1),
LTB (Figure 3b2) and late-firing (LF, Figure 3b3). However, their
incidence did not vary significantly between resilient vs
PTSD-like rats (Figure 3c2; Χ2-test, χ2 = 3.11, P= 0.211). Moreover,
whether we considered the three cell types together or separately,
the two behavioral phenotypes were not associated with
differences in the spiking or passive properties of CeL neurons
(t-tests, P’s40.08; Supplementary Table 9).

CeM neurons. In prior studies,52,54 the same physiological classes
of neurons identified in CeL were found in CeM, albeit with
differences in their relative incidence. Our results in CeM matched
these earlier findings with the exception that we encountered no
LF cells. In contrast with BL and CeL neurons, marked differences
in the incidence of CeM cell types were observed as a function of
the rats’ phenotype (Figure 3c3). In particular, RS cells prevailed in
PTSD-like rats whereas the incidence of LTB neurons was higher in

resilient rats (Fisher's test, P= 0.017). However, comparing the
spike or passive properties of CeM neurons (Supplementary Tables
10–12) revealed no significant differences between PTSD-like and
resilient rats (P’s⩾ 0.09).

Synaptic responsiveness of amygdala neurons in resilient vs PTSD-
like rats
BL neurons. BL receives excitatory inputs from several cortical
regions55 and the LA.56,57 To test whether the responsiveness of
BL neurons to these inputs differed between the two phenotypes,
we positioned stimulating electrodes in the external capsule,
which carries most cortical axons ending in BL, and the ventral
part of LA. We then compared the responses elicited by electrical
stimuli (100 μs; 0.1–0.8 mA) delivered at these two sites (resilient,
n= 34; PTSD-like, n= 24). Irrespective of the stimulation site, no
phenotypic differences were seen in the proportion of stimuli
eliciting spikes (Figure 4a1; F(1,56) = 0.526, P= 0.471), in the
amplitude of evoked EPSPs or IPSPs (Figure 4a2; EPSPs,
F(1,56) = 0.743, P= 0.512; IPSPs, F(1,56) = 0.239, P= 0.689) or in the
slope of EPSPs (Figure 4a3; F(1,56) = 0.6872, P = 0.356).

CeL neurons. BL neurons contribute glutamatergic inputs to CeL
and CeM.57–60 Therefore, we compared the properties of BL-
evoked synaptic responses in the two phenotypes. CeL cells
(resilient, n= 28; PTSD-like, n = 34) displayed marked differences in
synaptic responsiveness as a function of phenotype (Figure 4b).
First, the proportion of BL stimuli eliciting spikes was significantly
higher in PTSD-like than resilient rats (ANOVA, F(1,60) = 8.693,
P= 0.0045; Figure 4b1) and this effect was seen in both RS and LF
neurons. Consistent with the higher probability of orthodromic
spiking in PTSD-like rats, CeL EPSP (but not IPSP) amplitudes
(Figure 4b2; ANOVA, F(1,60) = 4.75, P = 0.033) and slopes
(Figure 4b3; ANOVA, F(1,60) = 4.192, P = 0.045) were higher in
PTSD-like than resilient rats, particularly in an intermediate range
of stimulation intensities (0.2–0.5 mA).
To determine whether the increased synaptic responsiveness of

CeL neurons in PTSD-like rats was due to pre- or postsynaptic
factors, we compared properties of PPF in the two groups
(Supplementary Figure 3), as in the BNST experiments. However,
the paired-pulse ratio did not differ significantly (t-test, t=− 0.302,
df = 32, P= 0.765; PTSD= 1.55 ± 0.064, resilient = 1.52 ± 0.068).
Therefore, to test whether a difference in the postsynaptic

sensitivity of CeL neurons to glutamate mediates the differences
in BL-evoked responses, we used photic uncaging of glutamate. In
this approach, slices are bathed in an aCSF solution containing
caged glutamate (1.0 mM). Ultraviolet light stimuli (5–30 ms),
centered over the soma of the recorded cell, are applied to
uncage glutamate. Figure 4d1 illustrates representative examples
of responses to stimuli of progressively increasing duration
(bottom to top) in CeL neurons from PTSD-like (red, left) and
resilient (right, black) rats. As in these representative examples, the
average amplitude (Figure 4d2) and slope (Figure 4d3) of EPSPs
elicited by uncaged glutamate was significantly higher in CeL cells

Figure 4. Synaptic responsiveness of BL (a), CeL (b) and CeM (c) neurons in resilient (black) and PTSD-like (red) rats. In all panels, the x-axis
represents stimulation intensity whereas the y-axis shows (1) proportion of trials eliciting orthodromic spikes, (2) the amplitude of evoked
EPSP and IPSP (positive and negative values, respectively), as well as (3) EPSP slopes (measured in the first 2 ms). Error bars indicate s.e.m.
Stimulation sites were LA (a1), EC (a2, a3), BL (b,c). Insets show representative examples of evoked responses for neurons recorded in resilient
(black) and PTSD-like rats (red). (d) Responses of CeL neurons to uncaged glutamate vary as a function of the rats’ phenotype. (d1)
Representative examples of responses elicited by UV light pulses of gradually increasing duration (from 5 ms at bottom to 45 ms at top). Inset:
proportion of cells spiking (y-axis) as a function of UV stimulus duration (x-axis). Beyond 30 ms, all cells fired. (d2) Peak amplitude of EPSPs
elicited by glutamate uncaging (y-axis) as a function of UV stimulus duration (x-axis). In this and the next panel, all supra-threshold responses
were excluded, resulting in progressively diminishing n’s with UV stimuli of increasing durations (see inset of b1). (d3) Slope of EPSPs elicited
by glutamate uncaging (y-axis) as a function of UV stimulus duration (x-axis). Error bars indicate s.e.m. BL, basolateral; CeL, central lateral; CeM,
central medial; EC, external capsule; EPSP, excitatory postsynaptic potential; IPSP, inhibitory postsynaptic potentials; LA, lateral amygdala;
PTSD, post-traumatic stress disorder; UV, ultraviolet.
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from PTSD-like than resilient rats (PTSD-like, n= 24; resilient, n= 25;
amplitude, F(1,47) = 30.28, Po0.001; slope, F(1,47) = 13.12, P= 0.004).
Note that these differences were detected despite the fact that
the analyses excluded trials where cells fired in response to
uncaged glutamate. At all stimulation intensities, a higher
proportion of supra-threshold trials were seen in CeL neurons
from PTSD-like rats (Figure 4d1, inset).

CeM neurons. Opposite to the results obtained in CeL, CeM
neurons from PTSD-like rats had a lower synaptic excitability. First,
the proportion of BL stimuli eliciting spikes (Figure 4c1) were
significantly lower in CeM cells from PTSD-like than resilient rats
(ANOVA, F(1,57) = 4.5, P= 0.033). Similarly, EPSP slopes (Figure 4c3)
were significantly lower in the PTSD-like group (F(1,57) = 6.028,
P= 0.017). EPSP amplitudes (Figure 4c2) displayed a parallel trend
but group differences did not reach significance (F(1,57) = 2.947,
P= 0.09).

DISCUSSION
Using patch recordings in brain slices kept in vitro, we studied the
intrinsic and synaptic responsiveness of BNST and amygdala
neurons in a rat model of PTSD. By comparing BNST and amygdala
neurons in resilient and susceptible rats, we observed region-
specific differences in their synaptic excitability. Below, we discuss
the significance of these observations in light of prior work on the
role and connections of the amygdala and BNST.

Limitations of the ex vivo approach and validity of the model
Although physiological studies in brain slices have substantial
analytical power, they also have some limitations. On the negative
side, many connections, particularly those involving distant
structures, are lost. Consequently, network phenomena that might
play an important role in PTSD cannot be studied with this
approach, raising the possibility that some of the differences we
observed in vitro are mitigated or enhanced by activity in BNST or
amygdala afferents.
On the positive side, the ex vivo approach allows one to study

nuclei-specific alterations in physiological properties; BNST and
the amygdala do not have to be treated as undifferentiated
structures because of insufficient spatial resolution. Also, the
ex vivo paradigm allows identification of phenotypic differences in
neuronal excitability, independently of emotion and cognition.
This contrasts with human imaging studies where neuronal
activity and emotions are inextricable. However, it is impossible
to determine whether the differences we observed predated
exposure to predator threat or emerged as a result of this
experience. Related to this, it is conceivable that the susceptibility
of PTSD-like rats to predator threat is due to their increased
responsiveness to olfactory stimuli relative to resilient rats.

Altered BNST and amygdala responsiveness in PTSD-like vs
resilient rats
Early lesion and inactivation studies that lacked the spatial
resolution to selectively affect different BNST sub-regions led to
the view that BNST activity promotes the development of long-
lasting anxiety states.61–65 However, more recent work indicates
that BNST is functionally heterogeneous.66,67 First, much data
indicates that CRF neurons of the oval nucleus, located in the
dorsal half of BNST-AL, exert an anxiogenic influence. For instance,
stressors increase CRF mRNA expression in BNST-AL (reviewed in
ref. 23) and infusing CRF in BNST is anxiogenic.68 Moreover, anxiety
is reduced after chemogenetic inactivation of CRF cells69 or
optogenetically silencing BNST-AL cells expressing D1-receptors,66

thought to be only expressed by CRF cells.23 However, it is
currently unclear how CRF cells promote anxiety. Since they do
not project to the pituitary, their influence probably involves a

modulation of synaptic transmission in BNST itself23 or in their
targets.
Related to this, CRF cells account for a minority of BNST-AL

neurons22 raising the question of what is the role of the prevalent
non-CRF GABAergic neurons? It should be noted that most of our
BNST-AL cells presumably belonged to this group since only
~ 10% of our sample were fIR neurons. Mounting evidence
suggests that these non-CRF cells are inhibited during fear and
anxiety. Indeed, a peptide that when infused in BNST, potentiates
acoustic startle and increases neuronal activity in BNST-AL’s
brainstem targets70 actually inhibits non-CRF BNST-AL neurons
in vitro.71 Moreover, BNST-AL neurons acquire inhibitory responses
to conditioned stimuli predicting adverse outcomes.72 In contrast,
BNST-AM cells develop excitatory responses to the same condi-
tioned stimuli.72 Importantly, BNST-AL and AM neurons also
display inverse activity changes in relation to the expression of
contextual fear.72

The region-specific regulation of neuronal excitability we
observed in BNST is consistent with these prior findings. The
synaptic excitability of the non-CRF BNST-AL neurons was lower in
PTSD-like rats, in keeping with the fact that these cells are
inhibited during cued and contextual fear.72 Opposite to BNST-AL,
BNST-AM and AV neurons had a higher synaptic excitability in
PTSD-like rats, consistent with the higher firing rates of BNST-AM
cells during cued and contextual fear.72 Interestingly, BNST-AL
sends purely GABAergic projections to BNST-AM and AV,73

providing a potential substrate for the reciprocal activity fluctua-
tions seen between these two BNST-A regions during fear and
anxiety.
In the amygdala, we observed, robust phenotypic differences in

the excitability of CeA neurons but they had an opposite polarity
in CeL and CeM. In CeL, the amplitude and slope of BL-evoked
EPSPs was higher in PTSD-like rats whereas the opposite was
observed in CeM. Although CeL cells send GABAergic projections
to CeM,39,57 IPSP amplitudes did not differ between the two
phenotypes in CeM. A possible explanation for this apparent
contradiction is that CeL axons end distally in the dendrites of
CeM neurons, preventing us from detecting changes in IPSP
amplitudes with somatic recordings. Consistent with this possibi-
lity, distal GABAergic synapses to CeA neurons have a lower
unitary conductance than somatic inhibitory synapses.74

While we observed differences in the efficacy of glutamatergic
synapses onto BNST-AM, BNST-AV and CeL neurons, in these three
cases PPF properties did not differ as a function of the rats’
phenotype. Thus, it is likely that postsynaptic factors, such as a
change in the number and/or biophysical properties of AMPA
receptors, are involved. Consistent with this, we found that CeL
neurons had an increased sensitivity to uncaged glutamate in
PTSD-like rats. More work will be needed to characterize these
changes such as comparing AMPA/NMDA ratios and activity-
dependent plasticity between phenotypes. Also to be identified
are the signaling pathways that support the persistent changes in
synaptic transmission we observed.

Relevance to PTSD
Supporting the relevance of our data for understanding PTSD,
there are many precedents in the literature for the participation of
CeA and BNST in anxiety disorders.75–79 For instance, functional
imaging studies in humans have reported increased BNST
activation during the anticipation of adverse events and in
stress-related anxiety disorders.80,81 Moreover, in a non-human
primate model of childhood dispositional anxiety, a temperament
associated with an increased risk of developing mood disorders,
CeA and BNST were found to be more active in monkeys with
high- than low-dispositional anxiety75,76 and CeA lesions
decreased dispositional anxiety.76 Interestingly, the peptide
PACAP (pituitary adenylate cyclase-activating polypeptide), which
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is enriched in CeL,82 enhances fear expression when infused in
CeA83 and predicts PTSD symptom severity in women,84 causes a
postsynaptic increase in the responses of CeL neurons to BL
inputs,85 as we observed here in PTSD-like rats. PACAP inputs to
CeL originate in the parabrachial nucleus, which also projects to
BNST-AL.86 However, PACAP inputs to BNST-AL are concentrated
in the oval nucleus where they target CRF neurons.87 Given the
rapidly accumulating evidence implicating PACAP and CRF
signaling in PTSD,88 it will be important to characterize the
excitability of CRF neurons of the oval nucleus in the Lewis rat
model of PTSD.

Significance for the pathophysiology of PTSD
We observed distributed changes in synaptic responsiveness in a
largely disconnected network. How would these changes impact
the expression of fear and anxiety in an intact brain? CeL emerges
as a key regulator in this context because it contributes GABAergic
projections to CeM and BNST-AL but not BNST-AM.31,38 Because
CeL neurons are more excitable in PTSD-like rats, they should
inhibit non-CRF BNST-AL neurons (Figure 5). Also, since BNST-AL
contributes GABAergic projections to BNST-AM,73 BNST-AL inhibi-
tion by CeL inputs should cause a disinhibition of BNST-AM. In
turn, higher activity levels in BNST-AM should increase, via its
hypothalamic projections,89 anxiety. Last, because CeL sends
GABAergic projections to CeM,38,39 the PTSD-like state might be
paradoxically associated with a reduced responsiveness of CeM
fear output cells.
This model makes a startling prediction: in PTSD-like rats,

control of fear expression is altered such that the influence of CeM
is minimized whereas that of BNST-AM and AV is enhanced. This
prediction could be tested by comparing the effects of BNST
lesions on the expression of conditioned fear responses to cues in
the two phenotypes. Indeed, prior studies found that cued fear is
unaffected by BNST lesions.61,62,64,65 However, our results predict
that, after predatory threat, such interventions will reduce cued
fear in PTSD-like but not resilient rats. If supported, this prediction
might explain the greater resistance of conditioned fear to

extinction training in PTSD-like rats:11 because mechanisms of fear
expression would differ between the two phenotypes, so would
extinction mechanisms. Also, given earlier findings indicating that
BNST activity promotes fear generalization,65 the enhanced
responsiveness of BNST-AM and AV neurons might promote
generalization of fear to innocuous cues and contexts, a defining
feature of anxiety disorders.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ACKNOWLEDGMENTS
This material is based on work supported by NIMH grant RO1 MH-098738 to DP.

REFERENCES
1 Phelps EA, LeDoux JE. Contributions of the amygdala to emotion processing: from

animal models to human behavior. Neuron 2005; 48: 175–187.
2 Shin LM, Rauch SL, Pitman RK. Amygdala, medial prefrontal cortex, and hippo-

campal function in PTSD. Ann NY Acad Sci 2006; 1071: 67–79.
3 Etkin A, Wager TD. Functional neuroimaging of anxiety: a meta-analysis of

emotional processing in PTSD, social anxiety disorder, and specific phobia. Am J
Psychiatry 2007; 164: 1476–1488.

4 Bremner JD, Elzinga B, Schmahl C, Vermetten E. Structural and functional plasticity
of the human brain in posttraumatic stress disorder. Brain 2008; 167: 171–186.

5 Goswami S, Rodríguez-Sierra O, Cascardi M, Paré D. Animal models of post-
traumatic stress disorder: face validity. Front Neurosci 2013; 7: 89.

6 Cohen H, Matar MA, Richter-Levin G, Zohar J. The contribution of an animal model
toward uncovering biological risk factors for PTSD. Ann NY Acad Sci 2006a; 1071:
335–350.

7 Cohen H, Zohar J, Gidron Y, Matar M, Belkind D, Loewenthal U et al. Blunted HPA
axis response to stress influences susceptibility to posttraumatic stress response
in rats. Biol Psychiatry 2006b; 59: 1208–1218.

8 Milad MR, Orr SP, Lasko NB, Chang Y, Rauch SL, Pitman RK. Presence and acquired
origin of reduced recall for fear extinction in PTSD: results of a twin study. J
Psychiatry Res 2008; 42: 515–520.

9 Gilbertson MW, Shenton ME, Ciszewski A, Kasai K, Lasko NB, Orr SP et al. Smaller
hippocampal volume predicts pathologic vulnerability to psychological trauma.
Nat Neurosci 2002; 5: 1242–1247.

10 Gilbertson MW, Williston SK, Paulus LA, Lasko NB, Gurvits TV, Shenton ME et al.
Configural cue performance in identical twins discordant for posttraumatic stress
disorder: theoretical implications for the role of hippocampal function. Biol Psy-
chiatry 2007; 62: 513–520.

11 Goswami S, Cascardi M, Rodríguez-Sierra OE, Duvarci S, Paré D. Impact of pre-
datory threat on fear extinction in Lewis rats. Learn Mem 2010; 17: 494–501.

12 Goswami S, Samuel S, Sierra OR, Cascardi M, Paré D. A rat model of post-traumatic
stress disorder reproduces the hippocampal deficits seen in the human syn-
drome. Front Behav Neurosci 2012; 6: 26.

13 Blanchard RJ, Yang M, Li CI, Gervacio A, Blanchard DC. Cue and context con-
ditioning of defensive behaviors to cat odor stimuli. Neurosci Biobehav Rev 2001;
25: 587–595.

14 McGregor IS, Schrama L, Ambermoon P, Dielenberg RA. Not all 'predator odours'
are equal: cat odour but not 2,4,5 trimethylthiazoline TMT; fox odour; elicits
specific defensive behaviours in rats. Behav Brain Res 2002; 129: 1–16.

15 Walker DL, Miles L, Davis M. Selective participation of the bed nucleus of the stria
terminalis and CRF in sustained anxiety-like versus phasic fear-like responses. Prog
Neuropsychopharmacol Biol Psychiatry 2009; 33: 1291–1308.

16 Ju G, Swanson LW. Studies on the cellular architecture of the bed nuclei of the
stria terminalis in the rat: I. Cytoarchitecture. J Comp Neurol 1989; 280: 587–602.

17 Moga MM, Saper CB, Gray TS. Bed nucleus of the stria terminalis: cytoarchitecture,
immunohistochemistry, and projection to the parabrachial nucleus in the rat. J
Comp Neurol 1989; 283: 315–332.

18 Hammack SE, Mania I, Rainnie DG. Differential expression of intrinsic membrane
currents in defined cell types of the anterolateral bed nucleus of the stria ter-
minalis. J Neurophysiol 2007; 98: 638–656.

19 Francesconi W, Berton F, Koob GF, Sanna PP. Intrinsic neuronal plasticity in the
juxtacapsular nucleus of the bed nuclei of the stria terminalis jcBNST. Prog Neu-
ropsychopharmacol Biol Psychiatry 2009; 33: 1347–1355.

20 Szücs A, Berton F, Nowotny T, Sanna P, Francesconi W. Consistency and diversity
of spike dynamics in the neurons of bed nucleus of stria terminalis of the rat: a
dynamic clamp study. PLoS One 2010; 5: e11920.

BNST

AMYGDALA

LA

BL

CeL

CeM

AL
AM

AV

BNST

AMYGDALA

LA

BL

CeL

CeM

AL
AM

AV

RESILIENT PTSD-LIKE

Glutamatergic

GABAergic
Ctx

Figure 5. Differences in synaptic responsiveness between resilient
(left) and PTSD-like (right) rats in the extended amygdala. Arrows of
different thicknesses indicate relative strength or activity of the
pathways depicted. The responsiveness of CeL neurons to BL inputs
is higher in PTSD-like rats; that of CeM neurons is lower. In BNST, AL
neurons are subjected to stronger inhibition in PTSD-like rats,
whereas AM cells show a higher synaptic excitability. Given the
GABAergic projections from CeL to CeM and BNST-AL, as well as
from BNST-AL to BNST-AM, these differences should enhance the
activity of BNST-AM neurons and reduce that of CeM cells. AL,
anterolateral; AM, anteromedial; BL, basolateral; BNST, bed nucleus
of the stria terminalis; CeL, central lateral; CeM, central medial; PTSD,
post-traumatic stress disorder.

BNST and amygdala responsiveness in PTSD
OE Rodríguez-Sierra et al

9

Translational Psychiatry (2016), 1 – 11



21 Rodriguez-Sierra OE, Turesson HK, Pare D. Contrasting distribution of physiolo-
gical cell types in different regions of the bed nucleus of the stria terminalis. J
Neurophysiol 2013; 110: 2037–2049.

22 Dabrowska J, Hazra R, Guo JD, DeWitt S, Rainnie DG. Central CRF neurons are not
created equal: phenotypic differences in CRF-containing neurons of the rat
paraventricular hypothalamus and the bed nucleus of the stria terminalis. Front
Neurosci 2010; 7: 156.

23 Daniel SE, Rainnie DG. Stress modulation of opposing circuits in the bed nucleus
of the stria terminalis. Neuropsychopharmacology 2015; 41: 103–125.

24 Cullinan WE, Herman JP, Watson SJ. Ventral subicular interaction with the
hypothalamic paraventricular nucleus: evidence for a relay in the bed nucleus of
the stria terminalis. J Comp Neurol 1993; 332: 1–20.

25 Sun N, Cassell MD. Intrinsic GABAergic neurons in the rat central extended
amygdala. J Comp Neurol 1993; 330: 381–404.

26 Polston EK, Gu G, Simerly RB. Neurons in the principal nucleus of the bed nuclei of
the stria terminalis provide a sexually dimorphic GABAergic input to the ante-
roventral periventricular nucleus of the hypothalamus. Neuroscience 2004; 123:
793–803.

27 Poulin J-F, Arbour D, Laforest S, Drolet G. Neuroanatomical characterization of
endogenous opioids in the bed nucleus of the stria terminalis. Prog Neu-
ropsychopharmacol Biol Psychiatry 2009; 33: 1356–1365.

28 Kudo T, Uchigashima M, Miyazaki T, Konno K, Yamasaki M, Yanagawa Y et al.
Three types of neurochemical projection from the bed nucleus of the stria ter-
minalis to the ventral tegmental area in adult mice. J Neurosci 2012; 32:
18035–18046.

29 Hazra R, Guo J-D, Ryan SJ, Jasnow AM, Dabrowska J, Rainnie DG. A transcriptomic
analysis of type I-III neurons in the bed nucleus of the stria terminalis. Mol Cell
Neurosci 2011; 46: 699–709.

30 Krettek JE, Price JL. Amygdaloid projections to subcortical structures within the
basal forebrain and brainstem in the rat and cat. J Comp Neurol 1978; 178:
225–254.

31 Dong HW, Petrovich GD, Swanson LW. Topography of projections from amygdala
to bed nuclei of the stria terminalis. Brain Res Brain Res Rev 2001; 38: 192–246.

32 Katz B, Miledi R. The role of calcium in neuromuscular facilitation. J Physiol 1968;
195: 481–492.

33 Creager R, Dunwiddie T, Lynch G. Paired-pulse and frequency facilitation in the
CA1 region of the in vitro rat hippocampus. J Physiol 1980; 299: 409–424.

34 Manabe T, Wyllie DJ, Perkel DJ, Nicoll RA. Modulation of synaptic transmission and
long-term potentiation: effects on paired pulse facilitation and EPSC variance in
the CA1 region of the hippocampus. J Neurophysiol 1993; 70: 1451–1459.

35 Zucker RS, Regehr WG. Short-term synaptic plasticity. Annu Rev Physiol 2002; 64:
355–405.

36 Hopkins DA, Holstege G. Amygdaloid projections to the mesencephalon, pons
and medulla oblongata in the cat. Exp Brain Res 1978; 32: 529–547.

37 Veening JG, Swanson LW, Sawchenko PE. The organization of projections from
the central nucleus of the amygdala to brainstem sites involved in central
autonomic regulation: a combined retrograde transport-immunohistochemical
study. Brain Res 1984; 303: 337–357.

38 Petrovich GD, Swanson LW. Projections from the lateral part of the central
amygdalar nucleus to the postulated fear conditioning circuit. Brain Res 1997;
763: 247–254.

39 Lopez De Armentia M, Sah P. Firing properties and connectivity of neurons in the
rat lateral central nucleus of the amygdala. J Neurophysiol 2004; 92: 1285–1294.

40 Ciocchi S, Herry C, Grenier F, Wolff SB, Letzkus JJ, Vlachos I et al. Encoding of
conditioned fear in central amygdala circuits. Nature 2010; 468: 277–282.

41 Haubensak W, Kunwar PS, Cai H, Ciocchi S, Wall NR, Ponnusamy R et al. Genetic
dissection of an amygdala microcircuit that gates conditioned fear. Nature 2010;
468: 270–276.

42 Duvarci S, Popa D, Pare D. Central amygdala activity during fear conditioning. J
Neurosci 2011; 31: 289–294.

43 Washburn MS, Moises HC. Electrophysiological and morphological properties of
rat basolateral amygdaloid neurons in vitro. J Neurosci 1992; 12: 4066–4079.

44 Rainnie DG, Asprodini EK, Shinnick-Gallagher P. Intracellular recordings from
morphologically identified neurons of the basolateral amygdala. J Neurophysiol
1993; 69: 1350–1362.

45 Paré D, Pape HC, Dong JM. Bursting and oscillating neurons of the cat basolateral
amygdaloid complex in vivo: electrophysiological properties and morphological
features. J Neurophysiol 1995; 74: 1179–1191.

46 Faber ES, Sah P. Physiological role of calcium-activated potassium currents in the
rat lateral amygdala. J Neurosci 2002; 22: 1618–1628.

47 Sah P, Faber ESL, De Armentia ML, Power J. The amygdaloid complex: anatomy
and physiology. Physiol Rev 2003; 83: 803–834.

48 Pape HC, Pare D. Plastic synaptic networks of the amygdala for the acquisition,
expression, and extinction of conditioned fear. Physiol Rev 2010; 90: 419–463.

49 Sosulina L, Meis S, Seifert G, Steinhauser C, Pape HC. Classification of projection
neurons and interneurons in the rat lateral amygdala based upon cluster analysis.
Mol Cell Neurosci 2006; 33: 57–67.

50 Woodruff AR, Sah P. Networks of parvalbumin-positive interneurons in the
basolateral amygdala. J Neurosci 2007; 27: 553–563.

51 Jasnow AM, Ressler KJ, Hammack SE, Chhatwal JP, Rainnie DG. Distinct subtypes
of cholecystokinin (CCK)-containing interneurons of the basolateral amygdala
identified using a CCK promoter-specific lentivirus. J Neurophysiol 2009; 101:
1494–1506.

52 Dumont E, Martina M, Samson R, Drolet G, Pare D. Physiological properties of
central amygdala neurons: species differences. Eur J Neurosci 2002; 15: 545–552.

53 Amano T, Amir A, Goswami S, Pare D. Morphology, PKCδ expression, synaptic
responsiveness of different types of rat central lateral amygdala neurons. J Neu-
rophysiol 2012; 108: 3196–3205.

54 Martina M, Royer S, Paré D. Physiological properties of central medial and central
lateral amygdala neurons. J Neurophysiol 1999; 82: 1843–1854.

55 McDonald AJ. Cortical pathways to the mammalian amygdala. Prog Neurobiol
1998; 55: 257–332.

56 Smith Y, Paré D. Intra-amygdaloid projections of the lateral nucleus in the cat:
PHA-L anterograde labeling combined with post-embedding GABA and gluta-
mate immunocytochemistry. J Comp Neurol 1994; 342: 232–248.

57 Pitkänen A, Savander V, LeDoux JE. Organization of intra-amygdaloid circuitries in
the rat: an emerging framework for understanding functions of the amygdala.
Trends Neurosci 1997; 20: 517–523.

58 Krettek JE, Price JL. A description of the amygdaloid complex in the rat and cat
with observations on intra-amygdaloid axonal connections. J Comp Neurol 1978;
178: 255–280.

59 Pare D, Smith Y, Pare JF. Intra-amygdaloid projections of the basolateral and
basomedial nuclei in the cat: phaseolus vulgaris-leucoagglutinin anterograde
tracing at the light and electron microscopic level. Neuroscience 1995; 69:
567–583.

60 Royer S, Martina M, Pare D. An inhibitory interface gates impulse traffic between
the input and output stations of the amygdala. J Neurosci 1999; 19: 10575–10583.

61 Walker DL, Davis M. Double dissociation between the involvement of the bed
nucleus of the stria terminalis and the central nucleus of the amygdala in startle
increases produced by conditioned versus unconditioned fear. J Neurosci 1997;
17: 9375–9383.

62 Gewirtz JC, McNish KA, Davis M. Lesions of the bed nucleus of the stria terminalis
block sensitization of the acoustic startle reflex produced by repeated stress, but
not fear-potentiated startle. Prog Neuropsychopharmacol Biol Psychiatry 1998; 22:
625–648.

63 Hammack SE, Richey KJ, Watkins LR, Maier SF. Chemical lesion of the bed nucleus
of the stria terminalis blocks the behavioral consequences of
uncontrollable stress. Behav Neurosci 2004; 118: 443–448.

64 Sullivan GM, Apergis J, Bush DEA, Johnson LR, Hou M, Ledoux JE. Lesions in the
bed nucleus of the stria terminalis disrupt corticosterone and freezing responses
elicited by a contextual but not by a specific cue-conditioned fear stimulus.
Neuroscience 2004; 128: 7–14.

65 Duvarci S, Bauer EP, Paré D. The bed nucleus of the stria terminalis mediates inter-
individual variations in anxiety and fear. J Neurosci 2009; 29: 10357–10361.

66 Kim S-Y, Adhikari A, Lee SY, Marshel JH, Kim CK, Mallory CS et al. Diverging neural
pathways assemble a behavioural state from separable features in anxiety. Nature
2013; 496: 219–223.

67 Jennings JH, Sparta DR, Stamatakis AM, Ung RL, Pleil KE, Kash TL et al. Distinct
extended amygdala circuits for divergent motivational states. Nature 2013; 496:
224–228.

68 Sahuque LL, Kullberg EF, McGeehan AJ, Kinder JR, Hicks MP, Blanton MG et al..
Anxiogenic and aversive effects of corticotrophin releasing factor in the bed
nucleus of the stria terminalis in the rat: role of CRF receptor subtypes. Psycho-
pharmacology (Berl) 2006; 186: 122–132.

69 Pleil KE, Rinker JA, Lowery-Gionta EG, Mazzone CM, McCall NM, Kendra AM et al.
NPY signaling inhibits extended amygdala CRF neurons to suppress binge alcohol
drinking. Nat Neurosci 2015; 18: 545–552.

70 Sink KS, Walker DL, Yang Y, Davis M. Calcitonin gene-related peptide in the bed
nucleus of the stria terminalis produces an anxiety-like pattern of behavior and
increases neural activation in anxiety-related structures. J Neurosci 2011; 31:
1802–1810.

71 Gungor NZ, Pare D. CGRP inhibits neurons of the bed nucleus of the stria ter-
minalis: implications for the regulation of fear and anxiety. J Neurosci 2014; 34:
60–65.

72 Haufler D, Nagy FZ, Pare D. Neuronal correlates of fear conditioning in the bed
nucleus of the stria terminalis. Learn Mem 2013; 20: 633–641.

73 Turesson HK, Rodríguez-Sierra OE, Pare D. Intrinsic connections in the anterior
part of the bed nucleus of the stria terminalis. J Neurophysiol 2013; 109:
2438–2450.

BNST and amygdala responsiveness in PTSD
OE Rodríguez-Sierra et al

10

Translational Psychiatry (2016), 1 – 11



74 Delaney AJ, Sah P. Pathway-specific targeting of GABA(A) receptor subtypes to
somatic and dendritic synapses in the central amygdala. J Neurophysiol 2001; 86:
717–723.

75 Fox AS, Shelton SE, Oakes TR, Davidson RJ, Kalin NH. Trait-like brain activity during
adolescence predicts anxious temperament in primates. PLoS One 2008; 3: e2570.

76 Kalin NH, Shelton SE, Davidson RJ. The role of the central nucleus of the amygdala
in mediating fear and anxiety in the primate. J Neurosci 2004; 24: 5506–5515.

77 Oler JA, Fox AS, Shelton SE, Christian BT, Murali D, Oakes TR et al. Serotonin
transporter availability in the amygdala and bed nucleus of the stria terminalis
predicts anxious temperament and brain glucose metabolic activity. J Neurosci
2009; 29: 9961–9966.

78 Oler JA, Fox AS, Shelton SE, Rogers J, Dyer TD, Davidson RJ et al. Amygdalar and
hippocampal substrates of anxious temperament differ in their heritability. Nature
2010; 466: 864–868.

79 Shackman AJ, Fox AS, Oler JA, Shelton SE, Davidson RJ, Kalin NH. Neural
mechanisms underlying heterogeneity in the presentation of anxious tempera-
ment. Proc Natl Acad Sci USA 2013; 110: 6145–6150.

80 Avery SN, Clauss JA, Blackford JU. The human BNST: functional role in anxiety and
addiction. Neuropsychopharmacology 2016; 41: 126–141.

81 Shackman AJ, Fox AS. The integration of fear and anxiety in the extended
amygdala. J Neurosci 2016 (in press).

82 Piggins HD, Stamp JA, Burns J, Rusak B, Semba K. Distribution of pituitary ade-
nylate cyclase activating polypeptide (PACAP) immunoreactivity in the hypotha-
lamus and extended amygdala of the rat. J Comp Neurol 1996; 376: 278–294.

83 Legradi G, Das M, Giunta B, Hirani K, Mitchell EA, Diamond DM. Microinfusion of
pituitary adenylate cyclase-activating polypeptide into the central nucleus of
amygdala of the rat produces a shift from an active to passive mode of coping in
the shock-probe fear/defensive burying test. Neural Plast 2007; 2007: 79102.

84 Ressler KJ, Mercer KB, Bradley B, Jovanovic T, Mahan A, Kerley K et al. Post-
traumatic stress disorder is associated with PACAP and the PAC1 receptor. Nature
2011; 470: 492–497.

85 Cho JH, Zushida K, Shumyatsky GP, Carlezon WA Jr, Meloni EG, Bolshakov VY.
Pituitary adenylate cyclase-activating polypeptide induces postsynaptically
expressed potentiation in the intra-amygdala circuit. J Neurosci 2012; 32:
14165–14177.

86 Missig G, Roman CW, Vizzard MA, Braas KM, Hammack SE, May V. Parabrachial
nucleus (PBn) pituitary adenylate cyclase activating polypeptide (PACAP) signal-
ing in the amygdala: implication for the sensory and behavioral effects of pain.
Neuropharmacology 2014; 86: 38–48.

87 Kozicz T, Vigh S, Arimura A. Axon terminals containing PACAP- and VIP-
immunoreactivity form synapses with CRF-immunoreactive neurons in the dor-
solateral division of the bed nucleus of the stria terminalis in the rat. Brain Res
1997; 767: 109–119.

88 Hammack SE, May V. Pituitary adenylate cyclase activating polypeptide in stress-
related disorders: data convergence from animal and human studies. Biol Psy-
chiatry 2015; 78: 167–177.

89 Dong HW, Swanson LW. Projections from bed nuclei of the stria terminalis,
anteromedial area: cerebral hemisphere integration of neuroendocrine, auto-
nomic, and behavioral aspects of energy balance. J Comp Neurol 2006; 494:
142–178.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

© The Author(s) 2016

Supplementary Information accompanies the paper on the Translational Psychiatry website (http://www.nature.com/tp)

BNST and amygdala responsiveness in PTSD
OE Rodríguez-Sierra et al

11

Translational Psychiatry (2016), 1 – 11

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Altered responsiveness of BNST and amygdala neurons in trauma-induced anxiety
	Introduction
	Materials and methods
	Subjects and experimental timeline
	Predatory threat
	EPM and criteria used to classify rats as resilient vs PTSD-like
	In vitro slice preparation
	Electrophysiology
	Glutamate uncaging
	Data analyses and statistics

	Results
	Figure 1 Experimental paradigm and recording sites.
	Figure 2 Synaptic responsiveness of BNST neurons to ST stimuli in resilient (black) and PTSD-like (red) rats.
	BNST experiments
	Incidence, passive properties and spike characteristics of BNST-A neurons in resilient vs PTSD-like rats
	Synaptic responsiveness of BNST-A neurons in resilient vs PTSD-like rats
	BNST-AL neurons
	BNST-AM neurons
	BNST-AV neurons
	Mechanisms underlying differences in the synaptic responsiveness of BNST-AM and AV cells
	Amygdala experiments

	Figure 3 Incidence of different physiological classes of amygdala neurons.
	Passive properties and incidence of different cell types in resilient vs PTSD-like rats
	BL neurons
	CeL neurons
	CeM neurons

	Synaptic responsiveness of amygdala neurons in resilient vs PTSD-like rats
	BL neurons
	CeL neurons


	Figure 4 Synaptic responsiveness of BL (a), CeL (b) and CeM (c) neurons in resilient (black) and PTSD-like (red) rats.
	Outline placeholder
	CeM neurons


	Discussion
	Limitations of the ex�vivo approach and validity of the model
	Altered BNST and amygdala responsiveness in PTSD-like vs resilient rats
	Relevance to PTSD
	Significance for the pathophysiology of PTSD

	This material is based on work supported by NIMH grant RO1 MH�-�098738�to�DP.Supplementary Information accompanies the paper on the Translational Psychiatry website (http://www.nature.com/tp)Phelps EA, LeDoux JE. Contributions of the amygdala to emotion p
	This material is based on work supported by NIMH grant RO1 MH�-�098738�to�DP.Supplementary Information accompanies the paper on the Translational Psychiatry website (http://www.nature.com/tp)Phelps EA, LeDoux JE. Contributions of the amygdala to emotion p
	ACKNOWLEDGEMENTS
	REFERENCES
	Figure 5 Differences in synaptic responsiveness between resilient (left) and PTSD-like (right) rats in the extended amygdala.




