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The bed nucleus of the stria terminalis (BNST) is a forebrain region implicated in aversive responses to uncertain threat. Much of the work
on the role of BNST in defensive behavior has used Pavlovian paradigms in which the subject reacts to aversive stimuli delivered in a
pattern determined entirely by the experimenter. Here, we explore the contribution of BNST to a task in which subjects learn a proactive
response that prevents the delivery of an aversive outcome. To this end, male and female rats were trained to shuttle during a tone to
avoid shock in a standard two-way signaled active avoidance paradigm. Chemogenetic inhibition (hM4Di) of BNST attenuated the
expression of the avoidance response in male but not female rats. Inactivation of the neighboring medial septum in males produced no
effect on avoidance, demonstrating that our effect was specific to BNST. A follow up study comparing hM4Di inhibition to hM3Dq
activation of BNST in males replicated the effect of inhibition and demonstrated that activation of BNST extended the period of tone-
evoked shuttling. These data support the novel conclusion that BNST mediates two-way avoidance behavior in male rats and suggest the
intriguing possibility that the systems underlying proactive defensive behavior are sex-specific.

Neuropsychopharmacology (2023) 48:1234-1244; https://doi.org/10.1038/541386-023-01581-9

INTRODUCTION
An avoidant style of coping is a unifying behavioral feature of
many forms of pathological anxiety [1]. Although healthy
proactive avoidance responses prevent harm and reduce contact
with stressors [2, 3], avoidant behavior that occurs at a relatively
low cost can easily become excessive, fostering the maladaptive
sensitivity to false alarm prevalent in anxiety disorders [4, 5].
Despite the crucial role of avoidance in both adaptive defense and
pathological anxiety, its neural circuitry has not been elucidated.

Two-way signaled active avoidance (SAA) is an acquired form of
proactive defensive behavior in rodents. SAA involves a response
(two-way shuttling) triggered by a conditioned stimulus (CS, tone)
that serves to prevent contact with an aversive unconditioned
stimulus (US, shock). As the response is acquired over the course
of SAA training, US frequency decreases substantially. Viewed
from the perspective of threat imminence theory [6-9], this
change in US density transforms the shock from a certain/
imminent threat during initial acquisition to a possible/distal
threat once the subject reaches asymptotic levels of SAA
expression. Indeed, the CS will evoke high-imminence defensive
reactions early in SAA training (freezing, ultrasonic vocalization,
conditioned suppression, and conditioned analgesia), but these
responses decrease as the expression of avoidance becomes more
robust [10-15]. Despite evidence for a shift away from the
defensive mode evoked by imminent threat, no previous research
has explored the role played by the neural substrates of possible/
distal threat in SAA.

Prior work demonstrates that conditioned reactions to uncer-
tain threat are underpinned by the bed nucleus of the stria

terminalis (BSNT) [16-20]. We therefore hypothesized that the
BNST mediates the expression of SAA. To test this hypothesis, we
used a chemogenetic approach to manipulate BNST activity in
male and female rats performing this behavior. We demonstrated
that inhibition of BNST attenuated the expression of the two-way
avoidance response in males. However, the same manipulation
had no effect on avoidance in females, suggesting that sex-
specific circuits underlie SAA. These data establish BNST as a
crucial node in the neural system mediating proactive defense in
male but not female rats.

MATERIALS & METHODS

Animals

Subjects were 80 adult Sprague Dawley rats (64 males, 16 females
weighing a minimum of either 300 g or 200 g, respectively, at the
outset of experimentation). Rats were singly housed and
maintained on a 14:10 light/dark cycle with ad libitum access to
food and water in the vivarium in the Department of Psychological
and Brain Sciences at Texas A&M University. Subjects were briefly
handled by experimenters three times on separate days prior to
behavioral training. All procedures were conducted during the
light phase and with the approval of the Texas A&M IACUC.

Surgery

Animals were anesthetized with a 1 mL/kg dose of a 10:1 mixture
of ketamine (100 mg/mL) and xylazine (100 mg/mL) and mounted
to a stereotaxic frame. Following incision, bilateral microinjections
were made in BNST (ML + 1.2, AP -0.12 or -0.24, DV -7.3 or -7.6)

"Department of Psychological & Brain Sciences, Texas A&M University, College Station, TX, USA. “Department of Neuroscience, Baylor College of Medicine, Houston, TX, USA.
3Department of Neuroscience and Experimental Therapeutics, Texas A&M Health Science Center, Bryan, TX, USA. *“Texas A&M Institute for Neuroscience (TAMIN), Texas A&M

University, College Station, TX, USA. ®email: jmm31@tamu.edu

Received: 11 August 2022 Revised: 28 March 2023 Accepted: 30 March 2023

Published online: 4 May 2023

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-023-01581-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-023-01581-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-023-01581-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-023-01581-9&domain=pdf
http://orcid.org/0000-0003-1439-4429
http://orcid.org/0000-0003-1439-4429
http://orcid.org/0000-0003-1439-4429
http://orcid.org/0000-0003-1439-4429
http://orcid.org/0000-0003-1439-4429
https://doi.org/10.1038/s41386-023-01581-9
mailto:jmm31@tamu.edu
www.nature.com/npp

or a unilateral microinjection was made in MS (ML £ 2.0, AP + 0.36,
DV -7.3 with cannula angled at 15 degrees off vertical). All
infusions were made with a Hamilton NeurOs syringe (5 pL total
capacity, 33-gauge needle) fixed to the carrier arm of the
sterotaxis. Using a manual stereotaxic infuser (Stoetling), virus
was injected at a rate of 0.1 yL/min for a total of 0.3 pL/injection
and were followed by 5 min for diffusion. Each infusion contained
an adeno-associated virus (AAV) from Addgene, bearing the gene
construct for either an inhibitory or excitatory DREADD (Designer
Receptor Exclusively Activated by Designer Drugs [21]) or GFP. The
following AAVs, concentrated at 1.2x 10" GC/ml, were used:
AAV5-hSyn-hM4Di-mCherry,  AAV5-hSyn-hM3Dg-mCherry, or
AAV5-hSyn-EGFP, depending on the experiment. Animals were
allowed at least 28 days of recovery before slice physiology or
behavioral training.

Electrophysiological recordings

Coronal brain slices (250 um) containing the BNST were taken
from 6 rats expressing hM4Di, hM3Dgq, or GFP in BNST neurons.
Slices were positioned in a perfusion chamber attached to the
fixed stage of an upright microscope (Olympus) and submerged in
continuously flowing oxygenated Artificial cerebrospinal fluid
(aCSF) (in mm: 125 NaCl, 4.5 KCl, 2 CaCl,, 1.25 NaH,PO, 25
NaHCOs, 15 sucrose and 15 glucose) at 32°C. Neurons were
viewed under a water-immersion lens (40x) and a CCD camera. A
Multiclamp 700B amplifier with Clampex 10.6 software and
Digidata1555A (Molecular Devices) were used for recordings.
The patch pipettes with resistance 3-5 MQ were pulled by the
pipette puller (Sutter Instrument Co., Model P-97). To measure
spontaneous action potential (sAP), cell-attached voltage-clamp
recordings of GFP or mCherry-positive putative GABAergic
neurons in BNST were performed. Pipette was filled with the K*-
based intracellular solution (in mM: 123 potassium gluconate, 10
HEPES, 0.2 EGTA, 8 NaCl, 2 MgATP and 0.3 NaGTP, pH 7.3,
280 mOsm). To record spontaneous EPSCs (sEPSCs), Picrotoxin
(100 uM) and D-APV (25 uM) were added into the standard aCSF,
and the neuron was held at a potential of =70 mV. Pipette was
filled with the Cs-based intracellular solution (in mM: 119
CsMeSO,, 8 TEA. Cl, 15 HEPES, 0.6 EGTA, 5 QX-314.Cl, 7
phosphocreatine, 4 MgATP, 0.3 NasGTP, 0.1 leupeptin, pH 7.3,
280 mOsm).

Two-way signaled active avoidance (SAA) behavior

Training. Subjects were trained to avoid by shuttling in either
direction across a divided chamber during presentation of an
auditory CS (15-s, 2-kHz, 70-db pure tone). This response caused
the immediate inactivation of the CS and the omission of the US
(0.5-s, 0.7-mA scrambled footshock).

Each day of SAA training began with a 5-min acclimation
period. To establish the CS-US relationship, the first trial on the
first day was a Pavlovian trial, in which a CS-US pairing was
delivered regardless of whether the subject shuttled. All other
trials included the avoidance contingency (i.e. shuttling during the
CS caused CS inactivation and US omission). 30 avoidance trials
were presented on each day of SAA training. All trials were
separated by a variable duration inter-trial interval that
averaged 120s.

Poor avoider criterion. Between training and test, data from all
subjects in all experiments were reviewed and a poor avoidance
criterion was applied [10, 14, 22]. Animals averaging six or fewer
responses during the final two sessions of training were
determined to be poor avoiders. The brains of poor avoiders
were visually examined for any obvious lesion, but the extent of
viral expression was not characterized.

Test under training conditions. This procedure involved two
additional days of two-way SAA with all training parameters in

Neuropsychopharmacology (2023) 48:1234 - 1244

D.P. Guerra et al.

place. The only distinction between training and test was that ip
injection of either CNO or vehicle was delivered in a counter-
balanced order prior to each test session.

Test under extinction conditions. To create a uniform behavioral
assay with common conditions, this test was comprised of a single
session in which 10 CSs were presented, each separated by a
2-min ITI. Unlike training, each CS continued for the full 15s
regardless of whether or not the subject shuttled. No USs were
presented. All subjects received ip injection of CNO or vehicle (for
poor avoiders only) prior to test.

DREADD agonist

Clozapine-N-oxide (CNO; 3 mg/kg/mL) was dissolved in physiolo-
gical saline with 10% DMSO was administered via intraperitoneal
(ip) injection 20-25min before test. Vehicle injection was
physiological saline with 10% DMSO, also administered ip.

Perfusion and viral expression

At the end of each behavioral experiment, animals were deeply
anesthetized and transcradially perfused with 10% buffered
Formalin. Brains were removed and sliced into 40-um sections
using a cryostat. Sections were mounted onto subbed slides and
cover-slipped with Fluoromount (Sigma Aldrich) before examina-
tion under a fluorescent microscope (Olympus U-RFL-T micro-
scope with an Olympus DP72 digital color camera and a Pior
OptiScan Il control system) to reveal either mCherry or GFP
expression.

Behavioral analyses

Shuttling data were collected automatically by the Coulbourn
GraphicState software used to automate the delivery of stimuli
during SAA training and test. Digital videos of all test sessions
were also recorded. Using Noldus Ethovision software, these
recordings were analyzed offline for freezing and locomotor
activity data. Freezing was defined as a bout of inactivity (defined
as activity less than 0.1%) lasting longer than 1 sec. Locomotor
activity was defined as distance traveled by the center point of
each subject.

Figures

Graphs were made using GraphPad Prism. Viral expression images
were made with maps from the Swanson atlas [23] using
Adobe lllustrator. Behavioral schematics were made using
BioRender.com.

RESULTS

Chemogenetic inhibition of BNST attenuates the expression of
SAA in male rats

For our initial experiment, we set out to determine the effect of
chemogenetic inactivation of BNST on the expression of the
avoidance response in male rats. In order to provide a qualitative
confirmation of the expected effect of chemogenetic manipula-
tions on neural activity in BNST, we first expressed the inhibitory
hM4Di DREADD, the excitatory hM3Dq DREADD, or GFP in the
BNST of male rats (procedure schematized in Fig. 2A) and
prepared slices from 6 rats (1 rat for each trace presented).
Because it has been reported that a subset of neurons in BNST are
spontaneously active [24], we performed patch-clamp recordings
of spontaneous neural activity in fluorescent cells (mCherry for
hM4Di and hM3Dgq, or GFP). Baseline cell-attached recordings
were made before exposing the slice to the DREADD agonist
clozapine-N-oxide (CNO). Bath application of CNO in aCSF had no
observable effect on spontaneous action potentials (sAPs) in BNST
neurons expressing GFP (Fig. 2B, top). In contrast, CNO decreased
the frequency of sAPs in hM4Di-expressing neurons (Fig. 2B,
middle) and increased the frequency of sAPs in hM3Dg-expressing
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neurons (Fig. 2B, bottom). CNO did not change excitatory
postsynaptic currents (EPSCs) relative to baseline in GFP-
expressing neurons (Fig. 2C, top), though it did result in decreased
frequency and amplitude of EPSCs in hM4Di neurons (Fig. 2C,
middle) as well as increased frequency and amplitude of EPSCs in
hM3Dq neurons (Fig. 2C, bottom). It is worth noting that the
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Fig. 1 Viral expression in all subjects. A Representative images of
mCherry expression in the BNST (left) and MS (right). B Extent of
viral expression in MALE hM4Di (mCherry, top) and GFP (bottom)
subjects from the experiment in which BNST was inactivated with
CNO during a test conducted under training conditions (see Fig. 2).
C Extent of viral expression in MALE hM4Di (mCherry, top) and GFP
(bottom) subjects from the experiment in which MS was inactivated
with CNO during a test conducted under training conditions (see
Fig. 3). D Extent of viral expression in FEMALE hM4Di (mCherry, top)
and GFP (bottom) subjects from the experiment in which BNST was
inactivated with CNO during a test conducted under training
conditions (see Fig. 4). E Extent of viral expression in MALE hM4Di
(mCherry, top), hM3Dq (mCherry, middle), and GFP (bottom)
subjects from the experiment in which BNST was activated or
inactivated with CNO during a test conducted under extinction
conditions (see Fig. 5).

<

observed stimulatory effect of hM3Dq on EPSCs is inconsistent
with a previous report, which describes an endocannabinoid-
mediated depression in EPSCs caused by hM3Dq activation of
BNST neurons [25]. This discrepancy may be attributable to the
fact that our data were collected from spontaneously active BNST
neurons, one of five discernable physiological types of neuron in
BNST [24, 26]. It is possible that hM3Dq activation has an
idiosyncratic effect on EPSCs in spontaneously active neurons,
reflecting some specific feature of these cells that does not
generalize to other types within the BNST. Despite discrepant
EPSC results, the effect of both hM4di and hM3dq engagement on
action potentials was indeed consistent with prior data [25],
suggesting that, in our hands, hM4Di and hM3Dq receptors
produced directionally opposite effects on neural activity in BNST.

Next, we expressed the inhibitory hM4Di DREADD or GFP in the
BNST of male rats (Fig. 1A left is a representative example of
mCherry fluorescence in males, Fig. 1B depicts viral expression in
both hM4Di and GFP groups) that received four days of SAA
training following recovery from surgery. At the end training but
before test, two rats were determined to be poor avoiders and
were removed from our analysis, leaving us with the following
groups: hM4Di (n=9) and GFP (n=28). These groups then
underwent a pair of tests in which two normal SAA training
sessions were preceded by either CNO or vehicle given in a
counterbalanced order (design schematized in Fig. 2D).

Both hM4Di and GFP groups acquired SAA (Fig. 2E). At test, CNO
attenuated the expression of the avoidance responses in subjects
expressing hM4Di but not GFP (Fig. 2F). A two-way, mixed-design
ANOVA with a within-subjects factor of Drug (CNO or vehicle) and
a between-subjects factor of Group (hM4Di or GFP) revealed a
significant Drug X Group interaction [F(1,15) = 15.91, p = 0.0012].
Fisher's LSD post-hoc tests further revealed that this interaction
was driven by a significant reduction in avoidance responses
when the hM4Di group received CNO relative to vehicle
(p =0.0004). No such reduction was observed in the GFP group.
To further examine the effects of BNST inactivation on avoidance,
we normalized behavior during test by dividing each subject’s
CNO avoidance responses by vehicle avoidance responses
(Fig. 2G). Two-tailed t test conducted on these data confirmed a
significant decrease in normalized avoidance responses in hM4Di
relative to GFP subjects [t(15) = 4.185, p = 0.0008]. Thus, chemo-
genetic inhibition of BNST attenuated the expression of SAA.

Because hM4Di subjects displayed residual avoidance despite
the influence of BNST inactivation, we measured the latency to
avoid during test to determine whether these remaining
responses were altered by inhibition of BNST. Administration of
CNO increased avoidance latencies in subjects expressing hM4Di
but not GFP (Fig. 2H). A two-way, mixed-design ANOVA with a
within-subjects factor of Drug (CNO or vehicle) and a between-
subjects factor of Group (hM4Di or GFP) revealed a significant
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Drug X Group interaction [F(1,15) = 5.529, p = 0.033]. Fisher's LSD
post-hoc test further revealed that this interaction was driven by a
significant increase in avoidance latency when hM4Di-expressing
subjects received CNO relative to vehicle (p =0.028). To further
explore the influence of BNST inactivation on the latency to avoid,
we normalized each subject’s latencies during test (Fig. 2I). Two-
tailed t test performed on these data revealed a significant
increase in hM4Di subjects relative to GFP subjects [t(15) = 2.831,
p=0.013]. Thus, BNST inactivation reduced the number of
avoidance responses at test and also increased the latency to
perform the residual responses that persisted in BNST-inactivated
male rats.

Chemogenetic inhibition of the medial septum has no effect
on the expression of SAA in male rats

Several subjects in our initial experiment showed mCherry-
expression in the medial septum (MS) (Fig. 2B). To control for
the effect of hM4Di inactivation of MS on avoidance in males, we
performed an experiment in which we explicitly tested the role of
MS in SAA. The design of this experiment was identical to the
previous, with the exception that hM4Di (n=6) or GFP (n=4)
were expressed in MS (Fig. 1A right is a representative example of
mCherry fluorescence, Fig. 1C depicts viral expression). Subjects
received four sessions of SAA training prior to a pair of tests under
training conditions preceded by CNO or vehicle in a counter-
balanced order (design schematized in Fig. 3A). All subjects
acquired SAA during training (Fig. 3B). Two-way mixed-design
ANOVA revealed that CNO had no effect on the expression of the
avoidance response (Fig. 3C) or on avoidance latencies (Fig. 3D) at
test.

Normalized avoidance scores for each subject from this and the
previous experiment were then subjected to a direct statistical
comparison to establish that our behavioral effects were BNST-
specific in males. This analysis revealed that CNO selectively
decreased the expression of the avoidance response in the BNST-
hM4Di group (Fig. 3E). A one-way ANOVA comparing BNST-hM4Di,
MS-hM4Di, and a combined GFP group revealed a significant main
effect [F(2,24) =8.193, p=0.0019]. Fisher's LSD post-hoc tests
further revealed that this effect was driven by a significant
decrease in normalized avoidance in the BNST-hM4Di group
relative to both the MS-hM4Di (p = 0.011) and the combined GFP
group (p=0.0006). No significant difference was observed
between MS-hM4Di and GFP groups. Thus, we conclude that the
effect of CNO on SAA in our hM4Di-expressing male subjects was
specific to BNST.

Chemogenetic inhibition of BNST has no effect on the
expression of SAA in female rats
To fully explore the contribution of BNST to SAA, we performed an
experiment identical to the one described above for males, but this
time in female rats. The inhibitory hM4Di (n =7) DREADD or GFP
(n=17) were expressed in the BNST (Fig. 1D depicts the extent of
viral expression). Subjects received four days of SAA training prior to
a pair of tests conducted under training conditions, each of which
was preceded by CNO or vehicle (behavioral design schematized in
Fig. 4A). Intriguingly, two-way, mixed-design ANOVAs revealed that
CNO had no effect on the expression of the avoidance response
(Fig. 4C) or on avoidance latencies (Fig. 4D). To verify this sex
difference with a direct statistical comparison, normalized avoid-
ance scores from males and females were subjected to a one-way
ANOVA (Fig. 4E). This analysis confirmed a significant main effect
[F(2,28) =11.1914, p=0.0003], and Fisher's LSD post-hoc tests
demonstrated that CNO decreased the expression of avoidance in
BNST-hM4Di males relative to both BNST-hM4Di females
(p =0.0196) and a combined GFP group (p < 0.0001).

These results caused us to revisit our initial BNST experiment in
males to explore whether any behavioral effect of chemogenetic
inactivation could be detected in both sexes. Upon examining our
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data, we hypothesized that unreinforced shuttles during acclima-
tion were, in contrast to avoidance responses, BNST-dependent in
both males and females (Fig. 4F, G). Acclimation-shuttling data
drawn from our BNST-inactivation study in males were subjected
to a two-way, mixed-design ANOVA, with a within-subjects factor
of Drug (CNO or vehicle) and a between-subjects factor of Group
(hM4Di or GFP). This analysis revealed a significant Drug X Group
interaction [F(1,15) = 4.7002, p = 0.0467], which Fisher’s LSD post-
hoc tests confirmed was driven by a significant decrease in
acclimation shuttles when hM4Di-expressing subjects received
CNO relative to vehicle (p=0.0022). An identical analysis,
performed on acclimation-shuttling data from our BNST inactiva-
tion experiment conducted in females, yielded a similar,
significant result [F(1,12) =9.7442, p =0.0088]. This was further
confirmed by Fisher’s LSD post-hoc tests that revealed a significant
decrease in acclimation responses when hM4Di-expressing sub-
jects received CNO relative to vehicle (p = 0.0029).

We followed up on these tests with a direct comparison of
normalized acclimation shuttles in males and females, which
confirmed that BNST inactivation attenuated this response in both
sexes (Fig. 4H). A one-way ANOVA comparing male-hM4D;,
female-hM4Di, and a combined GFP group returned a significant
main effect [F(2,28) = 4.2121, p = 0.0252], which Fisher’s LSD post-
hoc tests revealed was driven by a significant difference between
the combined GFP group and the hM4Di-male group (p = 0.0239)
as well as the hM4Di-female group (p =0.0248). Thus, unrein-
forced shuttles during the acclimation period are attenuated by
BNST inactivation in males and females, suggesting an intra-BNST
circuit for these responses common to both sexes. This positive
behavioral effect for BNST inactivation in females also hints at a
sex difference in the mechanism underlying avoidance responses
instead of some more technical effect, such as a sex difference in
the efficacy of the hM4Di DREADD.

Chemogenetic activation and inhibition of BNST have
opposite effects on the expression of SAA in male rats
Because our focus here is the contribution of BNST to proactive
defensive behavior (i.e. responses that alter or prevent aversive
outcomes, such as avoidance), and because the previous
experiment demonstrated a convincing negative effect for BNST
inactivation on avoidance in females, we followed up with a study
conducted in males only. This experiment was designed to
account for the fact that changes in the expression of avoidance
alter the pattern of tones and shocks delivered to subjects. We
controlled for this factor by examining the role of the BNST in a
test conducted under extinction conditions, which involved the
uniform delivery of stimuli across groups. We sought to validate
our previous results with chemogenetic inhibition (hM4Di) and
also to explore whether chemogenetic activation (hM3Dq) would
potentiate the avoidance response.

Either hM4Di, hM3Dq, or GFP were expressed in the BNST of
male rats (Fig. 1E depicts the extent of viral expression in all
subjects). Subjects then received 6 days of SAA training, after
which the poor avoider criterion was applied. There was a
sufficient number of poor avoiders to create an independent
group instead of disqualifying these subjects from testing. Thus,
on the day after SAA training ended, the following groups
received an avoidance test conducted under extinction condi-
tions: hM4Di (n=38), hM3Dg (n=38), GFP (n=9), and poor
avoiders (n = 6). All subjects received CNO prior to test, with the
exception of the poor avoider group, which received vehicle
(design schematized in Fig. 5A).

All groups showed normal avoidance during training, with the
exception of poor avoiders (Fig. 5B). We first examined the effect
of our chemogenetic manipulations on the expression of the
avoidance response at test (Fig. 5C). One-way ANOVA conducted
on total avoidance responses revealed a main effect for group
[F(3,27)=11.30, p =0.00005]. Fisher's LSD post-hoc tests further
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Fig.2 BNST is necessary for the expression of two-way avoidance in MALE rats. A Top: Male subjects received intra-BNST infusions of AAV
bearing the gene construct for either hM4Di, hM3Dq, or GFP and allowed to recover before recordings of spontaneous neural activity were
conducted in slice. Bottom: representative image of mCherry expression in BNST (ac = anterior commissure, f = fornix, str = striatum). B Cell-
attached recordings of spontaneous action potentials (sAPs) in BNST neurons expressing GFP (top), hM4Di (middle), or hM3Dq (bottom). Bath
application of 10 pm of CNO had no effect on GFP-expressing neurons, but caused a decrease in sAPs in hM4Di-expressing neurons and an
increase in hM3Dg-expressing neurons. C Representative whole-cell recordings of spontaneous excitatory synaptic currents (SEPSCs) in
BNST neurons expressing GFP (top), hM4Di (middle), or hM3Dq (bottom). Bath application of 10 pm of CNO had no effect on GFP-expressing
neurons, but caused a decrease in frequency and amplitude of sEPSCs in hM4Di-expressing neurons and an increase in hM3Dg-expressing
neurons. D Male subjects received intra-BNST infusions of AAV bearing the gene construct for either the hM4Di DREADD or GFP and allowed
to recover. Following recovery, subjects underwent 4 days SAA training prior to a pair of tests conducted under training conditions, preceded
by either CNO or vehicle. F SAA training data. E Avoidance responses at test: CNO significantly attenuated expression of the two-way
avoidance response in hM4di- but not GFP-expressing subjects (* signifies p < 0.01). G Avoidance responses at test normalized to vehicle: CNO
decreased the expression of avoidance in the hM4Di group relative to the GFP group (* signifies p < 0.01). H Avoidance latencies at test: CNO
significantly increased the latency to avoid in hM4Di- but not GFP-expressing subjects (* signifies p < 0.05). | Avoidance latencies at test
normalized to vehicle: CNO significantly increased avoidance latency in the hM4Di group relative to the GFP group (* signifies p < 0.05). All
behavioral graphs depict mean (£SEM).

revealed that this effect was driven by a significant decrease in
avoidance responses in both the hM4Di and poor avoider groups
relative to the GFP group (p =0.010 and p = 0.0014, respectively).
Fisher's LSD post-hoc tests also demonstrated a significantly
elevated response level in the hM3Dq group relative to the hM4Di
and poor avoider groups (p =0.00015 and p = 0.00003, respec-
tively), but not GFP controls. These data replicate and extend the
above finding that BNST inhibition attenuated the expression of
the avoidance response.

To perform a more granular analysis of responses during test,
we divided each trial into nine 15 s epochs, starting with a pre-CS
baseline period and continuing through the CS and inter-trial

SPRINGER NATURE

interval (ITl). The number of two-way shuttles (transitions from one
side of the chamber to the other) occurring in each epoch was
averaged across trials to create a representative picture of
behavior across the test session (Fig. 5D). These data were
subjected to a two-way, mixed-design ANOVA with a between-
subjects factor of Group (GFP, hM4Di, hM3Dq, or poor avoider)
and a within-subjects factor of Time (epoch), which revealed a
significant Group X Time interaction [F(24,216)=7.4939,
p <0.00001]. To interrogate the source of this effect, we used a
Dunnett’s multiple comparisons test to compare the average
number of shuttles during each group’s pre-CS baseline to every
subsequent epoch. This analysis revealed that CS presentation
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Fig.3 MS is not required for the expression of two-way avoidance in MALE rats. A Male subjects received intra-MS infusions of AAV bearing
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prior to a pair of tests under training conditions, preceded by either CNO or vehicle. B SAA training data. C Avoidance responses at test: CNO
had no effect on the expression of the two-way avoidance response. D Avoidance latencies at test: CNO had no effect on the latency to avoid.
E Avoidance responses normalized to vehicle in subjects expressing hM4Di in either BNST or MS compared to a combined BNST/MS GFP
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combined GFP group (* signifies p < 0.01). All graphs depict mean (£SEM).

significantly elevated two-way shuttling relative to the pre-CS
baseline in both hM3Dq (p = 0.016) and GFP (p =0.012) groups.
Interestingly, hM3Dq subjects showed increased shuttling through
the first and second post-CS epochs of the ITl (p =0.00031 and
p =0.0048, respectively) before falling back to pre-CS baseline
levels. In contrast, ITl shuttling in the GFP group remained
elevated above the pre-CS baseline during the first post-CS epoch
only (p = 0.0197). Notably, neither hM4Di nor poor avoider groups
showed any significant deviation from their pre-CS baseline levels
of two-way shuttling. Thus, the CS increased the expression of
shuttling in animals receiving chemogenetic (hM3Dq) activation of
BNST as well as in GFP controls, and though this effect endured
beyond the CS to some extent in both groups, it did so for longer
in the case of BNST activation. In contrast, chemogenetic (hM4Di)
inhibition of BNST eliminated the effects of the CS on expression
of two-way shuttling, producing a pattern of behavior highly
similar to poor avoiders, despite the fact the hM4Di subjects
showed robust avoidance during training.

Next, we analyzed locomotor activity (distance traveled in cm)
averaged across the same time bins as above (Fig. 5E). This
allowed us to assess whether changes in shuttling might be due to
general enhancements or impairments in locomotion caused by
our manipulations of BNST. Locomotor activity data were
subjected to a two-way, mixed-design ANOVA with a between-
subjects factor of Group and a within-subjects factor of Time, as
above. This analysis revealed a significant Group X Time
interaction [F(24,208) = 3.115, p < 0.00001], which we parsed using
a Dunnett’s multiple comparisons test in which distance traveled
during each group’s pre-CS baseline was contrasted with every
subsequent time bin, identical to the post-hoc analysis described
above. Intriguingly, this analysis uncovered no statistically
significant deviations from the pre-CS baseline in any group. To
uncover the source of the interaction revealed by the ANOVA, we
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then conducted a Tukey’s multiple comparisons test to examine
how locomotor activity differed between groups within each
epoch. Notably, there were no statistically significant differences
between any group during the pre-CS baseline. During the CS,
significant differences in distance traveled were observed
between poor avoiders and the hM3Dq and GFP groups
(p=0.013 and p =0.026, respectively). The difference between
poor avoiders and hM3Dq subjects was also present in the 1st and
2nd ITI epochs (p=0.0089 and p=0.043, respectively). In
contrast, the difference between poor avoiders and GFP controls
and was only significant in the 1st ITI epoch following the CS
(p =0.0099). In addition, significant differences between poor
avoider and hM3Dq groups remerged during the 4th and 5th ITI
following the CS (p =0.032 and p = 0.036, respectively). The only
significant difference that did not involve the poor avoiders was
between hM3Dq and hM4Di groups during the 4th ITl epoch after
the CS (p =0.032). Thus, the differences revealed in this analysis
seem to be driven by reduced locomotion in poor avoiders more
than any other factor. We conclude that the effects of BNST
activation and inhibition on shuttling cannot be attributed to
alterations in locomotion.

We also measured CS-evoked freezing at test (Fig. 5F). Time
spent freezing was averaged over ten CSs for each subject and
then analyzed with a one-way ANOVA that revealed a significant
main effect for Group [F(3,27) =4.917, p =0.0075]. Fisher's LSD
post-hoc tests further revealed that the hM4Di group froze more
than the hM3Dq group (p =0.0199), though freezing in hM4Di
subjects was not significantly different than GFP controls or poor
avoiders. In addition, Fisher's LSD post-hoc tests revealed that
poor avoiders froze significantly more than both hM3Dq subjects
(p =0.0018) and GFP controls (p = 0.011), consistent with the high
level of freezing previously observed in subjects that fail to
express the avoidance response [10, 14]. Neither chemogenetic
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activation nor inhibition altered freezing during the CS relative to
GFP controls, suggesting that changes in the avoidance response
caused by these manipulations cannot be accounted for by
changes in freezing.

Next, we again broke each trial into 15-sec epochs starting with a
pre-CS baseline and averaging the time spent freezing during each
consecutive epoch across trials (Fig. 5G). These data were analyzed
using a two-way, mixed-design ANOVA with a between-subjects
factor of Group (GFP, hM4Di, hM3Dq, and poor avoider) and a
within-subjects factor of Time (epoch), which revealed a significant
Group X Time interaction [F(24,216) = 4.127, p < 0.00001]. We then
interrogated this effect using a Dunnett’s multiple comparisons test
to compare time spent freezing during each group’s pre-CS
baseline to freezing in all subsequent epochs. The only significant
differences that this analysis revealed were in the poor avoider
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group, which froze more relative to the pre-CS baseline during both
the CS and the 1st epoch of the ITI following the CS (p = 0.043 and
0.048, respectively). Freezing did not differ significantly from pre-CS
baseline in any other group. The overall flatness of freezing across
the trial may be due to the fact that the training environment
acquired an aversive association strong enough to produce
substantial levels of contextual freezing. However, this relatively
invariant pattern of trial-wide freezing did not interfere with group-
level differences in shuttling or avoidance.

Because prior research shows that manipulations which
attenuate avoidance also tend to produce concurrent increases
in CS-evoked freezing [15, 27], we analyzed the correlation
between avoidance responses/CS and freezing/CS in all subjects
(Fig. 5H). Pearson’s r-coefficient analysis revealed a strong
negative correlation between the two behaviors [r=-0.8657,
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p < 0.00001]. Thus, at the level of individual subjects, there was an
inverse correlation between freezing and avoidance, even though
group-level differences in freezing did not result from our
chemogenetic manipulations.

Overall, these results confirm that inhibition of BNST impairs
performance of the avoidance response, and extend that result by
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Fig. 5 BNST is necessary for, and sufficient to enhance, the
expression of two-way avoidance in MALE rats. A Male subjects
received intra-BNST infusions of AAV bearing the gene construct for
either the hM4Di DREADD, the hM3Dq DREADD, or GFP and allowed to
recover. Following recovery, subjects underwent 6 days SAA training
prior to a single test conducted under extinction conditions (10 CSs, no
USs), preceded by either CNO or vehicle (for poor avoiders only). B SAA
training data. C Total avoidance responses (shuttles during the CS) at
test: GFP controls produced more avoidance responses relative to both
hM4Di subjects and poor avoiders (* signifies p < 0.05); hM3Dq subjects
also produced more avoidance responses relative to both hMA4Di
subjects and poor avoiders (* signifies p <0.01). D Shuttles averaged
across all 10 trials at test (x-axis divided into 15-sec epochs): CS
presentation elevated two-way shuttling in hM3Dq subjects relative to
their pre-CS baseline (* signifies p < 0.05), and this trend persisted into
the first two epochs of the inter-trial interval (ITl) (* signifies p < 0.01); CS
presentation also elevated shuttling in GFP controls, and this trend
persisted into the first epoch of the ITI only (* signifies p <0.05).
E Locomotor activity (centimeters traveled) averaged across trials at test:
CS presentation increased locomotion in hM3Dqg and GFP subjects
relative to poor avoiders only, and this trend persisted into the first
epoch of the intertrial interval (ITl) (* signifies p <0.05); locomotor
activity was elevated in the hM3Dq group relative to both the hM4Di
group and the poor avoiders during the 4th epoch of the ITl and
relative to the poor avoiders only during the 5th epoch of the ITI (*
signifies p < 0.05). F Average freezing during the CS: poor avoiders froze
more than GFP and hM3Dq subjects (* signifies p <0.01); hM4Di
subjects froze more than hM3Dq subjects (* signifies p < 0.05).
G Freezing averaged across trials at test: CS presentation increased
freezing in poor avoiders relative to their pre-CS baseline, and this trend
continued into the first epoch of the ITI (* signifies p<0.05).
H Correlation of avoidance responses per CS and average freezing
during the CS for all subjects (r=-0.87, p<0.01). Other than the
correlation scatter plot, all graphs depict mean (+SEM).
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revealing that activation of BNST can produce a pattern of
elevated responses that persists beyond the CS.

DISCUSSION

The data presented here are the first demonstration that the bed
nucleus of the stria terminalis (BNST) is both necessary for the
expression of two-way signaled active avoidance (SAA) and
sufficient to enhance the output of this response in male rats.
Other regions that contribute to avoidance in males include the
basolateral complex of the amygdala [10] and the infralimbic
cortex [15], both of which send excitatory projections to BNST
[28, 29]. BNST sends direct inputs to the nucleus accumbens shell
[28], which has also been implicated in the expression of two-way
avoidance [27], as well as to the ventral tegmental area [30], which
is the source of nucleus accumbens dopamine [31]. Thus, BNST is
situated to act as a key hub in a broader system for proactive
defensive behavior in male rats.

Our data also suggest that BNST is not necessary for two-way
avoidance in females. There are a number of ways to interpret this
sex difference. One possibility is that a key variation in cell
physiology makes neural activity in the BNST of female rats less
susceptible to chemogenetic inhibition. Though we cannot
completely rule out this possibility, we discount it because BNST
inhibition reduced shuttles during the acclimation period in both
males and females, suggesting that the inhibitory hM4Di DREADD
is operative in BNST neurons in both sexes. Another possibility is
that BNST does indeed underpin avoidance in females, but at a
different, perhaps earlier training timepoint than that tested here.
If so, it is likely to make a relatively brief contribution, dropping
out before the subject reaches asymptotic levels of avoidance. A
third possibility is that abundant sex differences in the neuro-
chemistry and structure of the BNST [32-36] translate into sex
differences in the behavioral function of this region. Thus,
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chemogenetic manipulations of BNST in males may target a
crucial process underlying the expression of avoidance that is
nested in an anatomically distinct neural substrate in females. For
instance, BNST inactivation in males may suppress avoidance by
preventing the vigorous expression of instrumental action, which
is BNST-dependent in male mice [37]. This interpretation raises the
intriguing question of whether females avoid by relying on circuits
for an associative process comparable to that engaged in males,
but located elsewhere in the brain, or whether females engage a
different neural substrate underlying a dissociable form of
learning and memory to express this behavior. Future research
will explore the degree to which males and females take distinct
neural and/or psychological paths to the avoidance response.

Previous work on the role of BNST in other aversive associative
learning paradigms has focused on its contribution to respondent
or reactive behaviors, most commonly freezing (in male rats
[18, 19, 38-42], female rats [42, 43], and male mice [44, 45]), but
also conditioned suppression (in female rats [46]), fear-potentiated
startle (in male rats [47]), and flight (in male and female rats [48]).
Evidence presented here, demonstrating that BNST supports a
proactive aversive response in males, is a novel addition to the
broadening repertoire of defensive behaviors underpinned by this
region. The functional heterogeneity of BNST is reflected in its
anatomical complexity. BNST is a collection of small, intercon-
nected sub-nuclei comprised of multiple cell types [49-52].
Distinct BNST populations have been shown to underpin specific
defensive responses [52-57], suggesting that contrasting beha-
vioral functions may indeed be supported by dissociable BNST
pathways, similar to what meticulous circuit-dissection work has
revealed for a related structure, the central amygdala [58-60].

In addition to experiments that targeted BNST, we also performed
a chemogenetic inactivation of the medial septum (MS) in male rats
and found no effect of this manipulation on the two-way avoidance
response. However, previous studies have used a permanent lesion
methodology to demonstrate a modulatory role for MS in SAA
[61, 62]. One such study, using a lower shock intensity (0.5 mA) than
the 0.7 mA US employed here, demonstrated that MS lesion in male
rats enhanced the expression of avoidance [62]. Another study, also
in males, showed that MS lesion accelerated acquisition of
avoidance at an even lower shock intensity (0.4 mA), though no
effect for acquisition was observed for the 0.7 mA shock we used
[61]. The authors interpreted these results as an effect on
exploratory behavior related to a non-associative process, such as
habituation [62]. Given that these faciliatory effects were restricted
to lower-magnitude USs, they are consistent with the non-effect of
MS inactivation at the higher US magnitude described here.

Recent empirical [63] and theoretical [64, 65] reports argue that
two-way avoidance should be categorized as a pre-encounter
defensive behavior within the framework of threat imminence
theory, an important conceptual tool for understanding condi-
tioned aversion from the perspective of predator/prey dynamics in
natural settings [6]. A threat imminence approach to SAA draws on
ecological models of predatory defense that place proactive/
preventative avoidance measures at a time point in predator/prey
interactions before the predator has been directly encountered,
when the threat of attack is relatively distant [7, 8, 66]. Characteriz-
ing two-way avoidance as a component of the pre-encounter
defensive mode fits comfortably with an important theme of
previous research on BNST, which is that BNST-dependent
conditioned defensive responses tend to be evoked by threats
that are distal, ambiguous, or otherwise difficult to predict (in both
males [18, 19, 27] and females [42]). As a substrate of distal threat
processing, the BNST may be recruited to SAA by the increasing
psychological distance of the US that occurs as the rising frequency
of the avoidance response decreases the incidence of shock,
transforming a threat that is certain during early trials into one that
is merely possible once the subject achieves stable levels of
avoidance expression. The fact that an identical series of events
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does not recruit the BNST in females suggests either that the
relationship between uncertain threat and proactive responses
is mediated by a distinct substrate or that a distinct form of threat
processing underpins two-way avoidance in female rats.

The pre-encounter defensive functions supported by BNST are
relevant to anxious pathology in humans, which is characterized
by a disruptive, adverse response to nebulous or far-off threats
[67-69]. Though avoidance can function as a normal defensive
behavior [3], excessive avoidance is a common behavioral
symptom of multiple forms of clinical anxiety [1] that can prolong
the underlying anxious pathology by buffering it against
therapeutic intervention [70, 71]. Our data connect BNST to
avoidant behavior in males but not females, revealing the
complexity of the circuits underlying pre-encounter defense, an
important and underexplored area of aversive behavior. Ongoing
research will examine the relationship between threat imminence,
avoidance, sex, and the function of BNST, in order to create a fuller
understanding of threat-processing mechanisms and defensive
behaviors highly relevant to anxiety disorder.
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