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CRF receptor type 2 neurons in the posterior bed nucleus of
the stria terminalis critically contribute to stress recovery
MJAG Henckens1,2, Y Printz1, U Shamgar1, J Dine2, M Lebow1,2, Y Drori1,2, C Kuehne2, A Kolarz2, M Eder2, JM Deussing2, NJ Justice3,
O Yizhar1 and A Chen1,2
The bed nucleus of the stria terminalis (BNST) is critical in mediating states of anxiety, and its dysfunction has been linked to stressrelated mental disease. Although the anxiety-related role of distinct subregions of the anterior BNST was recently reported, little is
known about the contribution of the posterior BNST (pBNST) to the behavioral and neuroendocrine responses to stress. Previously,
we observed abnormal expression of corticotropin-releasing factor receptor type 2 (CRFR2) to be associated with post-traumatic
stress disorder (PTSD)-like symptoms. Here, we found that CRFR2-expressing neurons within the pBNST send dense inhibitory
projections to other stress-related brain regions (for example, the locus coeruleus, medial amygdala and paraventricular nucleus),
implicating a prominent role of these neurons in orchestrating the neuroendocrine, autonomic and behavioral response to stressful
situations. Local CRFR2 activation by urocortin 3 depolarized the cells, increased the neuronal input resistance and increased ﬁring
of action potentials, indicating an enhanced excitability. Furthermore, we showed that CRFR2-expressing neurons within the pBNST
are critically involved in the modulation of the behavioral and neuroendocrine response to stress. Optogenetic activation of CRFR2
neurons in the pBNST decreased anxiety, attenuated the neuroendocrine stress response, ameliorated stress-induced anxiety and
impaired the fear memory for the stressful event. Moreover, activation following trauma exposure reduced the susceptibility for
PTSD-like symptoms. Optogenetic inhibition of pBNST CRFR2 neurons yielded opposite effects. These data indicate the relevance of
pBNST activity for adaptive stress recovery.
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INTRODUCTION
The bed nucleus of the stria terminalis (BNST) is a unique
processing junction in the brain. Its dense connectivity pattern
places it at the center of the brain’s emotional processing
network.1–4 It is a physical hub linking numerous distant regions,
connecting input from limbic forebrain structures to hypothalamic
and brain stem regions associated with autonomic and neuroendocrine systems to mediate a plethora of behavioral functions.
Although the BNST has historically received rather limited
attention, evidence is beginning to accumulate for its critical
role in the mediation of the neuroendocrine stress response5
and anxiety (for example, sustained fear);6 both being hallmarks
of stress-related psychopathology. Notably, the BNST is a very
heterogeneous conglomerate of subnuclei, which serve various
functions through their diversity in cellular sub-populations
and input and projection sites.3,4,7–10 In particular, the anterior
and posterior sections of the BNST serve opposing roles in the
mediation of the hypothalamus–pituitary–adrenal (HPA) axis.
Whereas the anterior section has been implicated in the activation
of the HPA axis to cause corticosterone release, the posterior
BNST (pBNST) is known to send GABAergic projections to the
paraventricular nucleus and thereby thought to inhibit HPA axis
activation.5,11 Interestingly, corticotropin-releasing factor receptor
type 2 (CRFR2) is highly expressed in the pBNST.12 CRFR2 signaling
has been implicated in the regulation of anxiety and the stress
response, and has a critical role in stress recovery. Developmental

knockout animals for CRFR213–15 or its primary ligands (urocortin
(Ucn) 1–3)16 display an anxiogenic phenotype, increased corticosterone responses to stress and impaired stress recovery.
Interestingly, recent studies have revealed a critical role for CRFR2
signaling speciﬁcally in the pBNST in the development of posttraumatic stress disorder (PTSD). Trauma-exposed animals that
were susceptible to PTSD were characterized by abnormal CRFR2
expression levels in the BNST compared with their resilient littermates, and normalization of these levels signiﬁcantly attenuated
their PTSD-like phenotype.17,18 Here, we studied the speciﬁc
contribution of these pBNST CRFR2-expressing neurons to anxietylike behavior, the neuroendocrine and behavioral stress response,
and PTSD susceptibility.
MATERIALS AND METHODS
Generation of CRFR2-cherry-2A-Cre-recombinase BAC
Engineering of the CRFR2-cherry-2A-Cre-recombinase (CRFR2-chy-Cre)
bacterial artiﬁcial chromosome (BAC) was performed similar to as
described in Liu et al.19 CRFR2-chy-f2a-Cre BAC DNA was puriﬁed (QIAGEN,
Hilden, Germany) before being injected into single-celled mouse oocytes
to generate transgenic mouse lines.

Animal background and maintenance
The CRFR2-Cre BAC transgene was maintained on a C57BL/6J (Harlan,
Jerusalem, Israel) background. For all behavioral experiments, hemizygous
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CRFR2-Cre transgenic males were bred to channelrhodopsin (ChR2) (Ai32
mice, B6;129S-Gt(ROSA)26Sortm32.1(CAG-COP4*H134R/EYFP)Hze/J, Jackson Laboratory, Bar Harbor, ME, USA) or halorhodopsin (eNpHR3.0) (Ai39, B6;129S-Gt
(ROSA)26Sortm39(CAG-hop/EYFP)Hze/J, Jackson Laboratory) conditional females.
Only ChR2/eNpHR3.0-heterozygote male offspring was used for behavioral
testing. Mice expressing the Cre-recombinase enzyme served as the
experimental test group, and their littermates that did not, served as
controls. All experiments were approved by the Institutional Animal Care
and Use Committee of the Weizmann Institute of Science.

Behavioral assessment
All behavioral testing was performed during the animals’ active phase (that
is, dark cycle). Just before each behavioral test, ﬁber-optic cables were
attached to the mouse’s head in a new cage. The animal was allowed to
brieﬂy recover before it was placed in the test apparatus. Testing was
performed by an experimenter blind to the animals’ genotype, and
behavioral output measures subjected to statistical testing were generated
by automated analyses unless speciﬁed otherwise. Randomization was not
used as the animals’ genotype determined their allocation to the
corresponding experimental group.

Stereotactic surgery
Anterograde tracing. Projection sites of pBNST CRFR2-expressing neurons
were identiﬁed by unilateral injection of 0.3 μl AAV5-EF1α-DIO-eYFP (UNC
Vector Core, Chapel Hill, NC, USA) into the pBNST of adult male CRFR2-Cre
mice. The targeted injection site was 0.1 mm more ventral than for ﬁberoptic cannula placement to reach the center of the pBNST, on coordinates
(relative to Bregma): AP –0.22, ML 1.60, DV –3.90.
Fiber-optic placement. Two ﬁber-optic cannulas (Doric Lenses, Québec,
QC, Canada, DRC-MFC_200/260/900FLT, 200 μm thick, 4 mm long) were
inserted under an angle of ± 10 degrees targeting Bregma coordinates: AP
–0.22, ML ± 1.60, DV –3.80,17 which deﬁned the most dorsal part of the
pBNST to allow light penetration to the entire region.

In vitro electrophysiological recording
Ligand infusion. Slices were continuously superfused (4–5 ml min–1) with
oxygenated artiﬁcial cerebrospinal ﬂuid (in mM: 125 NaCl, 2.5 KCl, 1.25
NaH2PO4, 25 NaHCO3, 1 MgCl2, 2 CaCl2 and 25 D-glucose, pH 7.3),
containing 50 μM APV, 5 μM NBQX, 10 μM bicuculline methiodide and
5 μM CGP 55845. Borosilicate glass pipettes (Harvard Apparatus, Kent, UK)
with resistances ranging from 4 to 5 MΩ were ﬁlled with intracellular
solution (in mM: 130 K-gluconate, 5 NaCl, 2 MgCl2, 5 D-glucose, 10 HEPES,
0.5 EGTA, 2 MgATP, 0.3 Na-GTP, 20 phosphocreatine, pH 7.3 with KOH).
CRFR2-pBNST cells were identiﬁed by tdTomato expression. Electrophysiological measurements under control conditions were carried out 5 min
after reaching the whole-cell conﬁguration. The input resistance was
calculated from steady-state voltage responses upon negative current
injections (1500 ms) where no ‘sag’ could be detected. Firing frequency
was evaluated by positive current injections (400 ms) that induced mild
ﬁring (1–4 action potentials (APs)) of the neurons under control conditions.
Ucn3 (100 nM, Bachem, Bubendorf, Switzerland) was bath-applied and
electrophysiological measurements were repeated 10 min after starting
Ucn3 administration.
Photostimulation. The recording chamber was perfused with oxygenated
artiﬁcial cerebrospinal ﬂuid (in mM: 3 KCl, 11 glucose, 123 NaCl, 26
NaHCO3, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2; 300 mOsm kg–1) at a rate of
~ 2 ml min–1 and maintained at 31–33 °C. Borosilicate glass pipettes (Sutter
Instrument, Novato, CA, USA) with resistances ranging from 3 to 6 MΩ
were ﬁlled with intracellular solution (in mM: 135 K-gluconate, 4 KCl, 2
NaCl, 10 HEPES, 4 EGTA, 4 MgATP, 0.3 NaTRIS; 280 mOsm kg–1, pH 7.3 with
KOH). Opsin-expressing pBNST cells were identiﬁed by eYFP expression.
Whole-cell patch-clamp recordings were carried out using a Multiclamp
700B ampliﬁer (Axon Instruments/Molecular Devices, Sunnyvale, CA, USA).
Optical activation of ChR2 and eNpHR3.0 was performed using 475/28 nm
and 586/20 nm light (Lumencor Spectra X, Beaverton, OR, USA),
respectively, delivered through the microscope illumination path.

In vivo optogenetic control of neuronal activity
At the time of testing, two ﬁber-optic patchcords were connected to the
ﬁber-optic cannulas and at the other end via FC/PC to a 1x2i intensity
division ﬁber-optic rotary joint (Doric Lenses) that was suspended above
the test arenas. The rotary joint was FC connected to the light source
(either blue 473 nm-laser, or yellow/green 561 nm-laser, CrystaLaser, Reno,
NV, USA) which was located outside the testing room and controlled by a
pulse generator (Agilent 33220A 20 MHz Waveform Generator, Agilent
Technologies, Santa Clara, CA, USA). A light power of ~ 100 mW mm–2 at
the end of the ﬁber tip was used for photostimulation, providing a sufﬁcient
amount of light power density for opsin activation to a depth of ~ 0.8 mm
from the tip.20 For activation of ChR2, light trains at 20 Hz, with a 10 ms
pulse-width of 473 nm light were used, whereas eNpHR3.0 was activated by
constant illumination with 561 nm light.
Molecular Psychiatry (2017), 1691 – 1700

Statistics
All statistical analyses were performed using SPSS software (IBM Software,
Armonk, NY, USA). Student’s T-tests (independent samples, two-tailed)
were used to determine group differences during periods of photostimulation, whereas a repeated-measures analysis of variance was used in
the behavioral tests in which effects of photostimulation were repeatedly
measured (that is, marble burying and tail suspension test). Paired samples
T-tests were used for comparisons within animals (that is, for c-Fos
expression and electrophysiology data). One-tailed tests were only used in
case of a clear hypothesis on the directionality of the results (that is, for the
electrophysiology and PTSD phenotype).17 For all T-tests, a Levene's test
for equality of variances was performed and if signiﬁcant, T-values and
degrees of freedom were reported based on T-tests not assuming equal
variance. Non-parametric Spearman's correlations were used to determine
the correlation between the electrophysiological measures of spiking
success rate and the photocurrent amplitude, whereas Barnard’s test21 was
used to assess differential distribution of PTSD phenotype between
experimental groups. Bonferroni correction was applied in case of multiple
comparisons. Alpha was set at 0.05 throughout. Data points deviating
42 s.d. from the mean were considered outliers and excluded from
analyses.

RESULTS
Inhibitory pBNST CRFR2 neurons are densely connected to stressrelated brain nuclei and excited by Ucn3
To study the nature and exact function of CRFR2-expressing
neurons in the pBNST, we generated a novel BAC transgenic
mouse line expressing Cre-recombinase under the control of the
brain-selective alpha-splice variant of the Crfr2 gene. Several
mouse lines were generated, and screened for Cre-recombinase
expression by crossbreeding them with tdTomato reporter mice
(Ai9, B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J). tdTomato expression was subsequently veriﬁed in brain regions known to express
CRFR2, that is, the olfactory bulb, lateral septal nucleus,
ventromedial hypothalamic nucleus, medial and posterior cortical
nuclei of the amygdala, ventral hippocampus, mesencephalic
raphe nuclei and the pBNST.12 The transgenic mouse line
showing the highest Cre-recombinase expression in the majority
of these regions (Supplementary Figure 1), and importantly,
very high expression levels in the pBNST (Figure 1a, Supplementary Figure 2), was selected for further testing.
The vast majority of the pBNST neurons expressing CRFR2 are
GABAergic in nature as demonstrated by two independent
ﬁndings. First, conditional mutagenesis data showed that the
conditional knockout of CRFR2 in GABAergic neurons speciﬁcally,
in CRFR2GABA-CKO mice, completely depleted CRFR2 in the pBNST
(Figure 1b, Supplementary Figure 3). Second, double in situ
hybridization data for tdTomato—as expressed in the pBNST
CRFR2-Cre+ neurons—and GABAergic neuronal markers, GAD65/67, revealed a high degree of colocalization (~80% (232/301
neurons)), indicating the pBNST CRFR2 neurons are GABAergic
(Figure 1c).
Next, we examined the projection targets of pBNST CRFR2
neurons by injecting Cre-dependent AAV5-EF1α-DIO-eYFP into the
pBNST of our CRFR2-Cre mouse line, labeling all axons of local
CRFR2 neurons by eYFP expression. Speciﬁcity of transduction was
validated by the presence of eYFP-positive neuronal cell bodies
solely in the pBNST. In line with previous ﬁndings on projection
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Figure 1. Characterization of posterior bed nucleus of the stria terminalis (pBNST) corticotropin-releasing factor receptor type 2 (CRFR2)expressing neurons in CRFR2-Cre mice. (a) Coronal brain sections of CRFR2-tdTomato+ mice showing strong tdTomato expression in the
pBNST. (b) Expression analyses of CRFR2 mRNA in the pBNST of a wild-type (CRFR2Ctrl) and GABAergic CRFR2 conditional knockout mouse line
(CRFR2GABA-CKO). (c) Double in situ hybridization of tdTomato (silver grains), and GAD65/67 mRNA (red staining) in the posterior BNST (Bregma
-0.22 mm) of the CRFR2-tdTomato+ mouse brain. Filled arrows indicate cells coexpressing tdTomato and GAD65/67, whereas arrow heads
depict cells positive for tdTomato expression only. (d) Projection sites of the pBNST CRFR2-expressing neurons as identiﬁed using Credependent AAV5-EF1α-DIO-eYFP (see also Supplementary Figure 4). Key: third ventricle (3 V); anterior commissural nucleus (AC);
amygdalohippocampal area, anterolateral part (AHiAL); anterior hypothalamic area, posterior part (AHP); arcuate hypothalamic nucleus
(Arc); basolateral amygdaloid nucleus, anterior part (BLA); basomedial amygdaloid nucleus, posterior part (BMP); bed nucleus of the stria
terminalis intraamygdaloid division (BSTIA); central amygdaloid nucleus, lateral division (CeL); medial amygdaloid nucleus, posterodorsal part
(MePD), posteroventral part (MePV); median preoptic area (MPO); paraventricular hypothalamic nucleus, medial parvicellular part (PaMP), and
posterior part (PaPo); periventricular hypothalamic nucleus (Pe); posteromedial cortical amygdaloid nucleus (PMCo); paraventricular thalamic
nucleus, anterior part (PVA); stria terminalis (st); ventromedial hypothalamic nucleus (VMH).

sites of the pBNST as a whole,8 we observed dense projections to
several nuclei of the hypothalamus (median preoptic area, paraventricular nucleus, arcuate nucleus and ventromedial hypothalamus), and through the stria terminalis to the medial
amygdala (Figure 1d). Projections were also observed in the
paraventricular thalamic nucleus, lateral septum and two brain
stem nuclei; the locus coeruleus and periaqueductal gray
(Figure 1d, Supplementary Figure 4). This projection pattern
implies a prominent role for pBNST CRFR2-expressing neurons
in orchestrating an appropriate neuroendocrine, autonomic and
behavioral response to stressful situations.
Subsequently, we identiﬁed the probable endogenous ligand
for CRFR2 in these neurons. Immunostaining for CRF, Ucn1 and
Ucn3, showed the highest concentration of Ucn3 in the pBNST,
whereas little CRF and no Ucn1 expression was observed

(Figure 2a, Supplementary Figure 5). This ﬁnding is in line
with previous literature,22 and points to Ucn3 as the primary
endogenous ligand for the pBNST CRFR2 neurons. To better
understand the interaction between Ucn3 and CRFR2 in the
pBNST, we next performed patch-clamp recordings in acute
pBNST slices from CRFR2-tdTomato+ mice. We found that 6 out of
8 stably recorded (≥ 30 min) CRFR2-expressing neurons exhibited
a pronounced ‘sag’ upon hyperpolarizing current injections and
rebound ﬁring after cessation of the current injections (Figure 2b,
thinner line). Upon depolarizing current injections, these neurons
responded in most cases with an initial ‘burst’ of spikes followed
by a more regular ﬁring pattern (Figure 2b, thicker line).
Under blockade of ionotropic glutamate and GABA receptors,
bath application of Ucn3 (100 nM) depolarized the neurons
(Figure 2c, T(7) = 9.98, P o 0.001). This effect was accompanied by
Molecular Psychiatry (2017), 1691 – 1700
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Figure 2. Effects of ligand (urocortin 3 (Ucn3)) application on posterior bed nucleus of the stria terminalis (pBNST) corticotropin-releasing
factor receptor type 2 (CRFR2)-expressing neurons. (a) Immunohistochemistry in pBNST sections of CRFR2-tdTomato+ mice identiﬁed Ucn3 as
endogenous ligand for CRFR2. Inset shows selected section in x2 magniﬁcation. (b) Representative traces of a recorded neuron under control
conditions (black traces) and 10 min after bath application of Ucn3 (100 nM, red traces). Ucn3 caused a depolarization of the cell, an increase
in the neuronal input resistance and an increased ﬁring of action potentials (APs). Thinner lines represent the membrane potential deﬂections
in response to a hyperpolarizing current injection, and the thicker lines the membrane response to a depolarizing current injection. (c)
Quantiﬁcation of Ucn3 effects on CRFR2-expressing neurons in the pBNST. Ucn3 induced a depolarization of the resting membrane potential,
an increase in the input resistance and an increase in AP ﬁring of CRFR2-expressing neurons (n = 8). Error bars indicate s.e.m. **Po 0.01,
***P o0.001.

an increase in the neuronal input resistance (P = 0.008, rank
sum test). Consistent with the resultant enhanced excitability, we
further found that the neurons ﬁred more APs in response to
positive current injections following Ucn3 application (T(7) = 6.35,
Po 0.001).
Activation of pBNST CRFR2 neurons reduces anxiety and boosts
stress recovery
To examine the speciﬁc role of pBNST CRFR2-expressing neurons
in stress and anxiety, we next crossbred these CRFR2-Cre mice
with channelrhodopsin (ChR2) conditional mice (Ai32 mice,
B6;129 S-Gt(ROSA)26Sortm32.1(CAG-COP4*H134R/EYFP)Hze/J). In vitro electrophysiological recordings were used to verify the activation of
pBNST CRFR2-expressing neurons by blue light stimulation. We
ﬁrst measured the steady-state photocurrent in ChR2-eYFPexpressing cells using wide-ﬁeld illumination with different blue
light power densities (Figure 3a). Photocurrent amplitudes
saturated at ~11.6 mW mm–2, and we therefore used this light
power density in the following experiments. We next recorded the
response of the cells to 10 ms light pulses delivered at 5, 10, 20
and 30 Hz, and measured the probability of spiking in response to
individual pulses (success rate; Figure 3a). At 20 Hz, the stimulation
frequency used in our subsequent in vivo experiments, the success
rate was 460%, but varied between cells, including between cells
recorded from the same mouse. We suspected that this variability
arises from weaker photocurrents because of low expression of
ChR2 in a certain population of CRFR2-positive neurons. Indeed,
spiking probability showed a typical sigmoidal dependence
on photocurrent amplitude (Supplementary Figure 6, r = 0.99),
suggesting that in cells with smaller photocurrents the depolarizing current was not sufﬁcient to evoke APs. Next, to study the
effects of photoactivation of pBNST CRFR2 neurons in vivo, CRFR2ChR2 mice were implanted with ﬁber-optic cannulas into the
Molecular Psychiatry (2017), 1691 – 1700

pBNST bilaterally for local light delivery (Figure 3b). Effectiveness
and speciﬁcity of photostimulation in vivo was validated in CRFR2ChR2 mice by quantifying activity-dependent immediate early
gene (c-Fos) expression to track neuronal activation. Unilateral
photostimulation signiﬁcantly increased c-Fos expression in
CRFR2-expressing neurons of the stimulated vs unstimulated side
of the pBNST (T(6) = 3.54, P = 0.012), whereas neighboring areas (for
example, the lateral septum) did not show such lateral differences
in expression (Supplementary Figure 7). To investigate the
functional role of pBNST CRFR2-expressing neurons in anxiety,
we probed freely moving mice under optogenetic control in two
well-validated anxiety assays: the elevated plus maze (EPM) and
the open ﬁeld (OF) test, which are both based on a rodents'
aversion to open spaces. To test whether anxiety-related behavior
is modulated by pBNST CRFR2-expressing neuronal activation, we
tested mice during periods of photostimulation and compared
mice sensitive (that is, CRFR2-ChR2+) with those insensitive (that is,
control; CRFR2-ChR2−) to illumination. Photoactivation of pBNST
CRFR2-expressing neurons increased open-arm time (T(15) = 3.03,
P = 0.008) and the distance traveled in the open arms (T(15) = 3.19,
P = 0.014) of the EPM (Figure 3c). In the OF test, photostimulation
increased the time spent in the center (T(25) = 3.10, P = 0.005) and
the distance traveled in the center (at trend level, T(17) = 1.99,
P = 0.063) (Figure 3d), without affecting general locomotion
(T(18) = 1.65, P = 0.117, Supplementary Figure 8a). In the absence
of light, no signiﬁcant differences were detected (all P’s40.05). No
effects of photoactivation were observed in either compulsivity, as
measured by the marble burying test (main effect of photoactivation, F(1,25) o 1; time x photoactivation, F(2,50) o1, Supplementary
Figure 8b), or depressive-like behavior, as assessed by the tail
suspension test (main effect of photoactivation, F(1,15) o1; time x
photoactivation, F(5,75) o 1, Supplementary Figure 8c). Thus,
selective activation of pBNST CRFR2-expressing neurons produced
an acute anxiolytic effect.
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We continued by testing the role of pBNST CRFR2-expressing
neurons in mediating stress responsiveness and subsequent
recovery. To ascertain the temporal role of pBNST CRFR2-

expressing neurons in the modulation of the HPA axis response
to stress, and the time frame in which modulation of their activity
is thus most effective, mice were exposed to an acute stressor and

Figure 3. Effects of activating posterior bed nucleus of the stria terminalis (pBNST) corticotropin-releasing factor receptor type 2 (CRFR2)expressing neurons. (a) Photostimulation of pBNST CRFR2-ChR2+ neurons in vitro induced reliable ﬁring of recorded neurons, with 460%
(n = 9) success rate at 20 Hz stimulation. Steady-state photocurrent amplitude increased under increasing light intensities (n = 7–8 for each
intensity). (b) Mice were bilaterally implanted with ﬁber-optic cannulas into the pBNST to stimulate CRFR2-ChR2-expressing cells and
subjected to behavioral tests. (c, d) Photostimulation reduced anxiety-like behavior in the elevated plus maze (ncre+ = 8, ncre- = 9) and the open
ﬁeld test (ncre+ = 9, ncre- = 10). (e) Photostimulation immediately following acute stress exposure reduced the stress-induced corticosterone
response (ncre+ = 14, ncre- = 14), reduced stress-induced anxiety (ncre+ = 9, ncre- = 9), and attenuated memory for the stress context (ncre+ = 9,
ncre- = 10). Error bars indicate s.e.m. ~P o0.1, *P o0.05, **Po 0.01.
Molecular Psychiatry (2017), 1691 – 1700
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received photostimulation either during the stress, immediately
after, or with a 30-min delay. Photostimulation immediately
following stress reduced the stress-induced incline in corticosterone levels (T(8) = 2.24, P = 0.042, Supplementary Figure 9b),
whereas stimulation at other time points was ineffective in
modulating the neuroendocrine stress response (both T(8) o1,
Supplementary Figures 9a and c). Therefore, we used this immediate recovery period for further investigation of the modulation
of stress recovery in terms of stress-induced anxiety and memory
of the stressful event by pBNST CRFR2 neurons. Mice were
exposed to 15-min inescapable foot shock stress followed by
15-min photostimulation (Figure 3e), while we monitored their
corticosterone response. Stress-induced anxiety was tested 1 day
later by means of acoustic startle (that is, the defensive response
to sudden or threatening stimuli, known to be modulated by
fear),23 which was compared with their ‘baseline’ startle response
assessed 2 weeks earlier. Photoactivation of pBNST CRFR2expressing neurons immediately following stress exposure again
reduced the corticosterone stress response (T(19.1) = 2.45, P = 0.024,
Figure 3e), and also attenuated stress-induced anxiety (T(16) = 2.52,
P = 0.023, Figure 3e). The stress-induced shortening of the latency
to peak startle, as indicative of hypervigilance,17,24 that was
observed in the control animals (CRFR2-ChR2−, F(1, 8) = 30.38,
P = 0.001), was prevented by activation of pBNST CRFR2expressing neurons (CRFR2-ChR2+, F(1, 8) o 1). Moreover, activation
of pBNST CRFR2-expressing neurons immediately following stress
exposure reduced freezing behavior upon re-exposure to the
stress context 6 weeks later (T(9.3) = 2.57, P = 0.030, Figure 3e),
which indicates a reduction in fear memory because of photostimulation. Altogether, these data indicate that activation of
pBNST CRFR2-expressing neurons reduces anxiety and contributes
to stress recovery by attenuating the neuroendocrine stress
response, ameliorating stress-induced anxiety and attenuating the
memory of the stressful event.
Inhibition of pBNST CRFR2 neurons increases anxiety and impairs
stress recovery
Next, we wanted to test whether activation of pBNST CRFR2expressing neurons occurs intrinsically when coping with
stressful situations and is normally required for adaptive stress
recovery. Therefore, we crossbred the CRFR2-Cre mice with
halorhodopsin (eNpHR3.0) conditional mice (Ai39, B6;129S-Gt
(ROSA)26Sortm39(CAG-hop/EYFP)Hze/J) to allow for optogenetic inhibition of pBNST CRFR2-expressing neurons speciﬁcally. In vitro
electrophysiological recordings were used to verify our ability
to inhibit the activity of pBNST CRFR2-expressing neurons
using photostimulation (Figure 4a). These recordings showed
that depolarization of the neurons by injection of a step-current,
induced robust spiking, which was reliably reduced (at 100 pA
injection: T(3) = 3.93, P = 0.015) or blocked entirely (at 50 pA
injection: T(3) = 3.71, P = 0.017) when activating eNpHR3.0 with
yellow light. eNpHR3.0-mediated photocurrent amplitudes were
114.97 ± 16.53 pA (mean ± s.e.m., n = 10 cells) at peak and 29.88 ±
4.36 pA at steady state under 20.3 mW mm–2 yellow light.
To examine the effect of photoinhibition of the pBNST CRFR2expressing neurons on anxiety-like behavior, we implanted
bilateral ﬁber-optic cannulas into the pBNST (Figure 4b) and
subjected the mice to the EPM and OF tests, while they were
exposed to periods of light delivery through the implanted optical
ﬁber. Photoinhibition of pBNST CRFR2-expressing neurons
reduced open-arm time (T(15.4) = 2.62, P = 0.019) and distance
traveled in the open arms (T(21) = 2.34, P = 0.029) in the EPM
(Figure 4c). It also decreased time spent in the center (T(19) = 2.27,
P = 0.035) and distance traveled in the center (T(19) = 2.61,
P = 0.022) in the OF test (Figure 4d), without affecting general
locomotion (T(11.7) = 1.62, P = 0.132, Supplementary Figure 8a).
Although no differences between animals were observed during
Molecular Psychiatry (2017), 1691 – 1700

initial exposure to these tests in the absence of photostimulation
(all P’s40.05), in the OF test the effect of photoinhibition persisted
into the last time bin (without stimulation), producing a longerlasting state of (sustained) anxiety (time spent in the center,
T(19) = 2.70, P = 0.014; distance traveled in the center, T(18) = 2.64,
P = 0.017). Again, no effects of photoinhibition were observed in
the marble burying test (main effect of photoinhibition, F(1,22) o1;
time x photoinhibition, F(2,44) = 2.14, P = 0.129, Supplementary
Figure 8b) or tail suspension test (main effect of photoinhibition,
F(1,20) o 1; time x photoinhibition, F(5,100) o 1, Supplementary
Figure 8c). Thus, selective inhibition of pBNST CRFR2-expressing
neurons produced an anxiogenic effect.
We continued by testing the intrinsic contribution of pBNST
CRFR2 neuronal activity to stress recovery, using the same
paradigm as described above, in which 15-min stress exposure
was followed by 15 min of eNpHR3.0-mediated photoinhibition
(Figure 3e). Although inhibition of pBNST CRFR2 neuronal activity
did not have an immediate effect on the corticosterone response
to stress (T(22) o 1), we noted that it delayed stress recovery as
measured by HPA axis normalization following stress, although
this effect failed to reach signiﬁcance after correction for multiple
testing (T(22) = 2.03, Pcorr = 0.110, Figure 4e). In line with this
observation, inhibition of pBNST CRFR2 neurons increased stressinduced anxiety in terms of acoustic startle (measured as latency
to peak startle, T(21) = 2.43, P = 0.024, Figure 4e), and enhanced fear
memory for the stress context (as assessed by freezing upon reexposure, T(13.0) = 3.05, P = 0.009, Figure 4e). Thus, activity of pBNST
CRFR2-expressing neurons seems to naturally contribute to coping
with stressful situations and recovery from acute stress exposure.
Compromised pBNST CRFR2 neuronal activity may therefore be
a risk factor for stress-related psychopathology.
Activation of pBNST CRFR2 neurons reduces susceptibility to PTSD
Inadequate stress recovery is one of the key features of PTSD.25 As
altered CRFR2 expression in the pBNST was shown to contribute
to a PTSD-like phenotype in rodents,17,18 we speculated that
pBNST CRFR2 neuronal activity is critical for proper recovery from
trauma exposure. To test this hypothesis, we ﬁrst assessed overall
pBNST activity levels in a PTSD-like model. To induce a PTSD-like
phenotype, wild-type mice were exposed to a trauma (14 foot
shocks (1 mA) in context A) followed by a trigger the next day
(5 foot shocks (0.7 mA) in a different context B), and tested in a
batch of behavioral tests assessing critical PTSD features:
hypervigilance, insomnia, compulsivity and impaired risk assessment,17 in order to categorize the animals as either PTSD-like or
resilient (Supplementary Figure 10). Next, pBNST immediate early
gene mRNA expression levels, indicative of neuronal activation,
were quantiﬁed and compared between groups. Indeed, the
PTSD-like phenotype was associated with reduced neuronal
activity of the pBNST (Arc: T(12) = 2.49, P = 0.028, c-Fos: T(13) = 2.52,
P = 0.025, Egr1: T(11) = 2.42, P = 0.034, Npas4: T(11) = 2.81, P = 0.017,
Figure 5a). This ﬁnding, together with the observation that pBNST
CRFR2 neuronal activation contributes to stress recovery, suggests
that increasing the activity of pBNST CRFR2 neurons following the
PTSD induction protocol may enhance recovery and reduce
susceptibility to develop PTSD. Thus, mice (nCRFR2-ChR2+ = 12,
nCRFR2-ChR2- = 12) were exposed to the trauma, and the next day
received photostimulation immediately following the trigger
(Figure 5b, upper panel). One week later, mice were behaviorally
phenotyped and categorized as PTSD-like or resilient. PTSD-like
mice showed signiﬁcantly impaired risk assessment (T(7) = 3.71,
P = 0.004), a reduced latency to peak startle (indicative of
hypervigilance, T(12) = 2.47, P = 0.015), impaired prepulseinhibition (T(12) = 2.70, P = 0.010) and increased light activity
(related to insomnia, T(12) = 2.26, P = 0.022), compared with the
resilient mice (Figure 5b, lower panel). Compulsive behavior was
not signiﬁcantly different between groups (number of marbles
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Figure 4. Effects of inhibition of posterior bed nucleus of the stria terminalis (pBNST) corticotropin-releasing factor receptor type 2 (CRFR2)expressing neuronal activity. (a) Illumination with yellow light reliably suppressed the ﬁring of pBNST CRFR2-eNpHR3.0+ neurons in vitro
(n = 4). (b) Mice were bilaterally implanted with ﬁber-optic cannulas into the pBNST to illuminate CRFR2-eNpHR3.0 cells and subjected to
behavioral tests. (c, d) Photoinhibition increased anxiety-like behavior in the elevated plus maze (ncre+ = 12, ncre- = 11) and the open ﬁeld test
(ncre+ = 11, ncre- = 10). (e) Photoinhibition immediately following acute stress exposure tended to impair stress recovery in terms of the
corticosterone response, increased stress-induced anxiety, and augmented memory for the stress context (ncre+ = 11, ncre- = 12-13). Error bars
indicate s.e.m. ~Pcorr = 0.11, *Po0.05, **P o0.01.

buried, T(12) o 1). Critically, we next checked the percentage of
PTSD-like mice among those receiving activation of pBNST CRFR2expressing neurons (CRFR2-ChR2+ mice), and those that did not
(that is, CRFR2-ChR2− mice, insensitive to photostimulation). Only

8% of the mice in which the pBNST CRFR2 neurons were activated
following the trigger developed PTSD-like behavior, compared
with 42% of the control mice (Figure 5c), indicating that activation signiﬁcantly reduced susceptibility to PTSD development
Molecular Psychiatry (2017), 1691 – 1700
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Figure 5. Involvement of posterior bed nucleus of the stria terminalis (pBNST) corticotropin-releasing factor receptor type 2 (CRFR2) neurons
in PTSD. (a) PTSD-like animals showed reduced pBNST activity (that is, immediate early gene expression) compared with resilient animals
(nres = 6, nPTSD = 7). (b) The PTSD induction protocol caused a PTSD-like phenotype in a subset of animals (nPTSD = 6), whereas others were
resilient (nres = 8). (c) Activation of pBNST CRFR2 neurons immediately following PTSD induction reduced PTSD incidence (nCre+ = 12,
ncre- = 12). Error bars indicate s.e.m. *Po 0.05, **Po 0.01, ***Po 0.005. PTSD, post-traumatic stress disorder.

(P = 0.041). Thus, these data indicate the relevance of the
inhibitory tone by pBNST CRFR2 neuronal signaling for adequate
stress recovery.
DISCUSSION
Previous studies have demonstrated anxiogenic and anxiolytic
effects of activation of distinct subregions within the anterior
BNST.26,27 Here we show that a speciﬁc sub-population of cells
within the pBNST (that is, CRFR2-expressing neurons) is critically
involved in the modulation of behavioral and neuroendocrine
responses to stressful situations and subsequent recovery. Activity
of these cells was associated with a robust anxiolytic phenotype.
It induced an immediate reduction in basal anxiety, whereas
activation in the immediate aftermath of stress attenuated
corticosterone release, ameliorated stress-induced anxiety and
attenuated memory of the stressful event. These effects are very
likely mediated by the observed dense inhibitory projections of
these neurons to other stress-related brain nuclei, such as the
paraventricular nucleus, medial amygdala, locus coeruleus and
periaqueductal gray, positioning them as a key processing hub in
the brain’s stress network. Ucn3, the natural primary ligand for
CRFR2 in the pBNST, caused enhanced excitability of these
neurons by inducing a depolarization, an increase in the input
Molecular Psychiatry (2017), 1691 – 1700

resistance, and, consequently, increased ﬁring of APs, emphasizing
its potential for future drug treatment.
Remarkably, activation and inhibition of pBNST CRFR2 neurons
seemed to exert temporally distinct effects, inducing rather immediate, short-lasting anxiolytic effects versus delayed, longer-lasting
anxiogenic effects respectively. Although we can only speculate
about the potential underlying mechanisms at this point, we
expect that these temporal differences arise from differentially
modulated synaptic release from the manipulated cells. Silencing
the release of GABA and potentially other neuromodulators and
neuropeptides at the target sites by photoinhibition could act
cumulatively and only take effect much more slowly than directly
inducing their release by photoactivation. Alternatively, the vesicle
release of neuromodulators by photoactivation could induce a
temporary depletion of local vesicle stores, thereby preventing
long-lasting effects of activation. As the BNST—and the CRF
system within the BNST in particular28—has been suggested to
be involved in the modulation of sustained states of anxiety,6
suggesting longer-lasting effects of its manipulation, future
dedicated studies should target these effects on synaptic transmission at the target sites.
Together, these data provide an important opportunity for
pharmacological intervention studies speciﬁcally targeting these
neurons by means of administration of CRFR2 agonists. However,
particular care has to be taken in exploring such interventions,
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as many effects of CRFR2 activation have been shown to be
dose dependent and cell type speciﬁc.29,30 In the raphe nucleus,
for example, it has been shown that serotonergic neurons are
predominantly inhibited by low doses of CRFR2 ligand, whereas
they are activated at higher doses through disinhibition, as the
majority of non-serotonergic (that is, GABAergic) raphe nucleus
neurons are inhibited by such dose.29 Moreover, the effects of
CRFR2 activation are brain region speciﬁc and depend on previous
stress history. For example, in the lateral septum, CRFR2 activation
has been related to depressed glutamatergic synaptic transmission, which is switched to facilitation (at a comparable potency)
following stress exposure,31,32 and local activation of CRFR2expressing neurons was shown to promote anxious behavior and
generate stress-induced behavioral and neuroendocrine dimensions of a persistent anxiety state.33 Such state- and dosedependent effects of CRFR2 activation could be expected in the
BNST as well, particularly as both anxiogenic17 and anxiolytic18,34
effects of CRFR2 activation have been reported in this region.
These ﬁndings indicate that there is a strong regional dependency
in the effects of activation of CRFR2 neurons, which should
be further explored in future studies. Future dedicated studies
should therefore investigate this regional dependency of activation of CRFR2-expressing neurons and test under which exact
conditions local agonist administration modulates pBNST CRFR2
signaling such that it produces the observed stress-ameliorating
effects.
Remarkably, although generally suppressed corticosterone
responding has been linked to PTSD pathology,17,35 activation of
pBNST CRFR2 neurons in this study reduced corticosterone
responses to stress and the risk of PTSD. These effects were even
correlated, as in the latter experiment stress-induced corticosterone levels positively predicted PTSD symptom scores (ρ(23) =
0.423, P = 0.044, Supplementary Figure 11), indicating a seemingly
protective effect of low corticosterone responses. Many contradictory ﬁndings have been reported on the association between
HPA axis responsivity and PTSD in both human literature and
literature on animal models for PTSD,26,36 which seem to be
related to either differential assessment of HPA axis reactivity (for
example, by means of pharmacological and non-pharmacological
challenges),36 or the exact environmental settings (for example,
the intensity of the trauma, delay to the subsequent stressor, its
nature and duration).37 Therefore, the relatively stressful history of
our animals (including surgery and repeated handling) may be
related to these contrasting ﬁndings. Future work should aim at
elucidating the complex association between corticosterone
signaling and PTSD.
Finally, our ﬁndings propose CRFR2 neurons in the pBNST as an
important, yet understudied, node in the brain circuitry regulating
stress response and recovery. Future studies should explore the
exact neural circuitries involved to identify new potential routes
for therapeutic intervention in stress-related disorders.
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