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�2A-Adrenergic Receptor Activation Decreases Parabrachial
Nucleus Excitatory Drive onto BNST CRF Neurons and
Reduces Their Activity In Vivo
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Stress contributes to numerous psychiatric disorders. Corticotropin releasing factor (CRF) signaling and CRF neurons in the bed nucleus
of the stria terminalis (BNST) drive negative affective behaviors, thus agents that decrease activity of these cells may be of therapeutic
interest. Here, we show that acute restraint stress increases cFos expression in CRF neurons in the mouse dorsal BNST, consistent with a
role for these neurons in stress-related behaviors. We find that activation of �2A-adrenergic receptors (ARs) by the agonist guanfacine
reduced cFos expression in these neurons both in stressed and unstressed conditions. Further, we find that �- and �-ARs differentially
regulate excitatory drive onto these neurons. Pharmacological and channelrhodopsin-assisted mapping experiments suggest that �2A-
ARs specifically reduce excitatory drive from parabrachial nucleus (PBN) afferents onto CRF neurons. Given that the �2A-AR is a
Gi-linked GPCR, we assessed the impact of activating the Gi-coupled DREADD hM4Di in the PBN on restraint stress regulation of BNST
CRF neurons. CNO activation of PBN hM4Di reduced stress-induced Fos in BNST Crh neurons. Further, using Prkcd as an additional
marker of BNST neuronal identity, we uncovered a female-specific upregulation of the coexpression of Prkcd/Crh in BNST neurons
following stress, which was prevented by ovariectomy. These findings show that stress activates BNST CRF neurons, and that �2A-AR
activation suppresses the in vivo activity of these cells, at least in part by suppressing excitatory drive from PBN inputs onto CRF neurons.
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Introduction
Stress is a major contributor to many psychiatric diseases, includ-
ing depression, eating disorders, and addiction (Chrousos, 2009).

Although the stress response is necessary for maintaining homeo-
stasis in the body, chronic stress can become maladaptive over
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Significance Statement

Stress is a major variable contributing to mood disorders. Here, we show that stress increases activation of BNST CRF neurons that
drive negative affective behavior. We find that the clinically well tolerated �2A-AR agonist guanfacine reduces activity of these cells
in vivo, and reduces excitatory PBN inputs onto these cells ex vivo. Additionally, we uncover a novel sex-dependent coexpression
of Prkcd with Crh in female BNST neurons after stress, an effect abolished by ovariectomy. These results demonstrate input-
specific interactions between norepinephrine and CRF, and point to an action by which guanfacine may reduce negative affective
responses.
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time. The bed nucleus of the stria terminalis (BNST), a region
within the extended amygdala, plays a critical role in physiologi-
cal and behavioral responses to stress (Casada and Dafny, 1991;
Sullivan et al., 2004; Crestani et al., 2013; Tran et al., 2014).
Within the BNST, the corticotropin releasing factor (CRF)
system is thought to promote negative affective responses to
stress (Koob, 1999). BNST CRF signaling is enhanced follow-
ing both acute and chronic stress exposure (Choi et al., 2006;
Funk et al., 2006) and may be more stress reactive in females
(Sterrenburg et al., 2012; Babb et al., 2013). Understanding the
regulation of BNST CRF neurons during both acute and
chronic stress could lead to better ways to address stress-
induced pathologies.

Previous work has demonstrated an interaction between
norepinephrine (NE) and glutamatergic inputs into the BNST
(Egli et al., 2005; Shields et al., 2009; Flavin et al., 2014). How-
ever, the heterogeneity of BNST neurons remains a large ob-
stacle in dissecting the impact of specific BNST inputs. We
previously identified the parabrachial nucleus (PBN) as a
functional glutamatergic input into the BNST that is sensitive
to the clinically well tolerated �2A-AR agonist guanfacine.
Clinically, guanfacine has shown promise for the treatment of
attention-deficit/hyperactivity disorder (Sallee et al., 2009).
The PBN is known to form axosomatic synapses with BNST
neurons, potentially allowing for increased influence over
neuronal activity (Shimada et al., 1989; Dobolyi et al., 2005).
Functionally, PBN projection neurons play a role in regulating
many behaviors, including anxiety responses, fear condition-
ing, taste aversion, feeding, and pain sensitization (Carter et
al., 2013, 2015; Sato et al., 2015; Chen et al., 2017; Campos et
al., 2018). Here we find PBN afferents synapse onto BNST CRF
cells, and that these CRF neurons are inhibited by �2A-AR
activation. Together, these studies suggest a role for the PBN
in modulating stress activation of BNST CRF neurons.

In addition to addressing BNST heterogeneity using input
specificity, postsynaptic markers can help to subdivide this com-
plex region. In the central amygdala (CeA), CRF signaling has
been shown to play a facilitating role in fear (Fadok et al., 2017;
Sanford et al., 2017; Asok et al., 2018). Another CeA population is
defined by the expression of protein kinase C � (PKC�); when
activated, these cells have been shown to inhibit fear responses
(Haubensak et al., 2010). Interestingly, there is relatively little
cellular overlap between PKC� and CRF in the CeA (Haubensak
et al., 2010). Similarly, the BNST contains a population of PKC�-
expressing neurons, providing an additional marker to define
BNST neurons.

In this study we assess the recruitment of BNST CRF cells
following acute restraint stress, and explore regulation of these
cells by guanfacine. We specifically investigate glutamatergic
drive onto CRF neurons to provide insight into mechanisms that
decrease stress activation of these neurons. Utilizing cFos as a
marker of neuronal activation, we find that activation of �2A-
adrenergic receptors (ARs) can decrease the activation of BNST
CRF neurons in both stressed and unstressed conditions. Fur-
ther, we use electrophysiology to understand the modulation of
glutamatergic drive onto these CRF neurons by the NE system.
These studies provide a better understanding of the interaction
between CRF and NE, two stress-recruited systems, in the BNST.
Moreover, we found evidence of sex-dependent responses of
BNST CRF cells based on postsynaptic alterations in marker ex-
pression. These insights will be important for future efforts in
more effectively developing drugs that can alter maladaptive re-
sponses to stress.

Materials and Methods
Animals
Adult male and female C57BL/6J mice (�7 weeks of age; The Jackson
Laboratory; RRID:IMSR_JAX:000664) were used for all fluorescence in
situ hybridization studies. Ovariectomy and sham surgeries were per-
formed by Jax Surgical Services (The Jackson Laboratory) at 6 weeks of
age. CRF neurons were identified for electrophysiological analysis and
immunohistochemistry experiments through the use of previously de-
scribed male and female CRF-tdtomato reporter mice (Silberman et al.,
2013). The CRF-Cre line used in these studies has been extensively eval-
uated and reliably reports CRF mRNA-expressing neurons (Chen et al.,
2015). All mice were group housed (2–5 animals per cage) and main-
tained on a 12 h light/dark cycle (lights on 06:00 –18:00) under controlled
temperature (20 –25°C) and humidity (30 –50%) levels. Food and water
were available ad libitum. All procedures were approved by the Institu-
tional Animal Care and Use Committee at Vanderbilt University.

Restraint stress exposure
Mice were restrained during the light cycle (06:00 –18:00) using 50 ml
conical tubes (Fisher Scientific) altered to have holes throughout the tube
and cap to allow for airflow (McElligott et al., 2010). Order of restraint
was counterbalanced within experimental groups, to account for differ-
ences in time of day. Before undergoing restraint, mice were handled for
5 d as described previously (Olsen and Winder, 2010). Mice were allowed
to acclimate to the test location in their home cage for 1 h in a sound- and
light-attenuating box (Med Associates). During restraint, mice were
placed inside separate sound- and light-attenuating boxes for 1 h before
being returned to their home cage for 30 min. In some experiments, mice
were treated with guanfacine (1 mg/kg, i.p.; Fisher Scientific) or
clozapine-N-oxide (CNO; 3 mg/kg, i.p.) 30 min before restraint stress.

Fluorescent immunohistochemistry
Under isoflurane anesthesia, mice were transcardially perfused with 10
ml cold PBS followed by 20 ml 4% paraformaldehyde in phosphate buff-
ered saline (PBS). Brains were extracted, postfixed for 24 h at 4°C in the
same fixative, and then cryoprotected with 30% sucrose in PBS for a
minimum of 48 h. Coronal sections were cut on a cryostat (Leica,
CM3050S) at a thickness of 40 �m and stored in PBS before immuno-
histochemical staining. For cFos experiments, free-floating brain slices
containing the BNST (bregma �0.14) were washed in PBS (4 � 10 min),
permeabilized with 0.5% Triton X-100 in PBS (1 h), and then blocked
with 5% normal donkey serum and 0.5% bovine serum albumin (1 h); all
steps were at room temperature. Sections were then incubated in cFos
primary antibody (1:2000; sc-52, Santa Cruz Biotechnology; RRID:
AB_2106783) in blocking solution for 24 h at room temperature. Slices
then underwent PBS washes (4� 10 min) followed by incubation in
donkey AlexaFluor 488 anti-rabbit (1:500; Jackson ImmunoResearch;
RRID:AB_2313584) fluorescent dye-conjugated secondary antibody for
24 h at 4°C in PBS with 0.1% Triton X-100. Slices were then washed with
PBS (4� 10 min), mounted on positively charged slides (Fisher Scien-
tific), and coverslipped with PolyAquamount (Polysciences) when dry.
Modifications were made to the staining protocol for visualizing calci-
tonin gene-related peptide (CGRP) terminals surrounding CRF cells in
CRF-tdtomato mice, including an altered blocking buffer (10% normal
donkey serum), primary incubation step in CGRP primary antibody
(1:400; ab36001, Abcam; RRID:AB_725807) for 3 d at 4°C, and second-
ary amplification using donkey Cy5 anti-goat (1:400; Jackson Immu-
noResearch; RRID:AB_2340415) overnight at 4°C. For visualizing
DREADD viral injection sites, no amplification steps were used. Images
of injections sites and antibody-labeled tissue were obtained using a Zeiss
710 scanning confocal microscope and a 20�/0.75 NA lens, keeping
acquisition parameters consistent within an experiment. For cFos cell
quantification, the number of cFos� cells per dorsal BNST (dBNST) was
averaged over two coronal slices. For ChR2 injection verification (with-
out amplification), images were obtained using an Olympus SZX12 ste-
reo microscope. Images were analyzed using ImageJ software (NIH;
RRID:SCR_003070), with the same brightness and contrast settings ap-
plied across all images.
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RNA in situ hybridization
Fluorescence in situ hybridization assays were performed using the RNA-
Scope Fluorescent Multiplex Reagent Kit (Advanced Cell Diagnostics) to
visualize RNA transcripts in BNST coronal sections. Probes used include
Mm-Crh-C1, Mm-Fos-C2, and Mm-Prkcd-C3. Mice were put under
isoflurane anesthesia and brains were quickly extracted, submerged in
ice-cold, oxygenated (95% O2/5% CO2) artificial CSF (ACSF) containing
the following (in mM[SCAP]): 124 NaCl, 4.4 KCl, 2.5 CaCl2, 1.3 MgSO4, 1
NaH2PO4, 10 glucose, 26 NaHCO3, and flash-frozen in Optimal Cutting
Temperature Solution (VWR) using Super Friendly Freeze-It Spray
(Fisher Scientific). Embedded brains were stored at �80°C before being
cut on a cryostat (Leica, CM3050S). Slices (16 �m) were adhered to
charged slides (Denville Scientific) and immediately frozen with dry ice
and stored at �80°C until staining. Fixation, dehydration, hybridization,
and staining protocols for fresh frozen tissue were performed according
to ACD’s online specifications. Z-stack BNST images were obtained with
a 63�/1.4 NA oil lens on a Zeiss 710 scanning confocal microscope.
Three images were taken to cover the dorsal, medial, and lateral areas of
the dorsal BNST (bregma �0.14). Negative control images (negative
control probe: DapB) were used to determine brightness and contrast
parameters for experimental images. Max intensity projections were used
for analysis with ImageJ software (NIH). Counts were combined for the
three BNST regions and then averaged with the counts for the contralat-
eral BNST in the slice. Transcripts were identified as individual dots
within a cell, using DAPI-labeled nuclei to identify individual cells. A
blinded reviewer identified cells as positive for zero, one, two, or three of
the following transcripts: Crh, Prkcd, Fos. Negative control images were
used to determine thresholding parameters that excluded nonspecific
fluorescence.

Microinjection surgeries
Mice that were �6 weeks of age were used for viral injections studies.
Mice were anesthetized with isoflurane and injected intracranially with
AAV constructs expressing either ChR2 or DREADD as described below.
For the optical stimulation experiments, 200 –300 nl of AAV5-CaMKII�-
ChR2:YFP (University of North Carolina Viral Vector Core) was injected
at 40 nl/min into one of three regions based on coordinates from the
Franklin and Paxinos (2007) mouse brain atlas: insula (AP: 0.02, ML:
�3.66, DV: �4.30), mPFC (AP: 1,78, ML: �0.22, DV: �2.91), and PBN
(AP: �5.34, ML: �1.31, DV: �4.30; 15.03° angle). For both the restraint
stress and electrophysiological control DREADD experiments, 200 –300
nl of AAV5-hSyn-hM4D(Gi)-mCherry (Addgene) was injected at 40 nl/
min into the PBN (coordinates above). Mice were treated with 5 mg/kg of
ketoprofen once every 24 h for 48 h following surgery. Virally injected
mice were killed 6 –12 weeks after surgery for anatomical and electro-
physiological analysis.

Electrophysiology
Brain slice preparation. Brain slices containing the BNST (bregma
�0.14 – 0.26) were prepared from adult CRF-tdtomato reporter mice as
previously described (Nobis et al., 2011; Silberman et al., 2013; Flavin et
al., 2014). Briefly, mice were allowed to acclimate in their home cage for
1 h in a sound- and light-attenuating box (Med Associates). Following
acclimation, mice were anesthetized with isoflurane and brains were
quickly removed and submerged in ice-cold, oxygenated low sodium
sucrose dissecting solution (in mM: 194 sucrose, 20 NaCl, 4.4 KCl, 2
CaCl2, 1 MgCl2, 1.2 NaH2PO4, 10 glucose, 26 NaHCO3). A vibratome
(Leica) was used to prepare coronal brain slices (300 �m). Slices were
transferred to a holding chamber containing oxygenated ACSF and al-
lowed to recover for 1 h.

Whole-cell, voltage-clamp recordings. All electrophysiology recordings
were made using Clampex 9.2–10.3 and analyzed using Clampfit 10.2–
10.7 (Molecular Devices). Whole-cell, voltage-clamp recordings of
AMPA receptor-mediated EPSCs were made at �70 mV and pharmaco-
logically isolated by the addition of 25 �M picrotoxin (Tocris Bioscience)
to the ACSF (described above). Recording electrodes for electrical stim-
ulation experiments were filled with the following (in mM): 118 CsOH,
117 D-gluconic acid, 5 NaCl, 10 HEPES, 0.4 EGTA, 2 MgCl2, 5 tetraeth-
ylammonium chloride, 4 ATP, 0.3 GTP, pH 7.2–7.3, 280 –290 mOsm.

Recording electrodes for optical stimulation experiments were filled with
the folloiwng (in mM): 135 K �-gluconate, 5 NaCl, 2 MgCl2, 10 HEPES,
0.6 EGTA, 4 ATP, 0.4 GTP, pH 7.2–7.3, 280 –290 mOsm. Electrical stim-
ulation occurred for 1 ms every 30 s and a 50 ms inter-event interval was
used to assess paired-pulse ratio (PPR). Optical stimulation was under
the control of a T-Cube LED Driver (LEDD1B, Thorlabs) and passed
through an EN-GFP filter cube (Olympus) to produce blue wavelength
light. Stimulation occurred for 5 ms every 20 s. The presence of ChR2 in
each slice was confirmed via fluorescence, but viral expression was not
quantified. Instead, initial optical EPSCs (oEPSCs) were adjusted so that
all baseline oEPSCs were between 100 and 300 pA. Neutral density filters
and microscope apertures were adjusted to achieve this baseline ampli-
tude. Data are represented as average amplitude of three sweeps, with
amplitudes normalized to baseline oEPSC amplitude. For both electrical
and optical stimulation, experiments in which the access resistance
changed by �20% were not included in the data analyses. Access resis-
tance was monitored via a voltage step occurring in between each sweep.
Recordings were made using a 10 kHz sampling rate and a 4 kHz low-pass
filter.

Statistical analysis
All data are represented as mean � SEM except for when SD is used to
address within-cell variability of latency to respond to optical stimula-
tion. We used both male and female mice throughout the study. When
sex was not found to be a statistically significant variable, we have com-
bined male and female data for analysis. For the immunohistochemistry
experiments a two-way ANOVA was used to assess stress and guanfacine
effects. Post hoc analysis was performed using Tukey’s multiple-
comparisons test. For all RNA in situ experiments, two-way ANOVAs
were used to assess effect of both treatment and sex. When both factors
(or an interaction) were found to have a significant effect, Tukey’s
multiple-comparison test was used to make multiple comparisons.
When there was no significant effect of sex, Sidak’s multiple-
comparisons test was used to make comparisons within treatment
groups for each sex. For electrophysiological experiments, paired t tests
were used to assess drug effects on amplitude and PPR. Unpaired t tests
were used to compare oEPSC kinetics between insula and PBN inputs as
well as to compare the effects of CNO on EPSC amplitude in control and
hM4Di-expressing animals. Statistical analyses were performed using
GraphPad Prism 7.

Reagents
All reagents used were purchased from Millipore Sigma unless otherwise
noted in the text. For in vivo experiments, all drugs were diluted in sterile
saline (0.9% sodium chloride; Hospira). For electrophysiological exper-
iments, all drugs were diluted in diH2O to make stock solution (10 mM)
except for picrotoxin (diluted in DMSO) and norepinephrine (added
directly to ACSF).

Results
cFos expression in BNST CRF neurons is increased by
restraint stress and decreased by systemic administration of
the �2A-AR agonist guanfacine
As an index of neuronal activity in the dBNST we used immuno-
histochemistry to identify neurons expressing cFos following an
acute restraint stress (Fig. 1a). We found that cFos expression is
significantly increased after restraint stress when compared with
the control no-stress condition (Fig. 1b,c). Analysis via one-way
ANOVA shows a significant effect of time after restraint stress
(F(4,10) � 19.57, p � 0.001). Post hoc analysis with Dunnett’s
multiple-comparison test reveals that cFos is significantly in-
creased relative to the no stress control (12.9 � 4.3 cells/dBNST)
at 30 min (39.8 � 1.3 cells/dBNST, p � 0.001), 1 h (37.1 � 2.3
cells/dBNST, p � 0.001), and 2 h (25.1 � 2 cells/dBNST, p �
0.028) after restraint stress, but is no longer significantly in-
creased after 4 h (17.8 � 2.4 cells, p � 0.53).

To look specifically at restraint stress activation of CRF cells,
we used both a fluorescent in situ hybridization assay (Fig. 1e)
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and a well validated previously used CRF-tdtomato reporter
mouse (Silberman et al., 2013; Chen et al., 2015) to quantify
colocalization of cFos with dBNST CRF neurons using immuno-
histochemistry (Fig. 1f). We found similar increases in the per-

centage of cFos� CRF neurons following restraint stress in both
assays (Fig. 1d,g). For the RNA in situ assay (Fig. 1d), a two-way
ANOVA shows a significant effect of stress on the percentage of
Crh cells that express Fos (F(1,15) � 27.18, p � 0.001), but no effect

Figure 1. Restraint stress induces transient cFos expression in BNST CRF neurons in an �2A-AR sensitive manner. a, Schematic showing timeline of animal injection, restraint stress, and in situ
hybridization/immunohistochemistry assays, along with image of coronal section with the dBNST highlighted (purple) to denote region used for analysis throughout. b, Representative images of
cFos labeling in the dBNST showing control, 30 min, 1 h, 2 h, and 4 h � SEM time points after restraint stress. Scale bar, 100 �m. c, Summary data showing the mean � SEM number of cFos-labeled
cells in dBNST sections from control conditions or at various time points following a 1 h restraint stress. n � 3 male mice/group. *Indicates significant difference from control conditions (***p �
0.001, *p � 0.05). d, Summary bar graph showing the percentage of Crh neurons that express Fos 30 min after restraint stress in male and female mice. Males: no stress n � 5, stress n � 5; Females:
no stress n � 5, stress n � 4. *Indicates significant difference between stress conditions (*p � 0.05, **p � 0.01). e, Example image of RNA in situ assay (gray, DAPI-labeled nuclei; magenta, Crh
transcripts; cyan, Fos transcripts). Boxes provide magnified examples of cells expressing one or both transcripts (magenta, Crh; brown, Crh/Fos; cyan, Fos). f, Representative fluorescent immuno-
histochemical images of merged cFos (green) and CRF (red) labeling in the dBNST 30 min after restraint stress for no stress/saline, no stress/guanfacine, stress/saline, and stress/guanfacine
conditions. Scale bar, 100 �m. g, Summary bar graph showing the mean � SEM percentage of cFos� CRF neurons 30 min after restraint stress for the following conditions: no stress/saline (n �
9; 6 male/3 female), no stress/guanfacine (n � 6; 4 male/2 female), stress/saline (n � 8; 5 male/3 female), stress/guanfacine (n � 9; 4 male/5 female). *Indicates significant difference compared
with each other group (*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001).
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of sex (F(1,15) � 0.57, p � 0.462) and no interaction between the
variables (F(1,15) � 0.57, p � 0.46). Sidak’s multiple-comparisons
test shows a significant increase in Fos� Crh neurons in both
males (no stress: 13.7 � 2.4%; stress: 28.1 � 3.6%; p � 0.011) and
females (no stress: 13.7 � 2.1%; stress: 33.0 � 4.8%; p � 0.002).

Previous work has shown that administration of �2A-AR
agonists systemically, or directly into the BNST, can inhibit
CRF-dependent behaviors such as drug withdrawal-related
phenotypes and stress-induced reinstatement of drug seeking
behavior (Shaham et al., 2000; Wang et al., 2001; Mantsch et al.,
2010). Further, �2A-AR activation in the BNST is able to decrease
excitatory drive (Shields et al., 2009; Flavin et al., 2014). Thus, we
wanted to assess the impact the �2A-AR agonist guanfacine (1
mg/kg) on the activity of CRF neurons (Fig. 1f,g). A two-way
ANOVA showed a significant effect of guanfacine (F(1,28) �
17.71, p � 0.0002) and stress (F(1,28) � 22.94, p � 0.0001), but no
significant interaction (F(1,28) � 0.20, p � 0.657). A post hoc
analysis using Tukey’s multiple-comparisons test shows a signif-
icant increase in cFos� CRF neurons following restraint stress
(no stress, saline: 10.5 � 3.2%; stress, saline: 24.1 � 2.8%; p �
0.003). Treatment with guanfacine before restraint stress results
in a significantly lower percentage of cFos� CRF neurons com-
pared with saline-treated stress animals (stress, guanfacine:
12.0 � 1.9%; p � 0.009). Additionally, treatment with guanfacine
in the no stress condition significantly decreased cFos� CRF
neurons compared with the guanfacine/stress condition (no
stress, guanfacine: 0.7 � 0.3%; p � 0.030). Together these data
show that acute restraint stress results in transient cFos activation
in CRF neurons, and that cFos expression in CRF neurons can be
reduced by treatment with guanfacine.

Norepinephrine inhibits glutamatergic transmission onto
CRF neurons via �-AR activation
In previous studies, we and others have found that activation of
noradrenergic receptors can regulate excitatory drive in uniden-
tified neuronal populations in the dorsal BNST (Krawczyk et al.,
2011; Nobis et al., 2011; Flavin et al., 2014). To better understand
the interaction between NE signaling and BNST CRF neuron
activation, we examined the actions of NE and agonists for both
�- and �-ARs in modulating excitatory drive onto CRF neurons
in ex vivo BNST slices. We recorded from tdtomato� neurons in
the BNST of CRF reporter mice and evoked glutamatergic EPSCs
by electrical stimulation in the presence of picrotoxin. A paired t
test shows that 10 min bath application of 1 �M NE significantly
inhibited EPSC amplitude (�42.5 � 8.7% change from baseline,
p � 0.008; Fig. 2a) without significantly altering the PPR of the
EPSCs (�8.3 � 9.8% change from baseline, p � 0.44). To further
dissect NE signaling, we then repeated the electrical stimulation
experiment using agonists for �1-, �2A-, and �-ARs (Fig. 2b–d). A
paired t test shows that, similar to NE, bath application of 100 �M

methoxamine (�1-AR agonist) significantly inhibits EPSC ampli-
tude (�26.0 � 7.3% change from baseline, p � 0.10; Fig. 2b)
without significantly altering PPR (�1.5 � 5.3% change from
baseline, p � 0.56). A paired t test shows that bath application of
1 �M guanfacine (�2A-AR agonist) also significantly inhibited
EPSC amplitude (�60.5 � 4.7% change from baseline, p �
0.0001; Fig. 2c), while also significantly increasing PPR (�32.7 �
5.7% change from baseline, p � 0.001). Finally, a paired t test
shows that bath application of 3 �M isoproterenol (�-AR agonist)
significantly increases EPSC amplitude (�28.8 � 7.2% change
from baseline, p � 0.007; Fig. 2d) without altering PPR (�6.7 �
5.0% change from baseline, p � 0.15).

Based on the ability of systemic guanfacine to decrease stress-
induced cFos in CRF cells in our previous experiments, we fur-
ther focused on the actions of �2A-AR signaling using the
antagonist atipamezole (1 �M). Ex vivo BNST slices were pre-
treated with atipamezole before bath application of 1 �M NE,
with the antagonist remaining in the bath for the duration of the
experiment. The time course shown in Figure 2f demonstrates
that atipamezole is able to block the effects of NE on excitatory
drive. A paired t test shows that in the presence of atipamezole,
bath application of 1 �M NE no longer significantly inhibits EPSC
amplitude (�21.3 � 11.7% change from baseline, p � 0.143; Fig.
2g) and PPR remains unaltered (�1.1 � 6.4% change from base-
line, p � 0.940).

Input-specific NE action on excitatory control of BNST
CRF neurons
We next used ex vivo channelrhodopsin assisted circuit mapping
to begin to determine regions that provide excitatory input to
BNST CRF neurons, examining the PBN and insular cortex (Mc-
Donald et al., 1999; Dobolyi et al., 2005). AAV5-CaMKII�-ChR2-
YFP was stereotaxically injected into the region of interest in CRF
reporter mice (Fig. 3a) and allowed to express for at minimum 6
weeks before preparing slices for electrophysiology. After verify-
ing ChR2 expression in terminals in the BNST via visual inspec-
tion, we recorded from tdtomato� neurons in the BNST and
used full-field blue-light stimulation to evoke oEPSCs in the pres-
ence of picrotoxin. For each cell recorded from, we noted the
presence or absence of an oEPSC, and in the case of cells that
responded, continued to stimulate every 20 s for 10 min to allow
for response kinetics analysis. The PBN and insula exhibited dif-
ferent response profiles (Fig. 3b): insular cortex afferent stimula-
tion led to a reliable response in CRF neurons (87% of cells
responded, 20/23 cells), whereas PBN afferent stimulation re-
sulted in an intermediate phenotype (50% of cells responded,
14/28 cells). Immunohistochemistry staining of CGRP in the
BNST as a marker for the PBN input (Shimada et al., 1989) pro-
vides further anatomical support of this intermediate phenotype,
as some but not all CRF cell somas are surrounded by CGRP�
terminals (Fig. 3c).

Having identified the insular cortex and PBN as providing
excitatory input to BNST CRF neurons, we next analyzed the
response kinetics of recorded oEPSCs from these inputs (Fig.
3d). Unpaired t tests show that oEPSCs resulting from insula
terminal stimulation compared with PBN terminal stimula-
tion have a significantly greater latency to peak following op-
tical stimulation (PBN: 11.51 � 0.96 ms; insula: 15.25 � 1.04
ms; p � 0.03), while showing less variability in latency to
respond between sweeps within a cell (PBN: SD � 1.84 ms;
insula: SD � 1.03 ms). Additionally, the decay time of insular
input oEPSCs was significantly longer (PBN: 11.63 � 1.99 ms;
insula: 18.73 � 1.79 ms; p � 0.023). Rise time was not signif-
icantly different between the two (PBN: 3.8 � 0.7 ms; insula:
4.57 � 0.43 ms; p � 0.342).

Next, we determined whether NE could modulate these
inputs as seen in the electrical stimulation experiments. The
same optical stimulation set-up was used as described for the
mapping experiments, but now AR agonists were bath applied
during stimulation (Fig. 3e,f ). A paired t test (Fig. 3h) shows
that 20 min bath application of 1 �M NE significantly inhibits
oEPSC amplitude when stimulating PBN afferents (�44.3 �
9.4% change from baseline, p � 0.018), whereas not altering
oEPSC amplitude during insular stimulation (�4.2 � 3.7%
change from baseline, p � 0.341). This demonstrates that al-
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though both regions send glutamatergic inputs to BNST CRF
neurons, only the PBN input is sensitive to regulation by NE.
Having shown the effects of NE in the electrical stimulation
experiments to be mediated by �2A-AR signaling, we also
tested the effect of guanfacine on PBN afferent stimulation-
evoked oEPSCs (Fig. 3g). A paired t test (Fig. 3h) shows that 20
min bath application of 1 �M guanfacine significantly reduces
oEPSC amplitude similar to NE application (�40.0 � 11.5%
change from baseline, p � 0.026). This provides further sup-
port for the role of �2A-AR signaling in mediating CRF neu-
ronal activity in the BNST.

Activation of PBN hM4Di blunts stress-induced Fos
Having identified the PBN as a guanfacine-sensitive glutamater-
gic input to BNST CRF neurons, we next wanted to determine
whether manipulating the activity of this input could alter the
restraint stress-induced Fos response in a manner similar to sys-
temic guanfacine administration. To do this we used a chemoge-
netic strategy through the use of the hM4Di DREADD, which
couples to Gi-signaling as the �2A-AR does to mimic activa-
tion of the �2A-AR by guanfacine. AAV5-hSyn-HA-hM4D(Gi)-
mCherry was stereotaxically injected bilaterally into the PBN and
given at least 3 weeks for expression to occur (Fig. 4d). To verify

Figure 2. NE regulation of excitatory drive onto CRF neurons is mediated by �-AR signaling and can be blocked by the of �2A-AR antagonist atipamezole. a–d, Bar graphs summarizing the effects
of AR agonists on EPSC amplitude (left) and PPR (right) in BNST CRF neurons. a, Effects of NE (n � 5 cells, N � 3 male mice). b, Effects of �1-AR agonist methoxamine (Methox; n � 8 cells, 4 male
mice). c, Effects of �2A-AR agonist guanfacine (Guan; n � 5 cells, N � 3 male mice). d, Effects of �-AR agonist isoproterenol (Iso; n � 6 cells, N � 3 male mice) *Indicates significant difference
compared with baseline (*p � 0.05). e, Representative EPSC traces before (black) and after (red) AR agonist application. f, Time course showing effects of pretreatment with �2A-AR antagonist
atipamezole on NE modulation of EPSC amplitude in BNST CRF neurons, graphed as a �SEM. g, Bar graph comparing EPSC amplitude during atipamezole pretreatment before and after NE
application (n � 7 cells, N � 1 male, 3 female mice).
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Figure 3. BNST CRF neurons receive kinetically distinct excitatory input from both the insular cortex and PBN, but the PBN input can be regulated by both NE and guanfacine. a, Illustrated mouse
indicating that for Figure 3, CRF-tdtomato reporter mice were stereotaxically injected with AAV5-CaMKII�-ChR2:YFP, along with example stereo microscope images of injection sites for insular
cortex and PBN. b, Summary of percentage of BNST CRF cells that respond to insula or PBN activation. c, Representative image of CGRP labeling (purple; marking PBN input) around BNST CRF neurons
(red) demonstrating CRF cells surrounded by CGRP (white arrow; white box: magnified image of cell) and CRF cells without PBN input (yellow arrow; yellow box: magnified image of cell). Scale bar,
50 �m. d, Bar graphs comparing oEPSC kinetics between PBN (n � 6 cells, female mice) and insula (n � 10 cells, female mice) stimulation. Top left, Latency to oEPSC peak (ms). Top right,
Representative oEPSC traces from insula (red) and PBN (black). Bottom left, Rise time (10 –90%) of oEPSC (ms). Bottom right, Decay time (90 –10%) of oEPSC (ms). *Indicates significant difference
using unpaired t test (*p � 0.05). e, f, Summary graphs showing effect of NE on oEPSC amplitude, graphed as percentage of baseline, for PBN stimulation (d; n � 4, N � 3 female mice) and insula
stimulation (e; n � 4, N � 4 female mice). Inset, Representative oEPSC traces before (black) and after (red) NE application. g, Summary graph showing effect of guanfacine on oEPSC amplitude,
graphed as percentage of baseline, for PBN stimulation (n � 5, 2 male mice, N � 2 female mice). Inset, Representative oEPSC traces before (black) and after (red) guanfacine application. h–j, Bar
graphs comparing average oEPSC amplitude, graphed as percentage of baseline, 5 min before and after drug wash-on. *Indicates significant difference using paired t test (*p � 0.05). All data are
represented as mean � SEM.
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activity, we recorded from tdtomato� neurons in ex vivo slices
containing the BNST while using electrical stimulation in the
presence of picrotoxin to evoke EPSCs. We found that 10 min
bath application of 10 �M CNO was able to reduce EPSC ampli-
tude only in hM4Di injected animals (Fig. 4e–g). An unpaired
t test comparing cells from control animals to cells from hM4Di-
injected animals showed a significant decrease in EPSC ampli-
tude in hM4Di animals during the last 5 min of CNO application
(�25.5 � 7.3% change from baseline, p � 0.007). A separate
cohort of hM4Di-injected mice then underwent the same re-
straint stress paradigm as before, receiving an intraperitoneal in-
jection of CNO (3 mg/kg) 30 min before the stressor (Fig. 4a).
Using fluorescent in situ hybridization, we found that activation
of the hM4Di DREADD significantly alters stress-induced Fos
(Fig. 4b). A two-way ANOVA shows a significant effect of treat-
ment (F(2,23) � 11.76, p � 0.001), but no effect of sex (F(1,23) �
0.73, p � 0.401) and no interaction (F(2,23) � 1.01, p � 0.380). As
there was no significant effect of sex, we have presented the male
and female data combined (Fig. 4b). A one-way ANOVA reveals a
significant effect of treatment (F(2,26) � 21.38, p � 0.0001). Post
hoc analysis using Sidak’s multiple-comparisons test reveals a
significant difference in percentage of Fos� Crh cells between the
stress/saline and stress/CNO mice (stress/saline: 31.4 � 2.5%;
stress/CNO: 19.2 � 2.9%; p � 0.0047).

To rule out potential off-target actions of CNO, in a control
experiment we assessed the effects of CNO alone without expres-
sion of the hM4Di DREADD on restraint stress-induced cFos
expression in BNST CRF neurons (Fig. 4c). An unpaired t test
found no change in the percentage of cFos� CRF neurons across
stress/saline and stress/CNO treatment (stress/saline: 28.3 �
3.6%; stress/CNO: 27.4 � 4.9%; p � 0.878). Together, these data
show that activation of PBN-expressed hM4Di DREADD can
mimic actions of guanfacine by decreasing stress-induced Fos
activation in Crh cells.

Further definition of postsynaptic cell identity using Prkcd
reveals a stress-sensitive increase in Prkcd/Crh coexpression
in female mice
Based on knowledge of PKC� neurons opposing actions to CRF
cells in the fear response in the CeA (Haubensak et al., 2010; Asok
et al., 2018), we hypothesized that PKC� could similarly be an
important marker in the BNST, and included Prkcd transcript
analysis in our in situ hybridization assays (Fig. 5b). These studies
revealed an interesting stress-sensitive sex difference. Following
restraint stress, we observe a female-specific increase in the per-
centage of Crh neurons coexpressing Prkcd (Fig. 5a). Analysis by
two-way ANOVA results in a significant effect of both stress
(F(1,15) � 18.07, p � 0.001) and sex (F(1,15) � 6.89, p � 0.019), as

Figure 4. Activation of PBN-expressed Gi-coupled DREADD hM4Di blunts stress-induced Fos activation in Crh cells. a, Schematic showing timeline of animal injection, restraint stress, and RNA in
situ hybridization assay. b, Summary bar graph showing effect of CNO injection on percentage of Crh cells that express Fos 30 min after restraint stress (n � 10 mice/group, 5 male/5 female;
exception: no stress/saline n � 9). *Indicates significant difference between treatment groups (**p � 0.01, ****p � 0.0001). c, Bar graph summarizing results of control immunohistochemistry
experiment showing effect of CNO injection on male C57 mice (saline: n � 4; CNO: n � 3) with no hM4Di DREADD expression. d, Example confocal image showing AAV5-hSyn-hM4D(Gi)-mCherry
PBN injection site. Scale bar, 100 �m. scp, Superior cerebellar peduncle; CB, cerebellum. e, Time course of CNO application on EPSC amplitude in BNST CRF cells, graphed as percentage of baseline,
comparing control mice (n � 8 cells, N � 2 male, 2 female mice) and PBN hM4Di-expressing mice (n � 7 cells, N � 1 male, 1 female mouse). f, Representative EPSC traces before (black) and after
(red) CNO application in mice expressing PBN-hM4Di. g, Summary bar graph showing average EPSC amplitude as a percentage of baseline during last 5 min of CNO application. *Indicates significant
difference between control and hM4Di groups using unpaired t test (**p � 0.01). All data are represented as mean � SEM.
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Figure 5. RNA in situ assay reveals a female-specific stress-induced increase in Prkcd/Crh coexpression that can be altered by ovariectomy. a, Summary bar graph showing the percentage of Crh neurons that
express Fos 30 min after restraint stress in male and female mice. *Indicates significant difference compared with each other group (**p � 0.01, ***p � 0.001). b, Example image of RNA in situ assay (gray,
DAPI-labeled nuclei; magenta, Crh transcripts; yellow, Prkcd transcripts; cyan, Fos transcripts). Boxes provide magnified examples of cells expressing multiple transcripts (maroon, Crh/Fos; orange, Crh/Prkcd;
green, Prkcd/Fos; blue, Crh/Prkcd/Fos). c, Summary bar graph showing the number of Crh-expressing cells 30 min after restraint stress in male and female mice. d, Summary bar graph showing the number of
Prkcd-expressing cells 30 min after restraint stress in male and female mice. *Indicates significant difference between stress conditions (*p�0.05). e, Summary bar graph showing the percentage of colocalized
Crh/Prkcd cells that express Fos 30 min after restraint stress in male and female mice. *Indicates significant difference between stress conditions (*p � 0.05). f, Summary bar graph showing the percentage of
Crh cells (lacking Prkcd) that express Fos 30 min after restraint stress in male and female mice. *Indicates significant difference between stress conditions (**p�0.01, ***p�0.001). a–f, Males: no stress n�
5, stress n �5; Females: no stress n �5, stress n �4. g, Summary bar graph showing effect of CNO injection on percentage of Crh cells that express Prkcd 30 min after restraint stress in male and female mice
(n�5/mice per group; exception: female, no stress/saline n�4). h, i, Summary bar graphs showing effect of ovariectomy on percentage of Crh cells that express Fos (h) or Prkcd (i) 30 min after restraint stress
in female mice (n � 5 mice/group). *Indicates significant difference between stress conditions (**p � 0.01, *p � 0.05). All data are represented as mean � SEM.
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well as a significant interaction (F(1,15) � 16.43, p � 0.001). Post
hoc analysis using Tukey’s multiple-comparisons test shows a
significant increase in the percentage of Crh cells expressing Prkcd
following stress in females (no stress: 22.3 � 2.5%; stress: 49.3 �
3.7%; p � 0.001), but no difference in males (no stress: 27 �
4.4%; stress: 27.6 � 1.8%; p � 0.99). This results in a significant
difference between males and females following restraint stress
(p � 0.002). To determine whether the coexpression of Crh and
Prkcd in females after stress was because of an increase in Crh
neurons or an increase in Prkcd neurons we looked at the overall
number of neurons expressing these transcripts in the dBNST
(Fig. 5c,d). A two-way ANOVA shows that Crh cell number re-
mained unchanged throughout the experiment with no main
effect of either stress (F(1,15) � 0.24, p � 0.629) or sex (F(1,15) �
0.13, p � 0.724), and no interaction (F(1,15) � 0.30, p � 0.589).
Conversely, total Prkcd cell number did not remain constant, as a
two-way ANOVA reveals a significant interaction between stress
and sex (F(1,15) � 6.68, p � 0.021), but no main effect of either
alone (sex: F(1,15) � 0.01, p � 0.920; stress: F(1,15) � 3.70, p �
0.073). Post hoc analysis with Tukey’s multiple-comparisons test
shows a significant increase in the number of Prkcd expressing
cells in females following stress (no stress: 204 � 19.2 cells; stress
405 � 55.7 cells; p � 0.033), but not in males (no stress: 314.6 �
61 cells; stress 285.2 � 32.6 cells; p � 0.962). This suggests that
Prkcd is being upregulated in Crh-expressing neurons and not
vice versa.

To examine restraint stress activation of this newly identified
neuronal population coexpressing Crh/Prkcd, we also looked at
the presence of Fos transcripts in these neurons (Fig. 5e). When
analyzing the percentage of Crh/Prkcd cells that contain Fos, a
two-way ANOVA reveals a significant effect of stress (F(1,15) �
7.41, p � 0.016), but no effect of sex (F(1,15) � 0.02, p � 0.889)
and no interaction (F(1,15) � 0.93, p � 0.353). Sidak’s multiple-
comparisons test shows a significant increase in Fos� Crh/Prkcd
cells following stress in females (no stress: 17.7 � 2.9%; stress:
34.7 � 6.0%; p � 0.046), with no change in males (no stress:
21.5 � 3.5%; stress: 29.6 � 5.8%; p � 0.389). However, this
Crh/Prkcd population in females only accounts for approxi-
mately one-half of the Crh cells, thus we also quantified Fos tran-
scripts in Crh neurons that do not coexpress Prkcd (Fig. 5f). A
two-way ANOVA shows a significant effect of stress (F(1,15) �
39.99, p � 0.0001) on the percentage of Fos� Crh (Prkcd-) cells,
but no effect of sex (F(1,15) � 0.69, p � 0.418) and no interaction
(F(1,15) � 0.18, p � 0.675). Post hoc analysis using Sidak’s
multiple-comparisons tests show a significant increase in Fos�
Crh (Prkcd-) cells following stress in both males (no stress: 11.1 �
1.6%; stress: 27.8 � 3.1%; p � 0.001) and females (no stress:
12.3 � 2.3%; stress: 31.4 � 4.2%; p � 0.001).

PBN hM4Di-dependent suppression of BNST CRF neuron
Fos response is mechanistically distinct from the female-
specific increase in Crh/Prkcd colocalization following stress
We next wanted to determine whether the stress-related increase
in Prkcd/Crh in females could be blocked by PBN hM4Di activa-
tion. Unlike the decreased Fos response in Figure 4, hM4Di
DREADD activation did not change the increase in coexpression
of Prkcd/Crh in female mice after stress (Fig. 5g). A two-way
ANOVA shows a significant effect of sex (F(1,23) � 5.60, p �
0.027), but no effect of treatment (F(2,23) � 0.69, p � 0.512) and
no interaction (F(2,23) � 2.87, p � 0.077). Tukey’s multiple-
comparisons test shows that there is no significant difference in
percentage of Prkcd� Crh cells between the stress/saline and
stress/CNO mice in females (stress/saline: 37.1 � 4.6%; stress/

CNO: 35.8 � 6.3%; p � 0.973). This suggests that while the
increase in Crh/Prkcd colocalization in females is an interesting
observation, it is mechanistically separate from effects observed
following PBN hM4Di activation.

Stress-induced Fos activation of Crh cells and upregulation of
Crh/Prkcd coexpression are both altered in ovariectomized
mice
Finally, to begin to investigate a potential role for hormonal sig-
naling related to the estrous cycle in BNST CRF neuron stress
responsivity, we used ovariectomized (ovx) mice in our restraint
stress paradigm. RNA in situ hybridization analysis shows that
ovariectomy substantially reduces stress-induced Fos expression
in dBNST Crh cells (Fig. 5h). A two-way ANOVA reveals a sig-
nificant effect of both ovariectomy surgery (F(1,16) � 5.53, p �
0.032) and stress (F(1,16) � 10.53, p � 0.005), but no significant
interaction (F(1,16) � 3.41, p � 0.083). Tukey’s multiple-
comparison test shows that although stress still increases the per-
centage of Fos� Crh cells in mice receiving a control sham
surgery (no stress: 7.2 � 1.8%; stress: 27.3 � 6.8%; p � 0.012),
those that underwent ovariectomy surgery no longer show a
stress-induced Fos response in Crh cells (no stress: 5.2 � 1.6%;
stress 10.7 � 3.1%; p � 0.758). Additionally, when analyzing
Prkcd, we see that the stress-induced increase in Crh/Prkcd coex-
pression is also blocked in ovariectomized mice (Fig. 5i). Statis-
tical analysis using two-way ANOVA shows a significant effect of
ovariectomy surgery (F(1,16) � 11.71, p � 0.003), but no signifi-
cant effect of stress (F(1,16) � 1.86, p � 0.192). However, there is
a significant interaction between the variables (F(1,16) � 7.93, p �
0.012). Post hoc, Tukey’s multiple-comparisons show that mice
that underwent sham surgery have a significant increase in Crh/
Prkcd coexpression following stress (no stress: 21.6 � 5.2%;
stress: 37.6 � 3.9%; p � 0.042). Conversely, ovariectomized mice
no longer show a significant increase in Crh/Prkcd coexpressing
cells (no stress: 19.3 � 3.6%; stress: 13.7 � 1.8%; p � 0.736).
These results provide evidence for the involvement of sex hor-
mones in the signaling pathways involved in the stress response of
BNST CRF neurons.

Discussion
We find that restraint stress increases cFos expression in BNST
CRF neurons, and that systemic administration of the clinically
well tolerated drug guanfacine, an �2A-AR agonist, reduces their
activity. Using ex vivo electrophysiology, we demonstrated that
NE inhibits excitatory input to these cells via �2-AR activation,
but that agonists for each class of AR produces modulation of
excitatory drive, suggesting likely state-dependent actions in vivo.
Ex vivo channelrhodopsin-assisted mapping identified the insu-
lar cortex and PBN as glutamatergic inputs to CRF cells, but only
the PBN was sensitive to NE and guanfacine modulation. Fur-
ther, CNO activation of PBN-expressed Gi-coupled DREADDs
(hM4Di) was able to mimic actions of guanfacine by decreasing
stress-induced Fos in Crh neurons. Finally, defining BNST cell
populations using Prkcd uncovered a unique population of BNST
Crh neurons in female mice.

Stress-induced activation of BNST CRF neurons
Anxiogenic stimuli have been shown to induce cFos expression in
CRF neurons throughout the BNST in both mice and rats (Butler
et al., 2016; Lin et al., 2018) suggesting that, despite known ana-
tomical differences in the CRF systems of rodents (Daniel et al.,
2017), increased CRF activation in the BNST following aversive
stimuli may be an important conserved signal. We found both
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males and females exhibited increased cFos� CRF neurons in
response to stress and both were sensitive to regulation by sys-
temic guanfacine administration. Interestingly, guanfacine was
able to alter cFos expression in the no stress condition, showing
that guanfacine actions do not require stress activation of these
neurons. Substantial evidence has demonstrated sex differences
within the CRF system, both at the level of the HPA axis and at
extrahypothalamic sites (Bangasser and Valentino, 2014). In rats,
females have been shown to have higher numbers of CRF cells in
the vBNST, as well as increased colocalization with Fos following
stress (Babb et al., 2013). While our study did not reveal sex
differences in restraint stress-induced Crh/Fos colocalization in
dBNST neurons, we did find that this response could be
blocked in ovariectomized females, providing further evi-
dence that hormonal signaling is an important aspect of BNST
stress responsivity.

Norepinephrine modulation of excitatory drive onto
CRF neurons
Our experiments provide insight into the specific mechanisms
underlying systemic guanfacine regulation of stress-induced cFos
expression in BNST CRF neurons. Stress has been shown to in-
crease NE signaling within the BNST (Pacak et al., 1995) and
previous work has shown that isoproterenol, a �-AR agonist, can
increase glutamatergic transmission in the BNST via a CRF
receptor-dependent mechanism and can depolarize BNST CRF
neurons (Nobis et al., 2011; Silberman et al., 2013). We showed
that isoproterenol can increase glutamatergic drive onto CRF
neurons, likely through postsynaptic actions. Conversely, the
stimulation of �-ARs works in opposition to regulate CRF neu-
ron activity. Although NE and methoxamine did not alter PPR,
guanfacine was able to alter this ratio, suggesting that NE can
potentially regulate excitatory input postsynaptically by actions
of �1-ARs as well as presynaptically by �2a-ARs located on gluta-
matergic terminals presynaptic to CRF cells. Specifically blocking
�2-ARs with atipamezole completely inhibited the actions of NE
and in some cells uncovered possible NE actions at �-ARs. A
trend toward a similar phenomenon was recently reported in a
population of vBNST neurons as well (Gungor et al., 2018). These
results, in combination with the systemic effects of guanfacine
administration, suggest that the balance between NE activation of
�- and �-ARs may be key in controlling the response of CRF
neurons to stress. These results led us to focus on �2-AR signal-
ing, but future studies are needed to tease apart the contribution
of �1-AR and �-AR signaling in regulating CRF neurons.

We identified two excitatory inputs to CRF neurons using
optogenetic stimulation: the insula and the PBN. We observed
differential oEPSC kinetics from the insula and PBN stimula-
tions. The slower kinetics of the insular input could suggest an
axo-dendritic synapse, whereas the faster PBN kinetics and
CGRP immunohistochemistry findings agree with known axo-
somatic connections in the BNST (Shimada et al., 1989; Dobolyi
et al., 2005). While overall the kinetics observed are slower than
those seen with electrical stimulation, the same optical stimula-
tion protocol was used for both inputs, allowing for direct
comparison.

We found that NE and guanfacine could inhibit the PBN in-
put, while the insula input was insensitive. This finding is similar
to previous work showing that the PBN input to unidentified
BNST neurons can be inhibited by guanfacine, while the basolat-
eral amygdala input was insensitive (Flavin et al., 2014). This
suggests that the actions of NE on CRF cells are at least in part
working through �2A-ARs on PBN terminals presynaptic to CRF

cells. Previous studies in the CeA have suggested that �2A-ARs
decrease PBN release probability by directly interacting with the
release machinery (Delaney et al., 2007). The input selectivity of
NE regulation demonstrates that targeting this system produces
highly specific tailoring of excitatory drive to the BNST.

Modulation of PBN activity using the Gi-coupled
DREADD hM4Di
Having identified the PBN as a guanfacine-sensitive input to
BNST CRF neurons, we further explored the regulation of this
input in BNST stress responses, particularly given recent findings
that the PBN encodes danger signals (Campos et al., 2018). We
showed that activation of the Gi-coupled DREADD hM4Di in
PBN neurons could mimic actions of guanfacine by decreasing
stress-induced Fos in Crh neurons. Similar to the effect observed
with guanfacine, our PBN manipulation was effective in blocking
the CRF neuron stress response. However, �2A-ARs are expressed
in multiple compartments throughout the BNST and not just at
PBN terminals (Flavin et al., 2014). Although we have shown the
insular input to be insensitive to NE, guanfacine could be inhib-
iting other glutamatergic inputs to the BNST. For example, the
paraventricular thalamus has been implicated in extended
amygdala fear circuitry (Myers et al., 2014; Penzo et al., 2015).
Additionally, there are other modulatory systems recruited by
stress that may contribute to activation. Serotonin is known to
play a role in promoting anxiety and can activate CRF neurons
(Marcinkiewcz et al., 2016). Dynorphin actions at � opioid recep-
tors have been shown to inhibit anxiolytic circuitry in the BNST
(Crowley et al., 2016). Alternatively, decreases in neuropeptide Y
signaling following stress could increase CRF neuron activation
(Pleil et al., 2015). Better understanding differences in guanfacine
actions at specific inputs and cellular compartments will aid in
developing more effective drugs targeting the norepinephrine
system.

A unique population of BNST CRF neurons in females
Although using PKC� as a marker to further dissect the hetero-
geneous BNST did not explain the sex-specific response to acti-
vation of PBN-expressed hM4Di, it did uncover an additional sex
difference in the BNST stress response. We found that expression
of Crh and Prkcd desegregated in females after stress. As this
coexpressing population of neurons also show a stress-induced
Fos response, it is possible that this population marks a uniquely
stress-sensitive population of neurons in the female. Prkcd has an
estrogen response element and can be regulated by estrogen sig-
naling in other systems (Shanmugam et al., 1999). The ability of
ovariectomy to block this increase in coexpression supports the
role of estrogen in this response. Additionally, PKC� signaling
has been linked to neuroinflammatory responses, which can be
activated by stress (Ghayur et al., 1996; Anantharam et al., 2002),
making this newfound population of neurons in the female
BNST an interesting target for future studies.

Together, our results have led us to propose a model by which
activation of �2A-AR signaling in the BNST can decrease activa-
tion of BNST CRF neurons. While stress increases NE release that
can act at many different receptor subclasses throughout the
BNST, specifically targeting �2A-ARs located on PBN terminals
presynaptic to CRF cells can decrease activation of these cells. In
conclusion, these findings provide a framework for understand-
ing how the interaction between NE and glutamatergic signaling
can modulate stress responsivity of BNST CRF neurons. We have
identified both molecular and circuit-specific targets for address-
ing the pathophysiology underlying stress-related psychiatric
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disorders. Additionally, we have uncovered a female-specific
stress-sensitive population of neurons in the BNST, providing
further evidence of mechanistic differences in the stress response
between males and females. Future studies will further dissect the
input specificity of this stress response, while continuing to focus
on sex differences within the system to better identify targets for
manipulating this stress circuitry.
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