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A Corticotropin Releasing Factor Network in the Extended
Amygdala for Anxiety
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The central amygdala (CeA) is important for fear responses to discrete cues. Recent findings indicate that the CeA also contributes to
states of sustained apprehension that characterize anxiety, although little is known about the neural circuitry involved. The stress
neuropeptide corticotropin releasing factor (CRF) is anxiogenic and is produced by subpopulations of neurons in the lateral CeA and the
dorsolateral bed nucleus of the stria terminalis (dIBST). Here we investigated the function of these CRF neurons in stress-induced anxiety
using chemogenetics in male rats that express Cre recombinase from a Crh promoter. Anxiety-like behavior was mediated by CRF
projections from the CeA to the dIBST and depended on activation of CRF1 receptors and CRF neurons within the dIBST. Our findings
identify a CRF ““*—~CRF ™" circuit for generating anxiety-like behavior and provide mechanistic support for recent human and primate

data suggesting that the CeA and BST act together to generate states of anxiety.

Key words: amygdala; anxiety; bed nucleus of the stria terminals; chemogenetics; corticotropin releasing factor

(s

ignificance Statement

Anxiety is a negative emotional state critical to survival, but persistent, exaggerated apprehension causes substantial morbidity.
Identifying brain regions and neurotransmitter systems that drive anxiety can help in developing effective treatment. Much
evidence in rodents indicates that neurons in the bed nucleus of the stria terminalis (BST) generate anxiety-like behaviors, but
more recent findings also implicate neurons of the CeA. The neuronal subpopulations and circuitry that generate anxiety are
currently subjects of intense investigation. Here we show that CeA neurons that release the stress neuropeptide corticotropin-
releasing factor (CRF) drive anxiety-like behaviors in rats via a pathway to dorsal BST that activates local BST CRF neurons. Thus,
our findings identify a CeA—BST CRF neuropeptide circuit that generates anxiety-like behavior.
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Introduction

Threatening environments evoke fear and anxiety, which are two
ethologically different defensive behavioral responses that are
driven by conserved brain circuits and promote survival (Pank-
sepp, 2011; LeDoux and Brown, 2017). Fear responses are acute
and generated when animals are presented with an imminent
threat or a cue that predicts the threat. In contrast, environments
providing ambiguous or diffuse cues for threat prediction pro-
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mote a sustained state of avoidance, apprehension, and risk-
assessment (i.e., anxiety). Both of these behavioral profiles are
adaptive and essential to survival, yet exaggerated and persistent
fear and anxiety reactions can be maladaptive and hinder sur-
vival. Unfortunately, anxiety disorders are prevalent psychiatric
conditions that cause substantial morbidity worldwide (Baxter et
al., 2013).

The neuronal circuitry underlying fear has been extensively
studied and the amygdala has emerged as a critical component.
The circuits governing anxiety are less understood but were orig-
inally considered to be independent of the amygdala. An influen-
tial conceptual framework that emerged from early lesion and
inactivation studies proposed that the central amygdala (CeA)
mediates fear responses to discrete threats, while the bed nucleus
of the stria terminalis (BST), a forebrain structure with strong
connections to the amygdala (together referred to as the extended
amygdala), mediates states of anxiety (Walker et al., 2003). How-
ever, with the advent of new tools allowing access to genetically
defined neuronal populations, recent work has demonstrated the
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CeA as a potent driver of anxiety-like behavior in mice (Botta et
al., 2015; McCall et al., 2015; Ahrens et al., 2018; Pliota et al.,
2018).

A role for the neuropeptide corticotropin releasing factor
(CREF) in anxiety has been suspected because of its control over
neuroendocrine responses to stress (Bale and Vale, 2004; Koob,
2009; Binder and Nemeroff, 2010) and its high expression in the
extended amygdala (Asan et al., 2005; Pomrenze et al., 2015;
Nguyen et al., 2016; Sanford et al., 2017). In agreement with this
hypothesis, CRF administration into the ventricles or the dorso-
lateral BST (dIBST) in rats generates anxiety-like behaviors
(Swerdlow et al., 1986; Liang et al., 1992; Lee and Davis, 1997;
Sahuque et al., 2006) that are reduced by CRF 1 receptor antag-
onists injected into the BST, but not into the CeA (Lee and Davis,
1997; Sahuque et al., 2006). Thus, the BST appears to orchestrate
anxiety-like responses that are dependent on CRF.

The source of CRF that acts in the BST to generate anxiety is
not certain. One possibility is the population of CRF neurons
that reside within the BST. Another source could be CRF CeA
(CRE“**) neurons because activation of those neurons can pro-
duce anxiety-like behavior in mice (Regev et al., 2012; McCall et
al., 2015; Pliota et al., 2018), and in rats the number of CRF-like
immunoreacive fibers in the dIBST appeared reduced in animals
with electrolytic lesions of the amygdala that included the CeA
(Sakanaka et al., 1986). However, the density of CRF“** projec-
tions to the BST has not been quantified, and its role in anxiety
has not yet been demonstrated.

Here, we provide evidence in rats that stress-induced anxiety
is critically dependent on CRF “** projections to the dIBST and
on activation of CRF1 receptors and CRF neurons in the dIBST.
Our findings identify a circuit by which CRF neurons in the CeA
and BST cooperate in series to generate anxiety. These results
support recent human and primate data suggesting that the CeA
and BST work together as a functional unit to generate anxiety
(Gungor and Paré, 2016; Shackman and Fox, 2016).

Materials and Methods

Subjects. All experiments and procedures were approved by the Univer-
sity of Texas at Austin Institutional Animal Care and Use Committee and
were performed in accordance with the guidelines described in the Na-
tional Institutes of Health’s Guide for the care and use of laboratory ani-
mals. We used male heterozygous Crh-Cre rats (Pomrenze et al., 2015)
outcrossed to WT Wistar rats (Envigo), 5—6 weeks of age at the start of
the surgical procedures and 10—14 weeks at the start of experimental
procedures. Rats were group housed and maintained on a 12 h light/dark
cycle (lights on 4:00 A.M. to 4:00 P.M.) with food and water available ad
libitum. Rats prepared with guide cannulas were singly housed. All ex-
periments were done between 9:00 A.M. and 3:00 P.M. Rats were ran-
domly assigned to either experimental or control groups within each
litter.

Drugs and viral vectors. Clozapine-N-oxide (CNO) was supplied
through the National Institute of Mental Health Chemical Synthesis and
Drug Supply Program. CNO (2 mg/kg body weight) was dissolved in 5%
DMSO and then diluted to 2 mg/ml with 0.9% saline. For intracerebral
administration, CNO was dissolved in 0.5% DMSO and then diluted to 1
mM in aCSF (Harvard Apparatus) (Mahler et al., 2014). The selective
CRF1 receptor antagonist R121919 (3-(6-(dimethylamino)-4-methyl-
pyrid-3-yl)-2,5-dimethyl-N,N-dipropyl-pyrazolo(2,3-a)pyrimidin-7-
amine, NBI 30775, was a gift from Dr. Kenner Rice (Chemical Biology
Research Branch, Drug Design and Synthesis Section, National Institute
on Drug Abuse and National Institute on Alcohol Abuse and Alcoholism,
Rockville, MD) and dissolved in a 1:1 solution of 0.9% saline and 1N HCl
before adding 25% hydroxypropyl-B-cyclodextrin to yield a final con-
centration of 10 mg/ml R121919 in 20% hydroxypropyl-B-cyclodextrin,
pH 4.5. For intracerebral infusion, R121919 was prepared in 4% kolli-
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phor RH 40 in aCSF, pH 5. Salvinorin B (SalB; Apple Pharms) was
dissolved in 100% DMSO at 15 mg/ml, followed by 5 min of sonication.
SalB was administered at 15 mg/kg body weight. All systemic injections
were administered at 1 ml/kg.

Cre-dependent adeno-associated viral vectors AAV8-hSyn-DIO-hM3Dg-
mCherry, AAV8-hSyn-DIO-hM4Di-mCherry, AAV8-hSyn-DIO-mCherry,
AAV5-EF1a-DIO-eYFP, AAV2-Efla-flex-taCaspase3-TEVp, and
AAV9-hSyn-DIO-KORD-IRES-mCitrine were obtained from the Uni-
versity of North Carolina Viral Vector Core and were injected at 4—6 X
10 '? infectious units per milliliter. Canine adeno virus 2 (CAV2) carrying
a flex-ZsGreen reporter expressed from the CAG promoter (CAV2-
CAG-flex-ZsGreen) was a gift from Dr. Larry Zweifel (University of
Washington, Seattle) and was injected at 2 X 10'? infectious units per
milliliter.

Stereotaxic surgery. At the start of surgical procedures, rats were anes-
thetized with isoflurane (5% v/v) and placed in a stereotaxic frame
(David Kopf Instruments). Viruses were injected into the CeA (antero-
posterior: —2.1; mediolateral: = 4.5; dorsoventral: —8.0 from skull) or
dIBST (anteroposterior: —0.0; mediolateral: = 3.5; dorsoventral: —6.8
from skull, 16° angle) at a rate of 150 nl/min over 5 min (750 —800 nl total
volume per hemisphere) with a custom 32-gauge injector cannula cou-
pled to a pump-mounted 2 wl Hamilton syringe. Injectors were slowly
retracted after a 5 min diffusion period. Rats were 190—220 g at the time
of viral injection. Virus-injected rats were group housed to recovery for
1-2 months before behavioral or histological examination.

Two to three months after viral injection, rats used for intracerebral
targeting were bilaterally implanted with stainless steel guide cannulas
(Plastics One) directed to the dIBST (anteroposterior: —0.2; mediolat-
eral: = 3.55; dorsoventral: —5.1 from skull, 18° angle; injector tips
emerged 2 mm from the cannula tips). Cannulas were affixed to the skull
with stainless-steel screws and dental acrylic (H00325, Coltene).
Cannula-implanted rats were administered the antibiotic cefazolin (100
mg/kg, s.c.) and singly housed during a 1-2-week recovery period before
experiments.

Immobilization stress (IMS). Rats were transferred to an experimental
room distinct from the behavioral testing room and placed in ventilated
plastic Decapicone bags (Braintree Scientific) for 30 min. Each rat was
monitored every 5 min to ensure sufficient immobilization and respira-
tion rate. Rats were tested for anxiety-like behavior 10 min later. Some
rats received injections of the CRF1 receptor antagonist R121919 (20
mg/kg, s.c.) 60 min before stress. Separate groups of rats received CNO (2
mg/kg, i.p.) 60 min before stress, or 1 mm in 0.3 ul (300 pmol) via
cannula 5 min before stress.

Behavior. We used three assays to evaluate anxiety-like behavior: the
elevated plus maze (EPM), the open field test (OF) and the social inter-
action test. We conducted these assays as a test battery on the same group
of rats. Usually just a few minutes elapsed between each test. Only when
we injected CNO systemically in the absence of stress was there an inter-
val of 3-5 d between testing in the EPM and OF. Anxiety testing occurred
in a room that was different from the one used to immobilize and ad-
minister drugs. The EPM consisted of two open arms (50 X 10 cm) and
two enclosed arms (50 X 10 X 40 cm) connected by a central area
measuring 10 X 10 cm, 50 cm above the floor. At the beginning of each
trial, rats were placed in the center facing one open arm. Trials lasted for
6 min and were performed under red lighting to promote exploration.
The OF consisted of an open topped arena (100 X 100 X 50 cm) situated
on the floor. The center area was designated as a central zone measuring
55 X 55 cm. Rats were placed into a corner of the arena at the beginning
of each trial. Each test lasted for 10 min and was performed under red
lighting to promote exploration of the center. Social interaction was
measured by placing a novel juvenile rat (4-5 weeks) into a 70 X 70 cm
arena and then placing an experimental adult rat into the arena. The
adult rat was allowed to interact with the juvenile rat for 5 min under red
lighting. Exploratory behaviors, such as allogrooming, sniffing, and pin-
ning initiated by the adult rat, were considered interactions (Christian-
son et al., 2010). All testing equipment was cleaned with 70% ethanol
between trials. Behaviors were tracked with EthoVision (Noldus Infor-
mation Technology).
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Chemogenetic manipulations. Crh-Cre rats were microinjected bilater-
ally in the CeA with AAV8-hSyn-DIO-hM3Dgq-mCherry, AAV8-hSyn-
DIO-hM4Di-mCherry, or AAV8-hSyn-DIO-mCherry. After 4—6 weeks
of recovery, rats were injected with CNO (2 mg/kg, i.p.) and subjected to
immobilization stress and behavioral tests at times indicated. To
manipulate CRF “** projections to dIBST, we bilaterally injected AAVS-
hSyn-DIO-hM4Di-mCherry, AAV8-hSyn-DIO-hM3Dq-mCherry, or
AAV8-hSyn-DIO-mCherry into the CeA and after 8—10 weeks im-
planted bilateral guide cannulas directed at the dIBST. After 1-2 weeks of
recovery, we administered CNO (1 mum in 0.3 ul) through the BST can-
nulas before immobilization stress and behavioral testing. To inhibit
CRF1 receptors, we administered R121919 systemically at 20 mg/kg s.c.,
30 min before administering CNO, or into the dIBST at 1 pgin 0.3 ul, 5
min before injecting CNO.

To investigate the interdependence of CeA and dIBST CRF neurons,
we unilaterally injected AAV8-hSyn-DIO-hM3Dq-mCherry into the
CeA and AAV9-hSyn-DIO-KORD-IRES-mCitrine that expresses the in-
hibitory k opioid receptor designer receptor exclusively activated by de-
signer drugs (DREADD) into the ipsilateral dIBST, counterbalanced with
respect to the injected hemisphere. After a 4—6-week recovery rats were
administered CNO (2 mg/kg, i.p.), SalB (15 mg/kg, s.c.) or CNO plus
SalB, and tested for anxiety-like behavior 15 min later.

CRF circuit disconnection. Rats were unilaterally injected with a 1:2
ratio of AAV5-EF1a-DIO-eYFP and AAV2-Efla-flex-taCasp3-TEVp
into the CeA and the contralateral dIBST. Control rats were injected
with eYFP+taCasp3 into the CeA of one side and eYFP+PBS into the
contralateral dIBST. Additional controls received eYFP+taCasp3 in
the dIBST of one side and eYFP+PBS into the contralateral CeA. A
final group was injected with eYFP+taCasp3 into the CeA, and the
ipsilateral dIBST. eYFP was diluted (1:2) in sterile PBS for controls so
an equivalent volume of eYFP was injected into the CeA and dIBST in
all animals. All injections were counterbalanced with respect to in-
jected hemispheres. Similar viral injection parameters were used for
bilateral CeA injection (controls received eYFP+PBS). After 4—6
weeks of recovery, rats were subjected to IMS and tested for anxiety-
like behavior.

Brain slice electrophysiology. Rats were injected with AAV-hSyn-DIO-
hM4Di-mCherry or AAV-hSyn-DIO-hM3Dgq-mCherry into the CeA.
After 2-3 months, rats were anesthetized with pentobarbital (100 mg/kg)
and decapitated, and brain slices containing the CeA were cut in an
ice-cold glycerol-based solution (in mu as follows: 252 glycerol, 2.5 KCI,
1.25 NaH,PO,, 1 MgCl,, 2 CaCl,, 25 NaHCOs, 1 r-ascorbate, and 11
glucose, bubbled with carbogen). Slices recovered at 32°C in carbogen-
bubbled aCSF (containing the following in mm: 126 NaCl, 2.5 KCI, 1.2
NaH,PO,, 1.2 MgCl,, 2.4 CaCl,, 18 NaHCO;, 11 glucose, pH 7.2-7.4,
mOsm 302-305) for at least 30 min before experiments, with 1 mm
ascorbic acid added just before the first slice. During experiments, slices
were submerged and perfused (2 ml/min) with aCSF at 31°C-32°C.
CNO-related changes in firing or membrane potential were recorded in
current-clamp mode using Clampex 10.1 and an Axon Multiclamp 700A
patch amplifier (Molecular Devices). All experiments used whole-cell
recording with infrared-DIC visualization and 2.5-3.5 M electrodes that
were filled with a potassium-methanesulfonate-based internal solution
(in mm as follows: 130 KOH, 105 methanesulfonic acid, 17 HCI, 20
HEPES, 0.2 EGTA, 2.8 NaCl, 2.5 mg/ml Mg-ATP, 0.25 mg/ml GTP, pH
7.2-7.4,278-287 mOsm).

Corticosterone measurement. Rats were microinjected with AAV8-
hSyn-DIO-hM4Di-mCherry into the CeA. After recovery, rats were in-
jected with CNO (2 mg/kg, i.p.) or vehicle and 60 min later immobilized
for 30 min. Rats were then immediately killed for trunk blood collection.
Blood corticosterone concentrations were measured using an enzyme
immunoassay kit (900—097, Enzo Life Sciences).

Histology. All rats were checked for virus expression and implanted
cannula locations after behavioral studies were completed. For immuno-
fluorescence, rats were anesthetized with isoflurane and perfused tran-
scardially with 1X PBS followed by 4% PFA in PBS, pH 7.4. Brains were
extracted, allowed to postfix overnight in the same fixative, and cryopro-
tected in 30% sucrose in PBS at 4°C. Each brain was sectioned at 40 wm
on a cryostat (Thermo Fisher Scientific) and collected in PBS. Staining
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for injected viruses (except KORD-IRES-mCitrine) was omitted due to
strong native fluorescence.

For immunohistochemistry, free-floating sections were washed three
times in PBS with 0.2% Triton X-100 (PBST) for 10 min at room tem-
perature. Sections were then incubated in blocking solution made of
PBST with 3% normal donkey serum (Jackson ImmunoResearch Labo-
ratories, #017-000-121) for 1 h. Sections were next incubated in primary
antibodies goat anti-CRF (1:1000, Santa Cruz Biotechnology, sc1761, Lot
#B0315, RRID:AB_631299), rabbit anti-GFP (1:1000, Abcam, ab290, lot
#GR135929-1, RRID:AB_303395) or rabbit anti-PKC8 (1:2000, Santa
Cruz Biotechnology, sc-213, lot #D2210, RRID:AB_632228) in blocking
solution rotating at 4°C for 1820 h. After three 10 min washes in PBST,
sections were incubated in species-specific secondary antibodies
AlexaFluor-488, -594, or -647 (1:700, Invitrogen, A-21206, A-11055,
A-21208, A11073, A-21447, A-31573) in blocking solution for 1 h at
room temperature. Finally, sections were washed three times for 10 min
in 1X PBS. Sections were then mounted in 0.2% gelatin water onto
SuperFrost Plus glass slides (Fisherbrand, 12-550-15), coverslipped with
Fluoromount-G with DAPI (Southern Biotechnology, 0100-20), and
stored in the dark. Fluorescent images were collected on a Carl Zeiss 710
LSM confocal microscope or a Carl Zeiss Axio Zoom stereo microscope.
Quantification of fluorescence was performed on 3—6 sections per rat
from 5 rats spanning the rostral-caudal axis of the CeA (from approxi-
mately bregma —1.90 to —3.00) using the cell-counter plugin in Fiji
(Schindelin et al., 2012).

FISH. For examination of gene expression in the dIBST, coronal sec-
tions were processed for FISH by RNAscope according to the manufac-
turer’s guidelines. Genes examined in the dIBST were Crh (ACDBio
catalog #318931) and proEnkephalin (ACDBio catalog #417431) and
hybridization was performed using RNAscope Fluorescent Multiplex
Kit (Advanced Cell Diagnostics). Slides were coverslipped with
Fluoromount-G with DAPI (Southern Biotechnology, 0100-20) and
stored at 4°C in the dark before imaging.

Experimental design and statistical analysis. We calculated sample sizes
of n = 8-12 animals per condition using SD values measured in pilot
studies of IMS-induced anxiety-like behavior, & = 0.05, and power =
0.80, with the goal of detecting a 25%-35% difference in mean values for
treated and control samples, using the program G*Power (Faul et al.,
2007). Studies were performed with the experimenter blind to the iden-
tity of the drugs that were administered, except in which CRF1 receptors
in the dIBST were inhibited during activation of CRF “** terminals in the
dIBST. In those experiments, the results were analyzed as coded group
values by a blinded investigator who also reviewed cannulation and in-
jection placement images blind and removed 2 animals from the analysis
because of cannula misplacement. All results were expressed as mean *
SEM values and analyzed using Prism 7 (GraphPad Software). Data dis-
tribution and variance were tested using Shapiro—Wilk normality tests.
Normally distributed data were analyzed by unpaired, two-tailed £ tests,
or one or two factor ANOVA with post hoc Tukey’s or Bonferroni’s
multiple-comparisons tests. In one case, where only one direction of
change was expected, we used a one-tailed ¢ test (percentage of total
distance in the center of the OF in WT rats treated with R121919). Data
that were not normally distributed were analyzed by Mann—Whitney U
tests when comparing two conditions, or were transformed to square
root values, as noted, before performing a two-factor ANOVA. Differ-
ences were considered significant when p < 0.05.

Results

CRF “** neurons contribute to stress-induced anxiety

To evoke anxiety, we subjected Wistar rats to 30 min of IMS,
which is a commonly used procedure that reliably increases
anxiety-like behavior (Paré and Glavin, 1986; Buynitsky and
Mostofsky, 2009) through a process mediated by CRF (Regev et
al., 2012). We measured subsequent behavior in the EPM and OF,
which are commonly used to assess anxiety-like behavior in ro-
dents. IMS reduced the percentage of time spent on the open
arms (No IMS: 19.23 = 2.9,IMS: 7.83 + 2.03; t(,5) = 3.28, **p =
0.006, unpaired t test) and percentage of open arm entries (No
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IMS: 34.35 = 1.9,IMS: 12.59 = 2.8; £(;5, = 6.164, **p < 0.0001,
unpaired f test) on the EPM without affecting closed arm entries
(No IMS: 13.29 = 0.36, IMS: 13.0 * 0.73; t,5, = 0.3344, p =
0.7434, unpaired ¢ test, n = 7 no IMS, 8 IMS). IMS also reduced
the time spent in the center of the OF (No IMS: 67.03 * 10.4 s,
IMS: 12.55 *+ 3.7 55 t(;3y = 5.19, ***p = 0.0002; n = 7 control, 8
IMS, unpaired ¢ test). Although IMS also reduced the total dis-
tance traveled in the OF (No IMS: 6710 % 353 cm, IMS: 4176 *+
391 cmy; ty5y = 4.749, ***p = 0.0004, unpaired ¢ test), the per-
centage of total distance traveled in the center of the OF was
significantly lower in stressed rats (No IMS: 13.76 £ 2.3, IMS:
4.05 * 1.35 t(;3) = 3.791, **p = 0.0022, unpaired ¢ test). Consis-
tent with a role for CRF in stress-induced anxiety, systemic ad-
ministration of a selective CRF1 receptor antagonist, R121919
(Chen et al., 2004) (20 mg/kg, s.c., administered 1 h before IMS),
prevented the IMS-induced reduction in percentages of open
arm time (Vehicle: 11.25 *+ 1.7, R12: 23.58 * 2.2; 5, = 4.324,
**p = 0.0003, unpaired ¢ test) and entries (Vehicle: 17.36 * 2.2,
R12: 35.55 = 1.15 £,y = 7.280, ***p < 0.0001, unpaired ¢ test)
without affecting the number of closed arm entries on the EPM
(Vehicle: 12.0 + 0.38, R12: 11.0 * 0.49; t(,, = 1.618, p = 0.1213,
unpaired ¢ test, n = 11 both groups). R121919 also prevented
IMS-induced reductions in the time spent (Vehicle median: 6.1 s,
R12 median: 23.1s; U = 29, *p = 0.04, Mann—Whitney test) and
percentage of distance traveled (Vehicle: 2.93 = 0.62, R12:5.01 =
0.79; t(o0) = 2.072, *p = 0.0275, unpaired ¢ test) in the center of
the OF without altering the total distance traveled (Vehicle:
3917 * 283 cm, R12: 4124 & 284 cm; £,y = 0.5164, p = 0.6112,
unpaired ¢ test, n = 11 both groups).

One central question is whether CRF~“* neurons mediate
anxiety-like behavior in the rat like they do in the mouse (Regev
etal., 2012; McCall et al., 2015; Pliota et al., 2018). To manipulate
neuronal activity, we used BAC transgenic Crh-Cre Wistar rats,
which express Cre recombinase in the CeA and in the dorsal BST
under control of the Crh promoter (Pomrenze et al., 2015). We
bilaterally transduced CRF“** neurons (Fig. 1A) with an AAV
encoding a Cre-dependent inhibitory hM4Di designer receptor
with an mCherry reporter (Sternson and Roth, 2014). In Crh-Cre
rats, nearly all CeA neurons expressing Cre recombinase produce
CRF (Pomrenze etal., 2015). In acute brain slices, cells expressing
hM4Di displayed hyperpolarization (Fig. 1B) when treated with
the designer receptor agonist CNO (F(, ;,) = 111.9, p < 0.0001,
one-way ANOVA; n = 4-6 cells per condition, 10 rats total;
X p < 0.0001 compared with control [no-DREADD] cells by
Dunnett’s test). CNO (2 mg/kg, i.p. 1 h before IMS) also reduced
anxiety-like behavior in rats expressing hM4Di compared with
control animals expressing mCherry (Fig. 1C—E). CNO increased
the percentage of open arm time (t,, = 4.273, ***p = 0.004,
unpaired ¢ test) and the percentage of open arm entries on the
EPM (t,, = 7.610, ****p < 0.0001, unpaired t test) without
changing the number of closed arm entries (£, = 1.312; p =
0.2044, unpaired t test, n = 9 mCh, 13 hM4Dj; Fig. 1C). CNO also
increased the time spent (¢, = 2.354, *p = 0.037, unpaired ¢
test) and distance traveled in the center of the OF (t,,, = 2.923,
*p = 0.0111, unpaired ¢ test) without altering the total distance
traveled (¢,4, = 0.1652, p = 0.8711, unpaired ¢ test, n = 8 each
group; Fig. 1D). In addition, CNO increased social interaction
time (¢(,4, = 2.923, **p = 0.01, unpaired ¢ test, n = 9 each group;
Fig. 1E) in rats that expressed hM4Di compared with control rats
that expressed mCherry (mCh) in CRF“** neurons.

To further explore the role of CRF “** neurons in anxiety-like
behavior, we used a different approach in which we genetically
ablated neurons with a Cre-dependent caspase3 (Fig. 2) (Yang et

CeA
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al., 2013) instead of inhibiting them with activation of hM4Di.
Bilateral caspase3-mediated ablation of CRFS** neurons in-
creased the percentage of open arm time (U = 7, **p = 0.0070,
Mann—Whitney test) and the percentage of open arm entries in
the EPM (#,,, = 3.909, **p = 0.0016, Mann—Whitney test) with-
out affecting the number of closed arm entries (¢4, = 0.6754,
p = 0.5104, unpaired ¢ test; n = 8, both groups; Fig. 2A).
Caspase3-mediated ablation also increased the time spent (U =
7,*p = 0.0126, Mann—Whitney test, n = 7 eYFP, 8 Caspase) and
the percentage of total distance traveled in the center of the OF
(U = 6, **p = 0.0084, Mann—Whitney test, n = 7 eYFP, 8
Caspase; Fig. 2B) without altering the total distance traveled
(tasy = 1.415, p = 0.1807, unpaired ¢ test; n = 7 eYFP, 8
Caspase; Fig. 2B). These results indicate that genetic ablation
of CRE€** neurons, similar to DREADD inhibition, reduces
IMS-induced anxiety-like behavior.

The CeA regulates hypothalamic-pituitary-adrenal axis activ-
ity via its projections to the brainstem (Schwaber et al., 1982; van
der Kooy et al., 1984). To determine whether CRF“** neurons
affect stress-induced activation of the hypothalamic-pituitary-
adrenal axis, we examined circulating corticosterone levels. In-
hibiting hM4Di-expressing CRF “** neurons with CNO did not
affect circulating corticosterone levels in stressed rats (Vehicle:
766.9 *+ 46.9 ng/ml, CNO: 849.5 * 84.4 ng/ml; t,, = 0.9061, p =
0.395, unpaired t test, n = 5 Control, 4 CNO). This result indi-
cates that CRF“** neurons mediated stress-induced anxiety-like
behavior independent of the hypothalamic-pituitary-adrenal
axis.

Because activity of CR neurons was required for stress-
induced anxiety, we next investigated whether activating CRF “**
neurons is sufficient to induce anxiety-like behavior, and whether
inhibiting CRE “** neurons reduces baseline anxiety-like behav-
ior in the absence of stress. We injected the CeA of Crh-Cre rats
with AAVs encoding Cre-dependent excitatory (hM3Dq) or in-
hibitory (hM4Di) designer receptors fused to an mCherry re-
porter, or an mCherry control (Fig. 1A). In CeA slices, cells
expressing hM3Dq displayed depolarization and spontaneous
firing when treated with CNO (Fig. 1B). CNO (2 mg/kg, i.p.)
evoked anxiety-like behavior in rats expressing hM3Dq in CRE“**
cells but had no effect in rats that expressed hM4Di or mCherry
alone (Fig. 1F,G). In rats that expressed hM3Dgq, CNO reduced
the percentage of time spent on the open arms (F, ¢, = 8.061,
p = 0.0019, one-way ANOVA, **p = 0.0013 compared with
mCherry [mCh] by Dunnett’s test) and the percentage of open
arm entries on the EPM (F, 55y = 23.75, p < 0.0001, one-way
ANOVA, ****p < 0.0001 compared with mCh by Dunnett’s test)
without affecting the number of closed arm entries (F,,5 =
2.982, p = 0.0682, one-way ANOVA, n = 12 mCh, 8 hM4Dj, 9
hM3Dgq; Fig. 1F). Activation of hM3Dq with CNO reduced the
time spent in the center of the OF (F,,5;, = 6.205, p = 0.007,
one-way ANOVA, **p = 0.0091 compared with mCherry by
Dunnett’s test) and tended to reduce the distance traveled in the
center (F(, 53, = 1.973,p = 0.1618, one-way ANOVA, n = 9 mCh,
10 hM4Di, 7 hM3Dg; Fig. 1G). The total distance traveled in the
OF was unaffected by hM3Dq activation (F, ,3) = 0.4411, p =
0.6487, one-way ANOVA; Fig. 1G).

These findings demonstrate that activation of CR neu-
rons was sufficient to increase anxiety-like behavior in non-
stressed rats, but inhibition of these neurons did not alter baseline
anxiety-like behavior, suggesting that CRF “** neurons act specif-
ically under conditions of stress. These findings also indicate that
CNO induction of anxiety-like behavior in rats expressing
hM3Dq was specific for activation of the hM3Dq DREADD and

A
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F CeA
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Figure 1. CRF** neurons contribute to stress-induced anxiety. A, Injection schematic and image of AAV-DREADD-mCherry expression in CRF A neurons. Scale bar, 500 wm. Boxed region is
enlarged in inset. Scale bar, 200 m. B, Representative traces showing that bath application of CNO (2 um) had no effect in a neuron not expressing a DREADD (left), induced hyperpolarization of
aneuron expressing DI0-hM4Di (middle), and promoted depolarization and spontaneous firing in a neuron expressing DI0-hM3Dq (right). Far right, Quantification of changes in resting membrane
potential in CeA neurons during CNO application. €, (NO (2 mg/kg, i.p.) increased the percentage of time spent in the open arms of the EPM and the percentage of open arm entries without changing
the number of closed arm entries. D, Activation of hM4Di with CNO increased the time spent in the center and the distance traveled in the center of the OF but did not alter the total distance traveled.
E, (NO also increased social interaction time in rats that expressed hM4Di compared with control rats that expressed mCherry in CRF “ neurons. F, Inrats that expressed hM3Dq in CRF “* neurons,
(NO (2 mg/kg, i.p.) reduced the percentage of time spent on the open arms of the EPM and reduced the percentage of open arm entries without affecting the number of closed arm entries. G, hM3Dq
reduced the time spentin the center of the OF and marginally reduced the distance traveled in the center of the OF without affecting the total distance traveled. In contrast, activation of hM4Di had
no effect on anxiety-like behavior when compared with mCh control animals. Data are mean == SEM. *p << 0.05, **p << 0.01, ****p << 0.0001. mCh (mCherry), hM4 (hM4Di), hM3 (hM3Dq).

not due to an off-target effect of CNO or its metabolite clozapine ~ 3 A, B). Importantly, CRF “** axons were clustered in a region

(Gomez et al., 2017). of the dIBST in which local CRF¥®ST neurons were concen-
trated (Fig. 3B), along with PKC8- or enkephalin-expressing
CRF “** projections to the dIBST mediate anxiety cells, which are distinct from CRF neurons (Fig. 3F-H). In

If the CRF that mediates stress-induced anxiety originates in ~ addition, injection of the retrograde tracer canine adenovirus
the CeA and signals in the BST, then CRF““* projections  (CAV2) encoding flex-ZsGreen into the dIBST (Fig. 3C) la-
should be present in the BST. Using an AAV to express Cre-  beled 46.1% of 1465 CRF“** neurons spanning the entire
dependent mCherry (Fig. 3A), we identified CRF<** fibers in  rostral-caudal axis of the CeA (Fig. 3D,E), indicating that
the dorsolateral oval nucleus of the BST on the same side (Fig.  approximately half of CRF“** neurons project to and have
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terminals within the dIBST. There was no labeling of con-
tralateral CeA neurons.

Because CRF ““* neurons projected to a region of the dIBST
containing CRF neurons, we next investigated whether CRF ©**
projections within the dIBST are important for stress-induced
anxiety. We expressed hM4Di in CRF“* neurons and targeted
guide cannulas to the dIBST for delivery of CNO (Fig. 4A). We
used a dose of CNO (1 mM in 0.3 ul; 300 pmol) previously re-
ported to be effective in activating DREADDs in nerve terminals
(Mabhler et al., 2014). In Crh-Cre rats that expressed hM4Di in
CRF “** neurons, silencing CRF “** terminals in the dIBST with
CNO at this dose suppressed IMS-induced anxiety-like behavior
(Fig. 4B,C). CNO increased the percentage of time spent on the
open arms of the EPM (U = 20, **p = 0.0065, Mann—Whitney
test) and the percentage of open arm entries on the EPM (¢, =
5.647, ****p < 0.0001, unpaired ¢ test) without affecting the
number of closed arm entries (U = 57, p = 0.8451, Mann—Whit-
ney test, n = 11 both groups; Fig. 4B). Exploratory rearing and
grooming are ethological behaviors sensitive to stress and anxiety
levels (Kalueff et al., 2016; Sturman et al., 2018). We found that
CeA“®" terminal inhibition increased rearing events (f,9) =
4.375, **p = 0.003, unpaired t test; Fig. 4B) and decreased
grooming events (Vehicle median 1.0, CNO median: 0.0; U = 26,
*p = 0.0216, Mann—Whitney test, n = 11 both groups) on the
EPM. CNO also increased time spent (U = 21, **p = 0.0081,
Mann—-Whitney test) and distance traveled in the center of the OF
after IMS (U = 24, *p = 0.0153, Mann—Whitney test) without
altering the total distance traveled (¢, = 0.4655, p = 0.6466,
unpaired ¢ test, n = 11 both groups; Fig. 4C).

Next, to investigate whether CRF “** inputs to the dIBST were
sufficient to enhance anxiety, we expressed hM3Dq in CRF“**
neurons and directed guide cannulas to the dIBST to activate
CRF“** terminals there (Wang et al., 2015) (Fig. 4A). Microin-
fusion of CNO (1 mm in 0.3 ul; 300 pmol) into the dIBST reduced
the percentage of time spent on the open arms of the EPM, which
was prevented with local injection of R121919 (1 pg in 0.3 ul)

(Fimspg x riz2 (1,31) = 9.83,**p = 0.0037, two-way ANOVA, n =
8-12; **p = 0.0012 mCh:Veh compared with hM3:Veh;
ok < 0.0001 hM3:Veh compared with hM3:R12 by Tukey’s
test; Fig. 4D). Likewise, microinfused CNO reduced the percent-
age of open arm entries on the EPM, which was also prevented by
administration of R121919 in the dIBST (Fyp3pq x riz (1,31) =
33.84, ***p < 0.0001, two-way ANOVA, n = 8—12; ***p <
0.0001 for mCh:Veh compared with hM3:Veh, and for hM3:Veh
compared with hM3:R12 by Tukey’s test; Fig. 4D). CeA “"F ter-
minal excitation reduced rearing, which was prevented by
R121919 (Fyypspg x ria (1,31) = 1146, *p = 0.0019, two-way
ANOVA, n = 8-12; ***p = 0.0002 for mCh:Veh compared with
hM3:Veh, and **p = 0.0013 for hM3:Veh compared with
hM3:R12 by Tukey’s test; Fig. 4D). Grooming was not affected
(Funtang x w12 (1,31) = 0.022, p = 0.8839, Fyy3pq = 0.927, Fypp =
0.237, n = 8—12). Similar results were observed in the OF test.
CNO reduced time spent in the center of the OF, which was
prevented by local blockade of CRF1 receptors (Fispg x riz
(1,32) = 6.224, *p = 0.0180, n = 8—12; ***p = 0.0001 for
mCh:Veh compared with hM3:Veh and ***p = 0.0009 for hM3:
Veh compared with hM3:R12 by Tukey’s test; Fig. 4E). CNO also
reduced the percentage of total distance traveled that was
in the center of the OF, and this was also prevented by R121919
(Funtsng x riz (1,32) = 6.56, *p = 0.0153, n = 812 ***p = 0.002
for mCh:Veh compared with hM3:Veh, and ***p = 0.003 for
hM3:Veh compared with hM3:R12 by Tukey’s test; Fig. 4E).
CNO modestly reduced the total distance traveled in the OF in
animals that expressed hM3Dq in CRF “** neurons, but R121919
in the dIBST had no effect on this measure (Fynspq (1,32) =
14.77, **p = 0.0005 Fp, (1,32) = 1.645, p = 0.209
Funisng = riz2 (1,33) = 0.65, p = 0.426, n = 8—12; Fig. 4E). Fi-
nally, CNO infusion into the dIBST reduced social interaction
time, which was also reversed by R121919 infusion (Fynspg x r12
(1,33) = 24.22, ***p < 0.0001, n = 8—12; ****p < 0.0001 for
mCh:Veh compared with hM3:Veh and for hM3:Veh compared
with hM3:R12 by Tukey’s tests; Fig. 4F ). To ensure that the dose
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Figure3.  CRF“neurons target the dIBST. A, Configuration of dual viral injections into the dIBST and CeA of Crh-Cre rats for anterograde tracing. B, A dense plexus of mCherry ™ CRF A fibers
was detected in the dIBST in the vicinity of eYFP * CRF dBST heurons. Scale bar, 200 . LV, Lateral ventricle; Str, striatum; ac, anterior commissure. €, Configuration of dual viral injections into the
dIBST and CeA of Crh-Cre rats for retrograde tracing. D, Many mCherry ™ CRF neurons in the CeA were retrogradedly labeled with CAV2-packaged ZsGreen. Scale bar, 200 wm. Boxed region is

enlarged in inset. Scale bar, 50 wm. E, Quantification of ZsGreen expressed in CeA cell bodies revealed that ~46.1% (total of 1465 neurons counted from 3 to 6 BST sections from 5 rats) of CR!

F CeA

(mCh ) neurons project to the dIBST. F, CRF * inputs cluster around PKC8 neurons in the oval nucleus. Scale bar, 200 wm. G and H, CRF “®" neurons are distinct from PKC& neurons (G) and from
cells expressing proenkephalin (H). Scale bars: G, 200 wm; H, 50 pm. mCh (mCherry), LV (lateral ventricle), pEnk (proenkephalin).

of CNO we used did not produce off-target effects, we implanted
guide cannulas over the dIBST of nontransgenic Wistar rats and
found no effect of 300 pmol CNO on IMS-induced anxiety (Fig.
5A-C). Importantly, these findings indicate that CRF “** inputs
to the dIBST are necessary and sufficient for increasing anxiety-
like behavior, likely through release of CRF and activation of
CRF1 receptors in the dIBST.

Because systemic administration of R121919 inhibited IMS-
induced anxiety-like behavior, we investigated whether R121919

could also block anxiety-like behavior induced by activation of
CRF “**inputs to the dIBST. Systemic administration of R121919
(20 mg/kg, s.c.) prevented anxiety-like behavior induced by mi-
croinfusion of CNO into the dIBST in rats that expressed hM3Dq
in CRF “** neurons. CNO decreased the percentage of time in the
open arms (Feno x riz (1,37) = 4.678, *p = 0.0371, two-way
ANOVA, n =9-11; *p = 0.0282 for Vehicle:Veh compared with
Vehicle:CNO, and *p = 0.0378 for Vehicle:CNO compared with
R12:CNO by Tukey’s test; Fig. 5E) and the percentage of open
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arm entries on the EPM (Foyo x riz (1,37) = 25.69, ¥***p < p=10.6517, two-way ANOVA, n = 9-11; Fig. 5E). Likewise, CNO
0.0001, two-way ANOVA, n = 9-11; ***p < 0.0001 compared  microinfusion decreased the percentage of time spent in the OF,
with other conditions by Tukey’s test; Fig. 5E), without altering ~ and this effect was prevented by systemic R121919 (Fono x ri2
the number of closed arm entries (Foyo x rio (1,37) = 0.2072,  (1,37) = 5.999, *p = 0.0192, two-way ANOVA, n = 9-11; **p =
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0.0086 for Vehicle:CNO compared with R12:CNO by Tukey’s
test; Fig. 5F). CNO also reduced the distance traveled in the cen-
ter of the OF, and this effect was prevented by systemic R121919
(Feno x mia (1,37) = 5.886, *p = 0.0203, two-way ANOVA, n =
9-11;*p = 0.0212 for Vehicle:CNO compared with R12:CNO by
Tukey’s test; Fig. 5F). Because both systemic and local adminis-
tration of R121919 into the dIBST reversed anxiety-likely behav-
ior induced by activation of CRF“** inputs to the dIBST, it is

likely that that systemic R121919 inhibits anxiety-like behavior
through actions at CRF1 receptors in the dIBST.

Extended amygdala CRF network for anxiety

Because activation of CRF“** inputs to the dIBST can drive
anxiety-like behavior and the dIBST also contains neurons that
produce CRF, we investigated whether CRF“** and CRF®"
neurons act within a common network to drive anxiety. We in-
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Extended amygdala CRF network for eliciting anxiety. A, AAV encoding Cre-dependent KORD was injected into the dIBST, and AAV encoding Cre-dependent hM3Dq was injected into

the ipsilateral CeA. B, Example of antibody-amplified mCitrine fluorescence in CRF “®" neurons and native mCherry in CRF * neurons. Scale bars, 200 um. €, Top, Experimental protocol. Bottom,
Inhibition of CRF “B5T neurons with SalB prevented CNO-induced decreases in the percentage of time in the open arms of the EPM and reductions of open arm entries on the EPM without affecting
closed arm entries. SalB also prevented CNO-induced decreases in time spent in the center of the OF. D, In the OF, CNO reduced the time spent in the center and distance traveled in the center, but
coadministration of SalB prevented this effect without affecting the total distance traveled. Data are mean == SEM. *p << 0.05, **p << 0.01, ****p << 0.0001. Veh (vehicle), LV (lateral ventricle), Str

(striatum), ac (anterior commissure), BLA (basolateral amygdala).

jected the CeA of Crh-Cre rats with an AAV to express the excit-
atory designer receptor hM3Dq on one side of the brain and
injected the ipsilateral dIBST with an AAV to express Cre-
dependent KORD-IRES-mCitrine (k opioid receptor DREADD), a
complementary inhibitory designer receptor (Fig. 6A,B). Un-
stressed rats were administered CNO followed by the KORD-
specific ligand SalB (15 mg/kg, s.c.), and then were tested for
anxiety-like behavior. Rats given CNO to excite CRF “** neurons
displayed significant anxiety-like behavior on the EPM and in the
OF. Importantly, coadministration of SalB to inhibit CRF4®"
neurons blocked the anxiety-like behaviors evoked by activating
CRE“** neurons (Fig. 6C,D). As expected, systemic administra-
tion of CNO (2 mg/kg, i.p.) decreased in the percentage of open
arm time in the EPM, and this effect was prevented by inhibiting
CREY®ST neurons with SalB (Feno x sap (1,34) = 10.33, ¥*p =
0.0029, two-way ANOVA, n = 9 or 10; **p = 0.0011 for Vehicle:
Veh compared with Vehicle:CNO and **p = 0.0023 for Vehicle:
CNO compared with SalB:CNO by Tukey’s tests; Fig. 6C). CNO
also reduced the percentage of open arm entries on the EPM, and
coadministration of SalB also prevented this effect (Fono x san
(1,33) = 24.54, ***p < 0.0001, n = 9 or 10; ****p < 0.0001
compared with other conditions by Tukey’s test; Fig. 6C). No

effect on the number of closed arm entries was detected
(Feno x sas (1,33) = 2.610,p = 0.1155, n = 9 or 10; Fig. 6C). SalB
also prevented CNO-induced decreases in time spent in the cen-
ter of the OF (Fno x sas (1,32) = 5.751, *p = 0.0225, n = 8-10;
*p = 0.0113 for Vehicle:Veh compared with Vehicle:CNO and
*p = 0.0203 for Vehicle:CNO compared with SalB:CNO by
Tukey’s test; Fig. 6D), and in the distance traveled in the center
(Feno s sas (1,32) = 6.475,%p = 0.0160, n = 8—10; **p = 0.0042
for Vehicle:Veh compared with Vehicle:CNO, and *p = 0.0275
for Vehicle:CNO compared with SalB:CNO by Tukey’s test;
Fig. 6D), without affecting the total distance traveled in the OF
(Feno  sas (1,32) = 2.718, p = 0.1090; n = 8—10; Fig. 6D). These
results are consistent with the hypothesis that CRF“** neurons
engage CRF®ST neurons to drive anxiety-like behavior. They
also demonstrate that unilateral activation of CRF “** neurons is
sufficient to increase anxiety-like behavior.

Because CRF“'®*T neurons were necessary for the anxiety-like
behaviors produced by activating CRF “** neurons, we next ex-
amined whether this CRF-to-CRF cell network interaction was
important for anxiety induced by stress. We disconnected this
postulated CRF network by expressing Cre-dependent caspase3,
which lesions neurons, in the CeA of one side of the brain and in
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disconnection of the extended amygdala CRF network. B, Caspase3 ablates CRF “* neurons and their fibers in the BST. Example image of CRF A terminal eYFP expression in the dIBST of
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the contralateral dIBST (Fig. 7A). This disconnection procedure
prevented IMS-induced anxiety in the EPM and social interac-
tion tests, while unilateral ablation in either the CeA or dIBST
alone, or ablation of CRF neurons in the CeA and dIBST of the
same side, had no effect on stress-induced anxiety (Fig. 7C,D).
Expression of caspase3 in contralateral CRE“** and CRFBST
neurons increased the percentage of time spent on the open arms
of the EPM (F(; 59, = 9.675, **p = 0.0001, n = 7-11; *p =
0.0015 for contralateral ablation compared with either eYFP
group, and ***p = 0.0009 for contralateral ablation compared
with ipsilateral ablation by Tukey’s test; Fig. 7C). Expression of
caspase3 in contralateral CRF“** and CRF®S" neurons also in-
creased the percentage of open arm entries on the EPM (F 5 50y =
18.49,****p < 0.0001, n = 7-11; ****p < 0.0001 for contralateral
ablation compared with other conditions by Tukey’s test; Fig. 7C)
and rearing events (F(; 55, = 13.31, ***p < 0.0001, n = 7-11;
X p < 0.0001 for contralateral ablation compared with either
eYFP group, and **p = 0.0013 compared with ipsilateral ablation
by Tukey’s test; Fig. 7C) without significantly affecting the num-
ber of closed arm entries (F(; 55y = 2.424, p = 0.0852, n = 7-11;
Fig. 7C). Grooming behavior was not significantly affected
(F330) = 1.614, p = 0.2068, n = 7-11). Finally, expression of
caspase3 in contralateral CRF “** and CRF“'®" neurons reduced
time spent in social interaction (F; 35, = 15.07, ***p < 0.0001,
n = 7-11rats; ***p = 0.0002 for contralateral ablation compared
with either eYFP group, and ****p < 0.0001 for contralateral
ablation compared with ipsilateral ablation by Tukey’s test; Fig.
7D). Together, these results indicate that CRF“** and CRF4®"
neurons function within a common network to mediate stress-
induced anxiety-like behavior in rats.

Discussion

Here we demonstrate the existence of a CRF “** to CRE®S" neu-
ronal network that drives stress-induced anxiety-like behavior in
rats. This network involves CRF “** inputs to the dIBST and ac-
tivation of CRF1 receptors and CRF neurons in the dIBST. Im-
portantly, our findings indicate that CRF neurons in the CeA and
BST cooperate to generate a state of anxiety following stress,
which concurs with recent evidence of CeA and BST coupling in
humans and nonhuman primates exhibiting anxiety (Gungor
and Paré, 2016; Shackman and Fox, 2016).

Two previous studies have suggested a role for CR neu-
rons in driving anxiety-like behaviors in mice. In one, CRF
knockdown in the CeA reduced stress-induced anxiety (Regev et
al., 2012), and in the other, optogenetic stimulation of CRF CeA
terminals in the brainstem evoked anxiety-like behavior (McCall
etal.,, 2015). Our study adds important new findings to the evolv-
ing literature on anxiety circuitry by demonstrating in rats that
CRF “** projections to the BST and functional coupling of CeA
and dIBST CRF neurons are necessary and sufficient for expres-
sion of stress-induced anxiety. One caveat is that optogenetic
or chemogenetic activation may provide stronger drive than
occurs endogenously, and the sufficiency of activating a given
cell type to cause anxiety does not imply that other circuit
elements are not also important with respect to endogenous
activity of the CRF system. In this regard, because stimulation
of CRE“** projections to the locus coeruleus (McCall et al.,
2015) or the dIBST (the current study) can generate anxiety-
like behavior, one interesting and important question is
whether these two pathways originate from the same or differ-
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ent CREF " neurons. Thus, future studies are needed to deter-
mine whether subpopulations of CRF neurons have different
projection targets, and how different CRF“** outputs could
interact to drive anxiety-like behaviors.

Another important question is how CRF released from
CRF “** neurons affects dIBST circuitry to increase anxiety. We
detected CRF** fibers throughout the dIBST, but most were
clustered in the oval nucleus (Fig. 3B), which contains GABA
neurons that promote anxiety, possibly through negative regula-
tion of an anxiolytic anterodorsal subregion identified in mice
(Kim et al., 2013). In rats, CRE¥®ST neurons cluster in the oval
nucleus (Pomrenze et al., 2015), and are therefore more likely to
be components of this circuitry than in mice where CRF neurons
are scattered in the dIBST (Nguyen et al., 2016). It is also likely
that CRE“** neurons engage CRE“®" neurons that project to
remote regions, such as the hypothalamus or ventral tegmental
area, to modulate anxiety (Marcinkiewcz et al., 2016; Dedic et al.,
2018).

We found that anxiety-like behaviors driven by CRF “** neu-
ron activation (via hM3Dq) were dependent on CRF¥®" neu-
rons being active in the same hemisphere, supporting a
cooperative role of the CeA and the BST in stress-induced anxi-
ety. How CRF“** neurons engage CRF“®" neurons is not
known. A simple explanation could be that CRE¥®" neurons
express CRF1 receptors and are excited directly by CRF. How-
ever, only presynaptic effects of CRF in the dIBST have been
reported. In mice, CRF acting at CRF1 receptors can enhance
glutamatergic neurotransmission in the dIBST (Kash et al., 2008;
Nobis et al., 2011; Silberman et al., 2013). Thus, CRF release from
CeA terminals in the dIBST might stimulate CRE "™ neurons by
enhancing excitatory inputs onto those neurons. In addition,
CRF “** neurons project their axons to other structures that also
project to the dIBST, such as the parabrachial nucleus and locus
coeruleus (McCall et al., 2015; Pomrenze et al., 2015). Thus, be-
cause our CNO injections were systemic, it is possible that ipsi-
lateral network effects indirectly recruited CRF*"*5" neurons. For
example, recent findings (Nobis et al., 2011; McCall et al., 2015)
support a positive feedforward circuit model (Koob, 1999) in-
volving noradrenergic and CRF interactions in the locus coer-
uleus, CeA, and BST that drive stress-related anxiety. Thus,
regardless of the mechanism, the serial interaction of CRE “** and
CRF¥®T neurons that we have identified likely promotes
anxiety-like behavior through actions within a larger circuit.

Additional evidence indicates that local circuits within the
lateral CeA can contribute to anxiety-like behavior. We previ-
ously found that rat CRF“** neurons form inhibitory synapses
with nearly half of non-CRF neurons in the lateral CeA (Pom-
renze et al., 2015). A major subpopulation of non-CRF neurons
expresses PKCS; and in mice, optogenetic stimulation of CeA
PKC8 neurons promotes anxiety-like behavior (Botta et al.,
2015). Because many mouse PKC8 neurons express CRF1 recep-
tors (Sanford et al., 2017), local release of CRF might activate
CRF1 receptors on rat PKC6 neurons to promote anxiety. An-
other subpopulation of non-CRF neurons in the lateral CeA ex-
presses the neuropeptide somatostatin. Compared with PKC8
neurons, somatostatin neurons show greater connectivity with
CRF“** neurons (Fadok et al., 2017) and a larger proportion
express CRF1 receptors in mice (Sanford etal., 2017). These char-
acteristics agree with recent findings that CeA somatostatin neu-
rons promote anxiety-like behavior through a circuit mechanism
that recruits dIBST somatostatin neurons (Ahrens et al., 2018).
Additionally, a recent study reported that chemogenetic activa-
tion of CRF “** neurons in mice decreased locomotor activity and
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increased freezing on the EPM, which are behaviors proposed to
model passive coping to environmental threats (Pliota et al.,
2018). In that report, bath application of CRF increased the fre-
quency of spontaneous EPSCs in CeA somatostatin neurons
when tested in brain slices. These findings suggest that active CRF
neurons can modulate local circuits in the CeA to orchestrate
anxiety and other defensive behaviors in addition to the critical
role that their dIBST projections play in stress-induced anxiety, as
demonstrated here. It will be interesting in future studies to un-
cover how local and distant CRF “** projections interact to gen-
erate anxiety-like behaviors.

In addition to CRF and GABA, CRF“** neurons can release
other neuropeptides (Pomrenze et al., 2015; Kim et al., 2017).
Neurotensin in the rat oval BST can promote chronic stress-
induced anxiety and cooperates with CRF to modulate synaptic
transmission (Normandeau et al., 2018). In mice, the anxiogenic
actions of dynorphin involve activation of k opioid receptors and
inhibition of glutamate release from basolateral amygdala termi-
nals in the anterodorsal BST (Crowley et al., 2016). Because sev-
eral CRF “** neurons express dynorphin (Pomrenze et al., 2015),
they could be a source of dynorphin involved in these effects.
Indeed, a recent paper reports that mice deficient in the ty-
rosine kinase receptor Erbb4 exhibit increased anxiety-like be-
havior because of increased activity of CeA neurons that
express somatostatin and project to the dIBST, where they
disinhibit dIBST somatostatin neurons through release of
dynorphin into the dIBST (Ahrens et al., 2018). The contribu-
tion of dynorphin and other neuropeptides released from
CRF“** neurons, and their coordinated effects with neuro-
peptides released from other CeA subpopulations on synaptic
physiology, remain to be determined.

A recent study demonstrated a role for CR projections to
the dIBST in fear conditioning in the rat, where optogenetic si-
lencing of these neurons during acquisition of conditioned fear
suppressed freezing at later time points during retention testing,
either due to impaired consolidation of long-lasting components
of fear memory or acceleration of fear extinction (Asok et al.,
2018). Together with our current work, these findings indicate
that CRF“** projections to the dIBST contribute to the genera-
tion of both stress-induced anxiety-like behavior and to the late,
sustained phase of conditioned fear.

The availability of modern imaging and genetic tools has al-
lowed discoveries that challenge previous notions about the dis-
sociable roles of CeA and BST neurons in mediating fear and
anxiety. Our results strongly support the hypothesis that both
CRE“* and CRF*®ST neurons are important for generating
stress-induced anxiety-like behavior. In addition, our findings
support the growing realization that the CeA and BST can inter-
act as a tightly coupled functional unit (Shackman and Fox,
2016), and suggest that dysfunction of the CRF 47557 circuit
could contribute to anxiety disorders in humans.
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