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Somatostatin Neurons of the Bed Nucleus of Stria Terminalis
Enhance Associative Fear Memory Consolidation in Mice
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Excessive fear learning and generalized, extinction-resistant fear memories are core symptoms of anxiety and trauma-related disorders.
Despite significant evidence from clinical studies reporting hyperactivity of the bed nucleus of stria terminalis (BNST) under these
conditions, the role of BNST in fear learning and expression is still not clarified. Here, we tested how BNST modulates fear learning
in male mice using a chemogenetic approach. Activation of GABAergic neurons of BNST during fear conditioning or memory consol-
idation resulted in enhanced cue-related fear recall. Importantly, BNST activation had no acute impact on fear expression during con-
ditioning or recalls, but it enhanced cue-related fear recall subsequently, potentially via altered activity of downstream regions.
Enhanced fear memory consolidation could be replicated by selectively activating somatostatin (SOM), but not corticotropin-releasing
factor (CRF), neurons of the BNST, which was accompanied by increased fear generalization. Our findings suggest the significant

modulation of fear memory strength by specific circuits of the BNST.
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ignificance Statement

The bed nucleus of stria terminalis (BNST) mediates different defensive behaviors, and its connections implicate its integra-
tive modulatory role in fear memory formation; however, the involvement of BNST in fear learning has yet to be elucidated
in detail. Our data highlight that BNST stimulation enhances fear memory formation without direct effects on fear expression.
Our study identified somatostatin (SOM) cells within the extended amygdala as specific neurons promoting fear memory for-
mation. These data underline the importance of anxiety circuits in maladaptive fear memory formation, indicating elevated
BNST activity as a potential vulnerability factor to anxiety and trauma-related disorders.
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Introduction

Forming memories of negative events are essential for the sur-
vival of the individual, however, excessive, generalized, and
extinction-resistant memories results in maladaptive, inflexible
phenotype, or symptoms present in anxiety and trauma-related
disorders, i.e., posttraumatic stress disorder (PTSD; Duits et al.,
2015; Singewald et al., 2015). The extended amygdala, including
the bed nucleus of stria terminalis (BNST), shows activation dur-
ing acute threats and sustained anxiety-like states in healthy pop-
ulations, which becomes elevated in patients with anxiety
disorders (Alheid and Heimer, 1988; Avery et al, 2016;
Brinkmann et al,, 2017; Klumpers et al., 2017). Early studies
investigating the rodent BNST observed functional division
between the amygdala and the BNST, which was supported by
human fMRI data. According to this model, the amygdala medi-
ates imminent phasic “fear-like” states whereas the BNST


https://orcid.org/0000-0002-7688-2033
https://orcid.org/0000-0001-5616-1100
https://orcid.org/0000-0003-2417-4489
https://orcid.org/0000-0002-0159-4408
mailto:toth.mate@koki.mta.hu

Bruzsik et al. @ BNST Modulates Fear Learning

mediates more diffuse unconditioned “anxiety-like” states (Davis
et al., 2010; Daniel and Rainnie, 2016; Asok et al., 2018; Goode et
al,, 2019). Recently, accumulating evidence showed that both the
amygdala and the BNST are recruited under both phasic and sus-
tained (or conditioned and unconditioned) fear-like states in
humans and primates (Gungor and Paré, 2016; Shackman and
Fox, 2016). In vivo electrophysiological recordings in rodents
also demonstrated that BNST neurons are recruited during fear
acquisition and conditioned stimulus (CS)-dependent fear recall,
when stimuli are not diffuse as a threatening context (Haufler et
al., 2013; Jennings et al., 2013; Daldrup et al., 2016; Bjorni et al.,
2020); however, involvement and the exact role of the BNST in
fear learning and expression is still unclear. The functional het-
erogeneity and competing effects of local circuits have been
also demonstrated in the extended amygdala (Jennings et al.,
2013; Kim et al.,, 2013; Daniel and Rainnie, 2016; Gungor and
Paré, 2016), pointing out the necessity of specific manipula-
tions targeting subregions or neurochemically distinct neuronal
populations. In the central amygdala, which shows remarkable
similarities to the BNST, opposing functional impact of so-
matostatin (SOM) and corticotropin-releasing factor (CRF)
neurons on fear expression has been documented (Fadok et al.,
2017; Hartley et al., 2019). More specifically, SOM neurons
drive passive, whereas CRF neurons drive active fear responses,
which seem to be more universal in the light of similar effects
in the prefrontal cortex (Cummings and Clem, 2020). The
functional role of these two major neuronal populations of the
BNST related to fear responses is yet to be clarified.

Our study investigated how BNST hyperactivation (as recog-
nized in anxiety disorders) modulates fear learning characteris-
tics in a Pavlovian fear conditioning paradigm that is suitable
for translational studies by targeting conserved mechanisms
(Deslauriers et al., 2018; Flandreau and Toth, 2018). We inves-
tigated different phases of fear learning, i.e., fear acquisition,
consolidation, and recall evoked by contextual and conditioned
stimuli (CSs), and their generalization to safe context and safety
cues. Additionally, we aimed to dissect how SOM and CRF neu-
rons contribute to these processes. Here, we show the signifi-
cant activation of the BNST during fear acquisition, but not
during CS-dependent fear recall. In accordance, chemogenetic
activation of the major cell type of the BNST (i.e., vesicular
GABA transporter positive neurons, BNST'**") during fear
conditioning resulted in enhanced CS-dependent fear recall,
which was replicated when BNST'S*T neurons were activated
during fear memory consolidation. In contrast, chemogenetic
activation during fear expression (recall) did not alter freezing
levels. Finally, we show that activation of somatostatin-express-
ing (BNST*°™), but not CRF-expressing (BNST“®F), neurons
mediate this effect with additional increase of fear generaliza-
tion. These data suggest the modulatory role of the BNST in
fear memory formation potentially via plasticity changes in
the fear circuitry as indicated by altered neuronal activation
in downstream regions to the BNST during fear memory
consolidation.

Materials and Methods

Subjects

Adult (more than eight weeks old) male mice from the following strains
were used in the present study: C57Bl/6], vgat-ires-cre, crh-ires-cre and
som-ires-cre mice (all strains from The Jackson Laboratory; Taniguchi et
al,, 2011; Vong et al,, 2011). To visualize CRF and SOM neurons (by re-
porter fluorescent proteins) in the BNST, we crossed crh-ires-cre and
som-ires-cre mice with Gt(ROSA)26Sor-CAG/LSL-ZsGreenl mice (The
Jackson Laboratory). All animals were group-housed (three to four
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mice/cage) in Plexiglas chambers at constant temperature (22 = 1°C)
and humidity (40-60%), under a reverse circadian light-dark cycle
(lights-off at 7 A.M.,, lights-on at 7 P.M.). Behavioral experiments were
performed during the first half of the active (dark) cycle. Mice were iso-
lated 3 d before fear conditioning and kept single-housed during testing
to prevent social buffering/modulatory effects. Regular laboratory chow
(Sniff) and water was available ad libitum.

Stereotaxic surgery for viral gene transfer

Mice underwent stereotaxic surgery to bilaterally inject virus constructs
into the BNST (anterior-posterior +0.8 mm, medio-lateral 0.8 mm,
dorso-ventral -4.2 mm to bregma; Paxinos and Franklin, 2001).
Animals were anesthetized with a ketamine-xylazine solution (16.6 mg/
ml ketamine and 0.6 mg/ml xylazine-hydrochloride in 0.9% saline, 10
ml/kg body weight, i.p.) and placed in a stereotaxic frame (David Kopf
Instruments). Viral vectors (20-40 nl volume/hemisphere) were micro-
injected through a glass pipette (tip diameter: 20-30 um) at a rate of
100 nl/min by using a Nanoject II precision microinjector pump
(Drummond). The pipette was left in place for an additional 5min to
ensure diffusion before slow retraction. This volume provided an opti-
mal, global designer receptors exclusively activated by designer drugs
(DREADD) expression restricted to the BNST. After the surgeries,
mice received buprenorphine injection (Bupag; 0.1 mg/kg) subcutane-
ously as analgesic treatment. Behavioral experiments were conducted
four to six weeks after virus injection to allow time for DREADD
expression.

Virus vectors

Adeno-associated viruses (AAVs) carrying Cre-inducible (double-
inverse orientation; DIO) transgenes were purchased from Addgene.
We used stimulatory AAV8-hSyn::DIO-hM3Dq-mCherry (4.0e12 GC/
ml titer, #44361), inhibitory AAV8-hSyn:DIO-hM4Di-mCherry
(1.9e13 GC/ml titer, #44 362) DREADD constructs, and inactive con-
trol fluorophore AAV8-hSyn:DIO-mCherry (4.le12 GC/ml titer,
#50459).

Drugs

Designer receptor-ligand clozapine-N-oxide (CNO; Tocris Bioscience;
4936, CAS #34233-69-7) was dissolved in 0.9% saline solution at a con-
centration of 0.1 mg/ml and administered intraperitoneally at a dose of
1 mg/kg 40 min before testing (in case of fear acquisition or fear recall
modulation), or immediately after fear conditioning (in case of modula-
tion of fear memory consolidation).

Behavioral testing

Auditory fear conditioning and recall testing

Auditory fear conditioning was started four to six weeks after viral sur-
geries. On day 1, mice were placed into a clear Plexiglas chamber
(25 x 25 x 30 cm) with an electrical grid floor (Coulbourn Instruments)
used to deliver footshocks. The chamber was cleaned with 20% ethanol
between the animals. Fear conditioning was performed with maximum
light intensity in the test room (7001ux). This setting was considered as
the conditioning context (CtxA: light on, ethanol odor, a specific box
with grid floors). Following a 150-s baseline period, mice were presented
with seven auditory stimuli as CSs (CS+: 80-dB pure tones at 7kHz,
SuperTech Instruments) of 30-s duration spaced with pseudorandom
interstimulus intervals (ITIs, ranged between 60-90s). All CS+ co-ter-
minated with a 1 s scrambled footshock as an unconditioned stimulus
(US; 0.7 mA in all experiments, except low-intensity training of crh-ires-
cre mice when 0.4 mA was applied, Fig. 1A and Fig. 2E).

On day 3, mice were exposed briefly to context A for 5 min without
CS+ to study contextual fear recall without inducing fear extinction. On
days 4 and 5, mice were subjected to sessions of auditory fear recall in an
altered context B (CtxB). Context B was altered in all dimensions to dif-
fer from context A (i.e., experimenter, room, 20 lux red light, plastic floor
instead of grids, plastic inserts changing the shape of the chamber, clean-
ing with soapy water with fruit odor). Both sessions started with a 150-s
baseline period (no CS+ presented) to measure fear response in a safe
context (conditioned vs safe context fear responses as an index of
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generalization). The baseline period was followed by 15 or 9 CS+ (30-s
duration, spaced with 30 s ITIs) on days 4 and 5, respectively, to measure
cue-dependent fear recall, as well as within-session and between-session
fear extinction. In case of SOM-ires-cre mice, one cohort was exposed to
context B without CS presentations (for the same time period, ie.,
17 min) to test contextual generalization and CS-dependent effects.
Time spent with freezing was considered as an index of fear, which was
analyzed using EthoVision XT 13 software. Software parameters and
thresholds were set and optimized to reach R>0.90 correlation with
hand scoring by an experimenter blind to treatments.

Differential auditory fear conditioning and recall testing

Fear conditioning and recall testing took place in CtxA and CtxB,
respectively (Fig. 2L). In this paradigm, we presented two types of audi-
tory stimuli with 30-s duration, i.e., 7-kHz pure tone and white noise
pips. They were used as CS and US (CS+ and CS-, randomized between
animals, and counterbalanced between groups). On day 1, mice were
habituated to auditory cues in CtxA, i.e., after a 150-s baseline period,
four of each cue were delivered in alternating order with 30 s ITIs (not
shown in Fig. 2). The next day, fear conditioning was performed in
CtxA: after 150-s baseline period, seven CS+ and seven CS- (30-s dura-
tion, 30-s ITIs) were presented in alternating order. All CS+, but none
of CS-, were co-terminated with 1 s scrambled footshock (0.5 mA). We
used lower shock intensity to achieve better discriminative learning
(CS+ vs CS-) in mice based on previous studies (Duvarci et al., 2009;
Kim and Cho, 2017; Sanford et al., 2017). Two days later, cue-dependent
fear recall and discrimination between CS+ and CS- were briefly tested
by exposing subjects to four CS+ and four CS- in alternating order in
CtxB (30-s duration, 30-s ISIs). The next day, cue-dependent fear recall
(with CS+/ CS- discrimination) and fear extinction were tested follow-
ing chemogenetic activation of the BNST (1 mg/kg, i.p., CNO; 40-min
preinjection time) by exposing subjects to 15 CS+ and four CS- in alter-
nating order in CtxB (after 150-s baseline period). We also tested extinc-
tion recall by exposing mice to nine CS+ in CtxB 24 h later. Analysis of
freezing behavior was conducted as above.

Ex vivo electrophysiology and slice preparation

For validation of hM3Dq-mediated depolarization, current-clamp
recordings were performed on brain slices obtained from vGAT-cre
mice (postnatal days 90-110, matching experimental age) expressing
hM3Dq or control fluorophore in BNST (n=4/group; Fig. 2B,C).
Animals were given four to six weeks to express transgenes after virus
injection. After decapitation, the brain was removed rapidly and
immersed in ice-cold low-sodium solution (205.0 mM saccharose, 2.5
mM KCl, 26.0 mm NaHCOs3, 1.0 mm CaCl,, 5.0 mm MgCl,, 1.25 mm
NaH,PO,, and 10 mm glucose) bubbled with a mixture of 95% O, and
5% CO,. Coronal sections of the BNST were sliced at 250 wum on a VT-
1000S Vibratome (Leica Microsystems) in the low-sodium solution.
The slices were transferred into artificial CSF (aCSF; 130.0 mMm NacCl,
3.5 mm KCl, 26.0 mm NaHCO;, 2.5 mm CaCl,, 1.2 mm MgSO,, 1.25
mM NaH,PO,, and 10 mm glucose) saturated with O,/CO,, and kept in
it for 1 h to equilibrate. The initial temperature of aCSF was 33°C,
which was left to cool to room temperature during equilibration.
Electrophysiological recording, during which the brain slices were oxy-
genated by bubbling the aCSF with O,/CO, gas, was performed at 33°
C. An Axopatch 200B patch-clamp amplifier, a Digidata-1322A Data
Acquisition System, and pCLAMP version 10.4 software (Molecular
Devices) were used for recording.

Recordings were performed under visual guidance using a BX51WI
IR-DIC microscope (Olympus) located on a S'Table antivibration table
(Supertech Instruments) to detect mCherry-positive cells.

The patch electrodes (outer diameter, 1.5 mm, thin wall; Hilgenberg)
were pulled with a Flaming-Brown P-97 puller (Sutter Instrument) and
polished with an MF-830 Microforge (Narishige). The pipette solution
contained the following: 130 mm K-gluconate, 10 mm NaCl, 10 mm KCl,
0.1 mm MgCl,, 10 mm HEPES, 1 mm EGTA, 4 mm Mg-ATP, and 0.3 mm
Na-GTP (pH 7.3 with KOH). Osmolarity was adjusted to 295-300
mOsm with sorbitol. Neurons were recorded in whole-cell mode, the
intrapipette solution contained 0.2% biocytin. To record CNO-induced
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depolarization of hM3Dq expressing neurons, 10 um CNO was bath
applied for 10 min after a 3-min baseline in the presence of 660 nwm tetro-
dotoxin (TTX). The firing was induced by 30- or 60-pA current pulses
(900 ms), respectively, 5min after the onset of CNO application. Similar
recordings were performed on control mice (expressing inactive control
fluorophore DREADD). Recordings were stored and analyzed off-line
using the Clampfit module of the PClamp version 10.4 software
(Molecular Devices).

Immunohistochemistry and image analysis

Tissue processing

Mice were anesthetized with a ketamine-xylazine solution (16.6 and
0.6 mg/ml, respectively) and transcardially perfused with ice-cold PBS,
followed by ice-cold paraformaldehyde (PFA; 4% in PBS). Brains were
rapidly removed and postfixed in 4% PFA at 4°C, and cryoprotected in
30% sucrose solution in PBS before slicing; 30-um coronal sections were
collected on a sliding microtome and stored in a cryoprotectant solution
(containing 20% glycerin, 30% ethylene glycol) at —20°C until immuno-
histochemical analysis.

Verification of virus extensions

We labeled mCherry by immunohistochemistry using a primary anti-
body against red fluorescent protein (RFP) to verify virus expression in
the BNST. Briefly, after several rinses in PBS, sections (90 um apart)
were incubated in PBS containing 0.3% Triton X-100 (TxT; Sigma-
Aldrich) and 0.3% H,O, for 30 min followed by 2% bovine serum albu-
min (BSA; Sigma-Aldrich) diluted in PBS for 1 h. Primary antibody so-
lution (1:4000 rabbit anti-RFP, #600-401-379, Rockland; diluted in PBS
containing 2% BSA and 0.1% TxT) was left over on the slices for 2d at
4°C. After several rinsing with PBS, slices were incubated in biotin-con-
jugated donkey anti-rabbit secondary antibody (1:1000 in 2% BSA and
PBS, #711-065-152, Jackson ImmunoResearch) for 2 h. Labeling was
amplified by avidin-biotin complex (1:1000; Vector Laboratories) by
incubation for 1 h at room temperature. The peroxidase reaction was
developed in the presence of diaminobenzidine tetrahydrochloride
(0.2 mg/ml), nickel-ammonium sulfate (0.1%), and hydrogen peroxide
(0.003%) dissolved in Tris buffer. Sections were mounted onto gelatin-
coated slides, dehydrated, and coverslipped with DPX Mountant
(Sigma-Aldrich/Merck). Regions of interest were digitalized by an
Olympus DP70 Light Microscope and CCD camera system. All animals
with virus extension outside of the BNST were excluded from the anal-
ysis. Generally, mCherry-positive cell bodies were observed along the
whole rostro-caudal axis of the BNST, including anteroventral, antero-
medial, and posterior regions of the BNST, with limited expression in
the oval nucleus.

Viral tracing

We also used anti-RFP fluorescent immunolabeling and confocal mi-
croscopy to assess projections of BNSTR, BNSTSM, and BNSTGAT
neurons. The protocol was slightly modified as above: non-specific
binding sites were blocked by 10% normal goat serum (NGS; diluted in
TBS, Jackson ImmunoResearch) for 1 h, and slices were incubated in
the primary antibody solution for 3 d (monoclonal rabbit anti-RFP IgG
1:1000, #600-401-379, Rockland; 0.15 TxT in TBS). Several rinsing
with TBS was followed by incubation in secondary antibody solution
for 2 h (1:500 Cy3-conjugated goat anti-rabbit IgG, #134845, Jackson
ImmunoResearch).

C-Fos immunohistochemistry

We used c-Fos immunohistochemistry to assess neuronal activity in
BNST and its downstream regions at different time points of fear learn-
ing. Mice were anesthetized (with ketamine-xylazine mixture) and trans-
cardially perfused 90 min after either testing or CNO injection (in case
of homecage condition to verify chemogenetic activation of BNST in
vivo) as described above. We used fluorescent immunolabeling against
c-Fos and RFP as described above (1:2000 guinea-pig polyclonal anti-c-
Fos IgG, #226004, Synaptic Systems with monoclonal rabbit anti-RFP
IgG 1:1000, #600-401-379, Rockland), which were detected by fluores-
cent-conjugated antibodies (1:500 Cy3-conjugated donkey anti-rabbit,
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#134845, Jackson ImmunoResearch, and 1:500 Alexa Fluor 488-conju-
gated donkey anti-guinea-pig, #532354, ThermoFisher Scientific).

SOM- and CRF-Zsgreen assessment

To quantify the distribution of SOM and CRF neurons in BNST subre-
gions, neuronal somata were visualized by NeuN immunolabeling
(1:1000, monoclonal mouse anti-NeuN IgG, #MAB377, Merck) in crh-
ires-cre: and som-ires-cre: Gt(ROSA)26Sor-CAG/LSL-ZsGreenl crossed
mouse lines. The primary antibody was incubated overnight in 2% nor-
mal donkey serum and 0.1% TxT). The next day, after PBS rinses, the
primary antibody was detected by Cy3-conjugated donkey anti-mouse
IgG (1:1000, #715-165-151, Jackson ImmunoResearch). After several
rinsing in PBS, sections were mounted on glass slides and coverslipped
using Mowiol4-88 (Merck).

Microscopy and quantification of labeling

All imaging and quantification were performed by experimenters blind
to treatments. As mentioned above Ni-DAB-stained sections were digi-
talized by an Olympus DP70 Light Microscope and CCD camera system.
Fluorescent c-Fos labeling was imaged using C2 Confocal Laser-
Scanning Microscope (Nikon CFI Plan Apo VC60X/NA 1.40 Oil objec-
tive, z step size: 0.13 um, xy: 0.08 um/pixel and CFI Plan Apo VC20X/N.
A. 0.75, xy: 0.62 um/pixel, Nikon Europe), whereas projections of the
BNST (anti-RFP) were imaged using a Panoramic Digital Slide Scanner
(Zeiss, Plan-Apochromat 10x/NA 0.45, xy: 0.65 um/pixel, Pannoramic
MIDI II; 3DHISTECH) equipped with LED (Lumencor, SPECTRA X
light engine). To assess c-Fos counts and ZsGreen-positive BNSTSM/
BNST® neurons, we delineated regions of interest or used fixed rectan-
gular/oval frames on fluorescent pictures using CaseViewer 2.3 software
(3DHISTECH). C-Fos signal was counted bilaterally in two or three sec-
tions that were 180 um apart, covering the whole antero-posterior exten-
sion of the actual region/subregion. For statistical analyses and figures,
average counts were considered. Section planes were standardized
according to the atlas of Paxinos and Franklin (2001). All c-Fos results
are presented as c-Fos counts normalized for mm?, which were counted
manually using standardized settings (contrast, intensity) across subjects
and regions.

Statistics

Data are expressed as mean = SEM. Differences between groups were
evaluated by one-way, two-way, or repeated-measure ANOVA (time/
block as within-subject factor), followed by Tukey’s post hoc analyses
using Statistica software (Tibco). Ex vivo electrophysiological data were
also analyzed by Student’s one-sample ¢ test. The significance level was
set at p < 0.05 throughout, all p values are indicated with exact numbers.

Results

The BNST is activated during cued fear acquisition but not
during recall

To interrogate the role of the BNST in different phases of condi-
tioned fear response, we mapped neuronal activity during fear
acquisition (i.e., conditioning) and CS-induced fear recall in
adult male C57Bl/6] mice through analysis of c-Fos expression.
During fear conditioning, mice were presented with seven 30 s
pure tones (7kHz), each co-terminating with a 1-s footshock
(0.7mA). Control mice were exposed to the same (contextual
and auditory) stimuli without footshocks. Mice were killed for c-
Fos staining 90 min after fear conditioning. As expected, shocked
mice showed significantly higher freezing levels than controls
during conditioning (F(; 15y = 153.944 and p < 0.0001; Fig. 1A).
Fear conditioning induced significant c-Fos expression in all
BNST subregions (Fig. 1E), particularly in the anteromedial and
posterior regions (all regions: F(y 15y > 5.55, p =0.029; Fig. 1C,F),
whereas c-Fos expression was similar in conditioned and control
mice during cue-dependent fear recall (all regions: F(j 9y >
1.008, p>0.327; Fig. 1D,G) despite a high level of freezing
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exhibited by conditioned mice (F; 19y = 9.777 and p < 0.0001;
Fig. 1B). These data suggest that the BNST is recruited during
cued fear conditioning, but not when conditioned fear is recalled.
Accordingly, we aimed to test how enhanced BNST activity con-
tributes to fear learning.

Chemogenetic activation of the BNST facilitates fear
learning but not fear expression

We expressed stimulatory hM3Dq DREADD in the BNST of
adult male vgat-ires-cre mice to target the major neuronal popu-
lation of the BNST, i.e., GABAergic neurons. By using standard
injection method and four weeks incubation time, we were able
to induce widespread expression of DREADD receptors in the
BNST, but infection consistently avoided the oval nucleus (Fig.
2A). Control animals were injected with a viral vector carrying
only mCherry fluorophore protein without active hM3Dq recep-
tor. Consistently with previous studies (Mazzone et al., 2018),
whole-cell patch-clamp recordings confirmed that CNO acti-
vated hM3Dq receptors indicated by depolarized resting mem-
brane potential (4.18 £0.60 vs —0.54* 1.11mV in controls;
Fuz = 17.319, p=0.004; t=9.286, p<0.001 compared with
baseline) and increased firing rate of hM3Dgq-expressing
BNSTYAT cells [30-pA pulse: from 0.9  0.23 action potentials
(APs) to 4.4 = 0.37 APs, F;9) = 169.615, p < 0.001; 60-pA pulse:
from 32%+0.29 APs to 165+ 0.80 APs, Fyq) = 214.846,
p <<0.001; Fig. 2B,C]. C-Fos immunohistochemistry also con-
firmed that intraperitoneal injection of CNO in 1 mg/kg dose
resulted in marked activation of BNST'“*T neurons under base-
line (homecage) condition (F(;,16) = 73.123, p < 0.001; Fig. 2D).

To test how BNST activation modulates fear acquisition, we
chemogenetically activated BNST'“*T neurons during fear con-
ditioning (Fig. 2F). Interestingly, it did not affect fear acquisition
acutely, ie., freezing levels during fear conditioning (F( s =
0.041, p=0.841; Fig. 2F), but it resulted in elevated CS-induced
fear recall (F(,15 = 6.774, p=0.019), which effect diminished
by the next extinction session 1d later (ie., extinction recall:
Fu1s) = 1275, p=0.276; Fig. 2H). Contextual fear recall and
freezing in a safe context during baseline period (i.e., before CS
presentation as an index of contextual fear generalization) did
not reveal any alterations (F(1,5 = 0.025, p=0.875; F 5 =
0.961, p =0.342, respectively; Fig. 2G,H).

Since chemogenetic activation has been reported to last for
several hours (Roth, 2016), chemogenetic stimulation could
potentially modulate both fear acquisition and consolidation
phases of fear memory formation. To dissect the temporal dy-
namics of our effect, in the next experiment CNO was injected
immediately after fear conditioning to activate BNST'** neu-
rons specifically during fear memory consolidation (Fig. 2I).
Consolidation-specific stimulation replicated the enhancement
of CS-induced fear recall (F(; 5, = 5.320, p =0.035; Fig. 2K), with
a trend for extinction deficit on day 1 (block x group interaction:
F(1,75) = 1.897, p=0.105). CS-induced fear recall showed a non-
significant trend during the next session (day 2: F(; 1) = 2.863,
p=0.109) with more apparent contextual generalization indi-
cated by significant difference during baseline period without CS
(F(1,16) = 5.763, p=0.028; Fig. 2K, right panel). CS-specific freez-
ing analysis (based on subtraction of baseline period freezing
from CS-induced freezing) confirmed that enhanced freezing
response was CS-dependent on day 1 (F(; ;5) = 5.146, p=0.038),
but it was rather because of a general increase in the safe context
independent from CS-presentation on day 2 (F( ;6 = 0.006,
p=0.937), suggesting a potential development of contextual gen-
eralization in BNST-stimulated mice. In contrast, contextual
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BNST neurons are activated during fear conditioning but not during (S-dependent fear recall. A, B, Freezing behavior during auditory fear conditioning and CS recall. Control mice

were exposed to the auditory conditioned stimuli (CSs) without footshocks, whereas conditioned animals received seven pairings of shock-cue (CS+US) pairings. During auditory fear recall,
mice were exposed to 15 CS+ in an altered context (illustrated in panel B). C, D, Representative fluorescent photomicrographs showing c-Fos immunostaining of BNST subregions during fear
conditioning and auditory fear recall, respectively. E, lllustration of investigated BNST subregions for ¢-Fos quantification. F, Fear conditioning significantly increased c-Fos expression of all BNST
subregions (n = 10/groups). G, In contrast, cued fear recall induced no changes in c-Fos expression (n= 10—11/groups). On freezing time curves, each major tick depicts two to three footshock
(FS) blocks in case of conditioning, and a 180-s block, starting with a 150-s pretone baseline period (BL) in case of recall test. All data are represented as mean = SEM. Asterisks represent
main effect of ANOVA: #p << 0.05, #3p << 0.01, s=:p < 0.001. aBNST, anterior BNST; ac, anterior commissure; amBNST, anteromedial BNST; avBNST, anteroventral BNST; fx, fornix; ic, inter-

nal capsule; ovBNST, oval nucleus of the BNST; pBNST, posterior BNST; sm, stria medullaris.

recall in context A showed no difference (F,, = 1.560,
p=0.228; Fig. 2]), and fear acquisition was similar between
groups as indicated by freezing (F(; 17 = 0.311, p = 0.584; Fig. 2I).

Finally, we tested how BNSTY“T neurons modulate CS-
induced fear recall, or its generalization to safety cues using a dif-
ferential auditory fear conditioning paradigm (Fig. 2L). Again,
fear acquisition was similar between groups (F(; ;9 = 0.001,
p=0.987; Fig. 2M), and groups could similarly differentiate
between CS+ and CS- during a brief recall test (CS-/CS+:
F1,18) = 0.451, p=0.510; stimulus: F(; 35) = 9.603, p = 0.003; stim-
ulus x group interaction: F(; 3¢y = 0.008, p=0.927; Fig. 2N). In
line with unaltered c-Fos activity, we did not observe changes in
CS-induced freezing levels and CS+/CS- discrimination, when
BNSTY“AT neurons were activated during fear recall (CS+-
induced recalls: F; 19y = 0.303, p = 0.588; F; 19y = 0.040, p = 0.843;

CS-/CS+: F(1,19) = 18.595, p<0.001; Fig. 20). Together, our
findings suggested that BNST is actively recruited during fear ac-
quisition and enhancement of this activity results in enhanced
fear memory formation via consolidatory mechanisms. Next, we
aimed to identify potential downstream targets, which could
mediate these effects.

Chemogenetic stimulation of BNST'*A” neurons alters c-Fos
activity in downstream regions involved in fear regulation

To point out potential downstream targets mediating our effects,
we mapped c-Fos activity 6 h after fear conditioning, i.e., consoli-
dation phase (Fig. 3A). First, we confirmed marked activation of
hM3Dq-expressing neurons in the BNST at 6 h (86.36% vs
6.09% in controls; F 5 = 1117.353, p<<0.001; Fig. 3CD).
Second, we assessed c-Fos expression in densely innervated
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Figure 2. Chemogenetic activation of the BNST facilitates fear leamning, but not fear recall. 4, Schematics of virus injections in vgat-ires-cre mice and representative photomicrograph of

mCherry expression. Right panels show minimum (filled areas) and maximum (areas with colored outlines) extensions of mCherry expression in the BNST. B, Patch clamp recordings from BNST
slices: representative photomicrograph depicting a vGAT+ neuron filled with biocytin. Right panel shows representative trace of a hM3Dq expressing neuron indicating CNO-mediated depolari-
zation in the presence of TTX, which was absent in BNST'*" neurons expressing control fluorophore. €, CNO administration also elevated the frequency of APs evoked by depolarizing current
steps and decreased the rheobase. D, Intraperitoneal injection of C(NO under homecage condition induced significant c-Fos expression in hM3Dg-mCherry-expressing neurons (control: n=9,
hM3Dq: n=9). E, Experimental design for auditory fear conditioning. F, I, Schematics of chemogenetic modulation of the BNST during fear conditioning or memory consolidation, respectively,
and freezing behavior exhibited during conditioning. BNST stimulation did not affect acute fear response (freezing) during conditioning. G, BNST stimulation during conditioning did not affect
contextual fear recall, but enhanced cued fear recall (H: control: n =8, hM3Dg: n=9). Similarly, chemogenetic activation of BNST*" neurons during fear memory consolidation resulted in
enhanced cued fear recall with additional fear generalization on day 2 (freezing during baseline; K), without altering contextual fear recall in context A (J). L, Experimental design for chemoge-
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Figure 3. Postsynaptic activity following chemogenetic stimulation of the BNST during memory consolidation. A, Schematics of virus injections and representative photomicrograph of
mCherry expression in the BNST. Right panel shows experimental design: c-Fos expression was assesses 6 h after fear conditioning combined with subsequent chemogenetic activation (i.e., in
the consolidation phase). B, Representative wide-field fluorescence photomicrographs depicting major projection areas of BNST'AT neurons. €, Representative single-plane confocal photomicro-
graphs showing altered c-Fos expression during consolidation in the BNST and downstream regions, where white arrows indicate activated hM3Dg-expressing BNST**A" neurons (mCherry+c-
Fos). D, C-Fos activity was significantly increased in the BNST, and DMT, vIPAG, ifVTA downstream regions (F), with additional decrease in PVN (E). ac, anterior commissure; amBNST, anterome-
dial BNST; Aq, cerebral aqueduct; BLA, basolateral amygdala; CeL/CeC, central amygdala, lateral/capsular part; CeM, central amygdala, medial part; cpd, cerebral peduncle; D3V, dorsal part of
the third ventricle; DMT, dorsal midline thalamus; DR, dorsal raphe; fx, fornix; ic, internal capsule; LHA, lateral hypothalamic area; MD, mediodorsal thalamus; MHb, medial habenula; MM,
medial mammillary nucleus; NAc, nucleus accumbens; opt, optic tract; PVN, paraventricular hypothalamic nucleus; SN, substantia nigra, pars compacta; st, stria terminalis; vIPAG/IPAG, peria-
queductal gray, ventrolateral/lateral part; ifVTA, ventral tegmental area, interfascicular nucleus. Asterisks represent main effect of one-way ANOVA: sp << 0.05, sxp < 0.01, #sxp < 0.001.

regions of the fear circuitry (Fig. 3B,C), where significant
BNST projections could be observed (indicated by mCherry
labeling), i.e., in the nucleus accumbens (NAc) shell, dorsal
midline thalamus (DMT), central amygdala (CeA, medial
nucleus-CeM), lateral hypothalamus (LH), paraventricular

nucleus of the hypothalamus (PVN), substantia nigra pars com-
pacta (SNc), ventral tegmental area (VTA), dorsal raphe (DR),
ventrolateral periaqueductal gray (VIPAG). Noteworthy, this pat-
tern described above was in high accordance with previous reports
in rats and mice (Dong et al,, 2001; Dong and Swanson, 2004,



Bruzsik et al. @ BNST Modulates Fear Learning

2006; Kodani et al,, 2017). Among these regions, DMT, VTA
(interfascicular part-iftVTA), and VIPAG exhibited increased c-Fos
expression (F13 = 7.516, p=0.016; F 13 = 8.191, p=0.013;
F(1,14) = 18.919, p < 0.001, respectively; Fig. 3C,F), whereas PVN
exhibited reduced c-Fos expression in hM3Dq mice (F(14) =
5.208, p =0.038; Fig. 3C,E). DR also exhibited a trend for increased
activity (Fy.14) = 4.013, p = 0.064).

BNSTS®M, but not BNST R, neurons facilitate fear memory
consolidation

To interrogate the involvement of specific cell types of the BNST
in fear memory consolidation, we selectively modulated
BNST*™ and BNST“®" neurons, which constitute two major
GABAergic cell types in the BNST (Nguyen et al., 2016; Dedic et
al., 2018; Ye and Veinante, 2019). First, we quantified the intra-
BNST distribution of CRF and SOM positive neurons using cre-
dependent reporter mouse lines expressing Zsgreen fluorescent
protein (Gt(ROSA)26Sor-CAG/LSL-ZsGreenl). We observed
similar expression levels in the anterior and medial divisions
(~15-20%), and significant dominance of SOM neurons in the
oval nucleus and posterior regions compared with CRF (Figs.
4A, 5A). Noteworthy, in contrast to this distribution we detected
very limited expression of DREADDs in our experiments (indi-
cated by mCherry labeling) in the oval nucleus (Figs. 24, 34, 4A,
5A), which should be taken into account when interpreting our
findings, particularly when one appreciates the heterogeneity
and competing effects across BNST subregions, and anxiogenic
effects mediated by the oval nucleus (Choi et al., 2007; Kim et al.,
2013; Daniel and Rainnie, 2016).

Since SOM and CRF neurons have been shown to drive fear
expression in opposite ways in the CeA (Fadok et al,, 2017), we
applied SOM and CRF-specific chemogenetic activation and in-
hibition during the consolidation phase in som-ires-cre and crh-
ires-cre mice. First, we validated that intraperitoneal CNO injec-
tion can reliably modulate neuronal activity (Figs. 4D, 5C):
hM3Dq expressing SOM and CRF neurons showed significantly
higher co-expression with c-Fos compared with mCherry-
expressing controls [SOM: F(;10) = 93.361, p < 0.001 (Fig. 4D);
Tukey’s post hoc test p < 0.001; CRF: F(, 17, = 199.509, p < 0.001,
Tukey’s post hoc test p<<0.001 (Fig. 5C)]. hM4Di mediated
decrease in c-Fos expression was also observed in SOM neurons
(Tukey’s post hoc test p=0.008), but could not be detected in
CRF neurons because of floor effect (minimal baseline activity in
control mice, Tukey’s post hoc test p =0.786).

Chemogenetic activation of BNST*°™ neurons during fear
consolidation (Fig. 4B) could partially replicate our BNST'GAT
findings by enhancing fear recall in the safe context, even with
more pronounced and persistent effects (cue recall day 1:
F30) = 8.067, p=0.001, Tukey’s post hoc test p=0.001 and
p=0.391 control vs hM3Dq and hM4Di, respectively; day 2/
extinction recall: F(,,0) = 5.547, p=0.009, Tukey’s post hoc test
p=0.021 and p=0.773 control vs hM3Dq and hM4Di, respec-
tively; Fig. 4G). Importantly, this effect became non-significant
when CS-specific freezing levels were calculated (baseline sub-
tracted from CS-induced freezing; Cue recall day 1: F30) =
1.025, p=0.370; day 2: Fos0 = 0.116, p=0.890), implying
that enhanced freezing was more because of contextual general-
ization in the safe context. Similarly to BNSTT stimulation,
BNST*°M stimulation enhanced freezing during baseline period
on day 2 (BL freezing for day 1: F(; 31y = 0.769, p=0.471 and day
2: Fooe = 4.225, p=0.024; Fig. 4G), which again indicated
enhanced contextual generalization. Moreover, higher freezing
levels in the hM3Dq group were not only observed during CS-
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presentations but during ITIs, as well (CS: F30) = 5.975,
p=0.006, Tukey’s post hoc test p=0.004 vs controls; ITIs: F(, 50,
= 9.324, p<0.001, Tukey’s post hoc test p<<0.001 vs controls;
Fig. 4H). Latter also appeared in the lack of CS/ITI discrimina-
tion in the hM3Dq group (1.06 * 0.05; t=1.080, p=0.316),
although CS/ITI discrimination ratio was also weak in the con-
trol and hM4Di groups (1.15%*0.04, t=4.037, p=0.001;
1.24 % 0.05, t=4.400, p = 0.002, respectively). Similar to previous
experiments, contextual fear recall in context A was not changed
(Fia,31) = 0.160, p=0.852; Fig. 4F), and fear conditioning was
similar between groups (F.9 = 1512, p=0.237; Fig. 4E).
Chemogenetic inhibition did not affect any forms of fear recall,
despite its potential to lower neuronal activity indicated by c-Fos
(p=0.008; Fig. 4D).

Based on the above generalization tendencies, we aimed to
test whether our effect represents contextual generalization inde-
pendent of CS. In a separate cohort of mice, we tested the impact
of chemogenetic stimulation of BNST*°™ neurons during con-
solidation (using the same experimental design) on fear recall
without CS-presentation in the safe context (Fig. 4I). Freezing
response showed no difference in the safe context without CS
presentation (F;15) < 0.275, p > 0.606; Fig. 4L), suggesting that
the memory-enhancing effect of BNST*°™ stimulation was de-
pendent on, but not limited to, CS-presentation (i.e., during CS
blocks).

In BNST“®* neurons, neither chemogenetic activation, nor
inhibition altered contextual (F,3; = 0.041, p=0.959; Fig. 5F)
or CS-induced fear recalls (cue recalls: F < 0.270, p > 0.765; Fig.
5@G), or fear generalization (CtxB BLs: F < 0.416, p > 0.662). Fear
acquisition was similar between groups as indicated by freezing
(F2,37) = 0.205, p=0.815; Fig. 5E). Considering recruitment of
CeA“™ neurons during weak threats, i.e., fear conditioning with
low-intensity footshock as shown before (Sanford et al., 2017),
one could hypothesize that stimulus intensity determines
BNST“® neurons recruitment, which could contribute to our
negative findings. To test this hypothesis, we performed an
experiment with identical experimental design but using 0.4-mA
footshocks as US (Fig. 5H). Similar to high-intensity condition-
ing, we did not observe alteration in fear memory consolidation
indicated by similar contextual or CS-dependent fear recalls
between groups (F(j2,) = 0.045, p=0.833 and F(; ) = 0.117,
p=0.734, respectively; Fig. 5J,K). Latter findings suggest that
BNST“® neurons are not, or minimally involved in the mem-
ory-enhancing effect of the BNST, although lack of DREADD
expression in the oval nucleus could be a significant limitation in
our experiment contributing to negative findings.

Discussion

Our study demonstrates that BNST neurons are activated during
fear acquisition and chemogenetic stimulation of BNST'GAT
neurons during fear conditioning or consolidation enhances CS-
related fear memory formation. In contrast, the BNST seems to
be minimally involved in conditioned fear expression indicated
by unaltered freezing during fear acquisition and CS-dependent
fear recall when the same neurons were chemogenetically stimu-
lated. Stimulation of BNST*°™ neurons during the consolidation
phase recapitulated these effects by resulting in strong enhance-
ment of CS-related fear, but it also increased contextual fear gen-
eralization. Although CS-presentation was necessary to detect
significant enhancement of fear recall in the safe context, it was
not limited to CS periods, suggesting that CS may represent an
ambiguous stimulus in a safe environment manifesting fear recall
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Figure 4. Chemogenetic activation of BNST™ neurons during fear memory consolidation enhances CS-induced fear recall. 4, Distribution of BNST™™ neurons illustrated by representative

single-plane confocal photomicrographs from reporter ZsGreen fluorescent protein-expressing mouse lines, and their proportional quantification (% of all neurons, NeuN+) across subregions.
B, Experimental design for chemogenetic modulation of BNST* neurons during fear memory consolidation. €, Photomicrograph showing mCherry expression in BNST*™ neurons and illustra-
tion of minimum (filled areas) and maximum (areas with colored outlines) extensions of mCherry expression. D, Intraperitoneal injection of CNO (1 mg/kg) under baseline (homecage) condition
significantly increased c-Fos expression in hM3Dg-mCherry-expressing BNST*™™ neurons, while hM4Di-expressing BNST*™™ neurons showed reduced c-Fos expression (control: n =3, hM3Dg:
n=>5, hM4Di: n=35). E, Freezing behavior during fear conditioning of som-ires-cre mice. Chemogenetic activation of BNST™ neurons during fear memory consolidation resulted in
enhanced cued fear reall (G, left panel) with additional contextual fear generalization during baseline period 1d later (G, right panel) and disrupted discrimination between CS and ITI (H).
Contextual fear recall in context A was similar between groups (F; control: n =8, hM3Dq: n=7). In contrast to stimulation, chemogenetic inhibition of BNST*™™ neurons had no impact on fear
recalls (F~H, hM4Di: n = 9). I, Experimental design to test CS-independent contextual fear generalization following chemogenetic stimulation of BNST™ neurons. J~L, Chemogenetic stimula-
tion of BNST*™ neurons did not affect contextual fear recall, either in context A or B (control: n=9, hM3Dg: n= 11). On freezing time curves, each major tick depicts two to three footshock
(FS) blocks in case of conditioning, and a 180-s block, starting with a 150-s pretone baseline period (BL) in case of recall test. All data are represented as mean = SEM. Asterisks represent
main effect of repeated-measure ANOVA: p << 0.05, s:p << 0.01, *3p < 0.001; Hash sign represents significant difference during BL period: #p < 0.05. ac, anterior commissure; aBNST,
anterior BNST; amBNST, anteromedial BNST; avBNST, anteroventral BNST; ovBNST, oval nucleus of the BNST; pBNST, posterior BNST.

alterations regulated by the BNST. Accordingly, our data support
the importance of the BNST in fear memory formation related to
threat predicting cues.

It is now well accepted that the BNST does not only regulate
anxiety responses, but it is also capable to modulate short-term
conditioned fear responses (Goode and Maren, 2017). Although
the involvement of the BNST in CS-related fear conditioning is

still debated, in vivo recordings from BNST neurons revealed
that a substantial population of recorded BNST cells is excited by
CS during fear learning, especially in the anteromedial BNST
(Bjorni et al., 2020), which showed robust activity during acquisi-
tion in our experiments. Most studies investigating the role of
the BNST in cued conditioned fear inhibited the BNST during
fear retrieval. The majority of these studies showed that BNST
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Figure 5.  Chemogenetic modulation of BNST® neurons during fear memory consolidation doe:

s not affect fear recalls. A, Distribution of BNST™ neurons illustrated by representative single-

plane confocal photomicrographs from reporter ZsGreen fluorescent protein-expressing mouse lines and their proportional quantification (% of all neurons, NeuN+-) across subregions. B,
Representative photomicrographs of mCherry expression in BNST™™ neurons and illustration of minimum (filled areas) and maximum (areas with colored outlines) extensions of mCherry expres-
sion. G, Intraperitoneal injection of CNO (1 mg/kg) under baseline (homecage) condition significantly increased c-Fos expression in hM3Dg-mCherry-expressing BNST neurons (control: =7,
hM3Dq: n =7, hM4Di n = 6). D and H, lllustrations depicting high (0.7-mA footshocks) and low-intensity (0.4-mA footshocks) fear conditioning in crh-ires-cre mice with C(NO administration af-

ter conditioning. Fear recalls were independent of BNST manipulation following both high-intens|
trainings, respectively (control: n=15 and n =10, hM3Dq: n =12 and n = 14 for low-intensity
one-way ANOVA: sn << 0.01.

inactivation disrupted only conditioned fear to ambiguous cues
(Sullivan et al., 2004; Lange et al., 2017; Goode et al., 2019), with-
out any effect on temporally predictable CS-induced fear. In line
with these observations, in our experiments, BNST stimulation
did not affect acute fear responses (during conditioning or
recall), supporting that predictable CS-induced fear expression is
not dependent on BNST activity.

In contrast to fear expression, increased BNST activity had a
significant impact on fear memory formation that subsequently
manifested in enhanced fear. It is important to note that few
studies investigated the BNST with gain of function approaches
or with cell type-specific modulations. Here, we repeatedly
showed that stimulation of BNST neurons facilitate fear learning,
however, the exact circuitries mediating this effect need to be
determined. To identify potential mediators of our effect, we
mapped c-Fos activity in BNST-projecting areas. We confirmed
that BNST neurons project to several brain regions involved in
learned fear responses including NAc, DMT, LH, CeA, VTA,

ity (F—G) and low-intensity (J—K) trainings. E and /, Freezing during high- and low-intensity
and high-intensity trainings, respectively; hM4Di: n=13). Asterisks represent main effect of

DR, vIPAG. Elevated activity in DMT indicates enhanced aver-
sive learning as previous reports showed the involvement of
DMT in fear memory consolidation (Li et al., 2013; Penzo et al.,
2014, 2015; Do-Monte et al., 2015; Gao et al., 2020). Similarly,
enhanced vIPAG activity suggests an alteration in the amygdalar
output initiating fear responses (Dejean et al, 2015), which
region has also been recently shown to encode danger-cue asso-
ciations and its probability (Ozawa et al, 2017; Wright and
McDannald, 2019; Wright et al., 2019). Moreover, the avBNST-
vIPAG pathway was recently shown to modulate fear memory
consolidation in the active avoidance paradigm (Lingg et al,
2020). Accordingly, the BNST (as extension of CeA-DMT and
CeA-vIPAG circuitry) could be a significant modulator of fear
memory strength (Do-Monte et al, 2015; Penzo et al, 2015;
Ozawa et al,, 2017). Altered activity in monoaminergic regions
(ifVTA, DR) and PVN are also potential mediators based on
their significant impact on fear memory formation (Dedic et al,,
2018; Groessl et al., 2018; Sengupta and Holmes, 2019).
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Figure 6.  AAV based mapping of major projection areas of BNST™ (4) and BNST°* (B) neurons. Representative wide-field fluorescence photomicrographs show a highly similar distribution
of BNST®" and BNST™M projections. 3V, third ventricle; 4V, fourth ventricle; ac, anterior commissure; amBNST, anteromedial BNST; avBNST, anteroventral BNST; BLAa, basolateral amygdala, an-
terior part; Cel, central amygdala, lateral part; CeM, central amygdala, medial part; CLi, central linear nucleus raphe; cpd, cerebral peduncle; D3V, dorsal part of the third ventricle; DRD, dorsal
raphe, dorsal part; DRL, dorsal raphe, lateral part; DRV, dorsal raphe, ventral part; fx, fornix; GP, globus pallidus; ic, internal capsule; IPN, interpeduncular nucleus; LC, locus coeruleus; LHa, lat-
eral hypothalamic area; LHb, lateral habenula; MeA, medial amygdala; MeAad, medial amygdala nucleus, anterodorsal part; MHb, medial habenula; MM, medial mammillary nucleus; opt, optic
tract; ov, oval nucleus of the BNST; pBNST, posterior BNST; PMv, ventral premammillary nucleus; PSTh, parasubthalamic nucleus; PVN, paraventricular hypothalamic nucleus; PVT, paraventricular
thalamic nucleus; RRF, retrorubral field; scp, superior cerebellar peduncles; SI, substantia innominate; sm, stria medullaris; SN¢, substantia nigra, pars compacta; st, stria terminalis; STh, subtha-
lamic nucleus; SUM, supramammillary nucleus; TMV, tuberomammillary nucleus, ventral part; vIPAG, ventrolateral periaqueductal gray; VTA, ventral tegmental area.

Although reduced PVN activity is in line with previous studies
documenting the mediatory/inhibitory role of the BNST on
hypothalamic-pituitary-adrenal axis (HPA) axis, it contradicts
the significant memory-enhancing effect of glucocorticoids (de
Quervain et al., 2009; Radley and Sawchenko, 2011; Lingg et al.,
2020). Considering the limitation of our c-Fos mapping, we
cannot conclude on HPA-axis activity without CRF-specific neu-
ronal activity assessment, particularly when one considers oppos-
ing impact of BNST subregions on HPA-axis activity (Choi et al.,
2007), or the importance of temporal dynamics, ie., activity
changes during 6 h of consolidation. Finally, it is more realistic
to assume that enhanced fear response following BNST stimula-
tion was a result of complex circuitry changes with multiple

nodes, where potential competing effects exist. Future studies
targeting specific efferent pathways of BNST need to clarify how
these specific circuit elements contribute to fear learning.
Projection areas of SOM, CRF, and vGAT neurons of the
BNST described here showed minimal differences, which also
correspond highly with previous descriptions (Dabrowska et al.,
2016; Dedic et al., 2018 (Fig. 6)). The distribution of these projec-
tions also highly overlaps with reported CeA projections
(Hartley et al., 2019; Li, 2019), suggesting coordinated function-
ing between the amygdala and the BNST. In respect of our con-
trasting findings on BNST® and BNST*™ stimulations, the
high distributional overlap between SOM and CRF neurons sug-
gests that they target functionally distinct postsynaptic partners
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in the same projection areas. Interpreting our BNST*°™ findings
in the light of previous reports, it seems that SOM neurons in the
central extended amygdala have a rather uniform impact on
fear-like responses, shifting it toward passive “coping” forms, i.e.,
freezing versus escape (Li et al., 2013; Penzo et al., 2014, 2015; Yu
et al., 2016; Fadok et al., 2017; Hartley et al., 2019). Moreover,
CeAS°™ neurons enhance fear learning via connections with
DMT and vIPAG, regions where we detected marked elongated
c-Fos hyperactivity after chemogenetic stimulation of the BNST
in the consolidation phase (Li et al., 2013; Penzo et al., 2014,
2015; Li, 2019). However, whereas CeAS°™ neurons drive pas-
sive fear response directly, BNST*™ neurons modulates fear
responses more indirectly via modulating the fear circuitry likely
via plastic changes (i.e., potentiation). BNST**™ neurons also
shifted fear expression toward more generalized forms, although
this effect was highly dependent on, but not limited to, CS-presen-
tation. Likely CS in a safe context represent an ambiguous stimu-
lus for the animal, which recruits BNST-related circuitry as shown
before (Daldrup et al., 2016; Goode et al., 2019; Naaz et al., 2019).

It is important to note that BNST*°™ neurons may not be in-
evitable for intact fear learning as chemogenetic inhibition
showed no effect. It is possible that these neurons only exert a
modulatory effect on fear memory formation and canonical
BLA-dependent fear learning could be intact with BNST inhibi-
tion. A previous study indicated that BNST and BLA-dependent
circuits may represent alternative pathways for fear learning and
could compensate each other, i.e., rats were able to acquire con-
ditioned fear with BLA lesion, which was diminished with com-
bined BLA and BNST lesion (Poulos et al., 2010). The lack of
bidirectional effects with BNST modulation is not unusual:
involvement of extended amygdala neurons in innate anxiety is
well documented; however, some studies pointed out inhibition
often fails to modulate baseline anxiety-like behavior without
prior stress (Regev et al, 2011; Pomrenze et al, 2019).
Accordingly, enhanced BNST activity may represent a vulner-
ability-like factor for exaggerated fear learning: although canoni-
cal amygdalar pathways are major mediators of acute fear
responses and conditioning, enhanced BNST present in high-
anxiety individuals may potentiate fear learning. Unfortunately,
our chemogenetic approach made it unfeasible for us to define
behavioral extremes (e.g., low-high anxiety quartiles) in the pres-
ent study, which is to be tested by future studies. Another impor-
tant question for future studies how these mechanisms appear in
females, particularly considering the sexually dimorphic nature
of the BNST.

Finally, negative findings on BNST* activation is in accord-
ance with a previous report using BNST®" manipulation
(Marcinkiewcz et al, 2016). Interestingly, lowered intensity
training could not reveal any difference as it was shown in the
amygdalar CRF circuit (Sanford et al., 2017), suggesting that
stimulus intensity was not the issue in our study. However, we
cannot exclude that (1) our paradigm was not sufficient to reveal
“active-defensive” phenotype, i.e., escape behavior, which is
driven by CRF neurons in multiple brain regions (Fadok et al.,
2017; Daviu et al.,, 2020); and (2) DREADD expression consis-
tently avoided the oval nucleus, which has been shown to medi-
ate anxiogenic effects or responses to aversive stimuli (Kim et al.,
2013; Pelrine et al,, 2016; Giardino et al., 2018). Despite these
limitations, it is important to note that SOM and CRF expression
in the mouse BNST is much less restricted to the oval nucleus and
exhibit more widespread distribution (Nguyen et al., 2016), in ac-
cordance with our observations in Zsgreen reporter lines, and sig-
nificant DREADD expression across multiple BNST subregions.
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Together, our study points out a specific role of the BNST in
the facilitation of fear learning, Particularly, BNST'“*" neurons
enhance fear memory strength (likely via plastic changes in sev-
eral regions of the fear circuitry) without affecting acute fear
reactivity and expression. Moreover, BNST*M neurons promote
fear generalization, although this effect is dependent on threat-
predictive cues (CS), providing further data how the amygdala
and the BNST exert complementing functions in the fear cir-
cuitry. BNST hyperactivity may also translate into maladaptive
fear memories and generalization apparent in anxiety disorders
(Avery et al., 2016; Brinkmann et al., 2018).
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