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ABSTRACT

The bed nucleus of the stria terminalis (BNST) is involved in feeding, reward, aversion, and anxiety-like behavior.
We identify BNST neurons defined by the expression of vesicular glutamate transporter 3, VGIuT3. VGIuT3
neurons were localized to anteromedial BNST, were molecularly distinct from accumbal VGIuT3 neurons, and
co-express vesicular GABA transporter (VGaT). Cell-type specific presynaptic processes were identified in
arcuate nucleus (ARC) and the paraventricular nucleus of the hypothalamus (PVN), regions critical for feeding
and homeostatic regulation. Whole-cell patch-clamp electrophysiology revealed that, while these neurons
co-express VGIUT3 and VGaT, they functionally transmit GABA to both ARC and PVN, with rare glutamate
co-transmission to ARC. Neuronal recordings of VGIuT3 BNST neurons showed greater calcium-dependent
signaling in response to sucrose consumption while sated compared with fasted. When fasted, optogenetic
stimulation of BNST VGIuT3 neurons decreased sucrose consumption using several stimulation conditions but
not when stimulation occurred prior to sucrose access, suggesting that BNST VGIuT3 activation concurrent
with consumption in the fasted state reduces feeding. BNST VGIuT3 activation during anxiety-like paradigms
(novelty-suppressed feeding, open field, and elevated zero maze) and real-time place conditioning resulted
in no changes in anxiety-like or reward/aversion behavior. We interpret these data such that VGIuT3 BNST
neurons represent a unique cellular population within the BNST that provides inhibitory input to hypothalamic
regions to decrease feeding without affecting anxiety-like or reward/aversion behavior.

INTRODUCTION

In the late 1970s, George Alheid embarked on
what was intended to be a “brief excursion into
neuroanatomy” before investigating the functionality
of the extended amygdala(1). Over a half century later,
the extended amygdala and its subdivisions and cell-
types remain not wholly understood, as it continues to
be discovered that its neuroanatomy and functionality
are diverse, particularly the bed nucleus of the stria
terminalis (BNST).

Historically, the BNST was subdivided according
to medial-lateral, dorsal-ventral, and anterior-posterior
axes based on tract tracing and immunohistochemical
expression(2-13). The anterior BNST has dense
projections to the paraventricular nucleus of the
hypothalamus (PVN)(6, 9, 14-16). The anterior BNST

can also be further subdivided into the anteromedial
and anterolateral BNST. The anteromedial BNST
has projections to the nucleus accumbens, arcuate
nucleus (ARC), central amygdala, supramammillary
and tuberomammillary nuclei, ventral tegmental area
(VTA), and ventrolateral periaqueductal gray(6, 9, 16).
The BNST, including the anteromedial BNST, has a
strong role in feeding regulation(17-23), as well as in
the expression of anxiety-like behavior(24-36).

With novel tools to probe the transcriptomics of
neuroanatomically distinct brain regions in an unbiased
fashion, it was discovered that the human and rodent
BNST have a high level of transcriptional diversity(37,
38). Single-cell RNA sequencing data from mouse
BNST revealed 41 transcriptionally distinct cell-types
with 86% of cells expressing GABAergic genetic
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markers and the remaining 14% expressing
glutamatergic genetic markers (38). Parcellating
the behavioral functionality of the BNST is non-
trivial, with several studies suggesting dichotomous,
even opposing, roles in feeding, anxiety, and
emotional valence depending on cell-type and circuit
involvement(17, 39-42).

Here, we identified a cell-type within the anteromedial
BNST that expressed the vesicular glutamate
transporter type 3 (VGIuT3). BNST VGIuT3 neurons
were distinct from striatal VGIuT3 neurons due
to the absence of the cholinergic marker choline
acetyltransferase that classify striatal VGIuT3-
expressing cholinergic  interneurons  (43-45).
Complexity of the VGIuT3 cell-type within the
anteromedial BNST was demonstrated using in situ
hybridization and revealed that the majority of BNST
neurons expressing VGIuT3 mRNA co-expressed the
vesicular GABA transporter (VGaT). The presynaptic
vesicular protein synaptophysin from BNST VGIuT3
neurons was identified locally within the BNST and
also nucleus accumbens, PVN, ARC, and VTA.
Additional immunolabeling and whole-cell patch-
clamp electrophysiology experiments indicated that,
while these neurons express VGIUT3 protein, they
functionally transmit GABA to PVN and ARC with
rare glutamate co-transmission to ARC. Behaviorally,
VGIuT3 neurons showed greater calcium-related
activity in response to sucrose consumption in
the sated state compared with the fasted state,
suggesting they may be involved in reducing sucrose
intake. Optogenetic stimulation of BNST VGIuT3
neurons resulted in decreased sucrose consumption
in response to several stimulation conditions when
sucrose was available but not when stimulation
occurred prior to sucrose access. Optogenetic
stimulation of VGIuT3 neurons when mice were
fasted resulted in no reliable changes in anxiety-like
behavior. A real-time place preference test indicated
that stimulation of VGIuT3 BNST neurons is not
inherently rewarding or aversive. Our results indicate
an anteromedial BNST region that expresses a distinct
genetic glutamatergic marker with dense inhibitory
projections to hypothalamic regions. These VGIUT3
BNST neurons are sensitive to internal state, such that
its activation decreases feeding when fasted. VGIUT3
activation had no effect on anxiety-like behavior, nor
did it have significant emotional valence. Together,
VGIuT3 BNST neurons may represent a unique
target for manipulating the neuronal regulation of
food consumption or energy balance without affecting
emotionally valent behaviors.

MATERIALS AND METHODS

Animals

VGIUT3-IRES::Cre knock-in mice (4-5 months old;
B6;129S-SIc17a8tm1.1(cre)Hze/J; Stock #028534),
VGaT-IRES::Cre knock-in mice (4-5 months old;
Slc32a1tm2(cre)Lowl/J; Stock #016962), VGaT-
IRES::FIpO (B6.Cg-SIc32a1tm1.1(flpo)Hze/J, Stock
#029591), and wildtype C57BI6/J mice (Stock
#000664) were purchased from The Jackson
Laboratory (Bar Harbor, ME). Ai193 mice were
received from The Allen Institute and crossed with
double transgenic VGIuT3::Cre/VGaT::Flp mice to
create triple transgenic Ai193/VGIuT3::Cre/VGaT::Flp
mice. These mouse lines were bred and maintained at
the University of Colorado Boulder and the University
of Colorado Anschutz Medical Campus. Wildtype mice
were used for the in situ hybridization experiment. All
mice were group-housed by sex (5 mice/cage) under
a reversed 12hr:12hr light/dark cycle (lights on at
22:00) with access to water ad libitum. All behavior
experiments were performed during the dark phase
of the light cycle. The experiments described were
conducted in accordance with the regulations by
the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and approved by
the Institutional Animal Care and Use Committee at
the University of Colorado Boulder as well as at the
University of Colorado Anschutz Medical Campus.

Surgery

Mice were anesthetized in a gasket-sealed induction
chamber at 3% isoflurane gas. After confirming
a surgical plane of anesthesia, isoflurane was
continuously delivered at 1-2% concentration while
the mouse was secured in the stereotactic instrument.
For synaptophysin histology, VGIUT3-IRES::Cre mice
were unilaterally injected with AAV1-hSyn-FLEX-
GFP-2A-Synaptophysin-mRuby  (Stanford Vector
Core, 5 x 1012 titer, 400 nL volume; 100 nl/min rate;
+0.65 mm anteroposterior, +0.6 mm mediolateral,
-4.2 mm dorsoventral coordinates). For optogenetic
stimulation experiments, AAV8-hSyn-DIO-CoChR-
GFP (UNC Vectore Core) or AAV8-hSyn-DIO-GFP
(Addgene) were injected bilaterally (5 x 1012 titer,
400 nL volume per hemisphere; 100 nl/min rate;
+0.60 mm anteroposterior, +0.6 mm mediolateral,
-4.5 mm dorsoventral coordinates). For in vivo
monitoring of calcium-dependent neural signaling,
VGIuT3-IRES::Cre mice were unilaterally injected with
AAV1-hSyn-FLEX-GCaMP6m (Addgene) using the
same surgical parameters as previously described.
All injections were done using an UltraMicroPump,
Nanofil syringes, and 35-gauge needles (Micro4;
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World Precision Instruments, Sarasota, FL). Syringes
were left in place for 10 min following injections
and slowly withdrawn. For optogenetics, bilateral
fibers were implanted at a 10° angle (+0.60 mm
anteroposterior, £1.35 mm mediolateral, -4.3 mm
dorsoventral coordinates). For fiber photometry, optic
fibers (400-um core diameter, 0.66 NA, Doric Lenses)
were implanted slightly dorsal to the injection sites
(+0.60 mm anteroposterior, £0.6 mm mediolateral,-4.3
mm dorsoventral coordinates) and slowly lowered in
discrete increments over the course of 25 minutes. All
implants were secured with skull screws and dental
cement. Mice were provided 3 days of postoperative
care with 5 mg/kg carprofen (IP) and allowed 3-4
weeks of recovery before experimentation.

Histology — Viral Verification and Synaptophysin

For viral verification, mice were anesthetized
with isoflurane and perfused transcardially with
0.1M phosphate buffer followed by 4% (w/v)
paraformaldehyde in 0.1M phosphate buffer, pH 7.3.
Brains were extracted and cryoprotected in 18%
sucrose solution in 0.1M phosphate buffer at 4° C
overnight. Brains were cryosectioned to obtain coronal
slices with BNST (30 uM). These coronal brain slices
were mounted onto gelatin-coated slides and imaged
for GFP fluorescent expression on a Zeiss widefield
Axioscope. Any off-target or no GFP expression were
excluded from analysis. For synaptophysin histology,
slides were imaged on a Nikon A1R confocal (20X)
with 3 uM steps z-stacked images at 512 x 512 pixel
resolution. For each z-stacked image, the maximum
intensity of each z-stack was measured and collapsed
across all stacks using FIJI software. All reproductions
of the mouse brain atlas for histology were derived
from the Franklin and Paxinos atlas (46).

Histology — In situ Hybridization

For in situ hybridization, C57BL6/J mice (8-12 weeks
old) were anesthetized with isoflurane and perfused
transcardially with RNase-free 0.1M phosphate
buffer followed by 4% (w/v) paraformaldehyde in
0.1M phosphate buffer, pH 7.3. Brains were rapidly
extracted and flash-frozen with isopentane. Brains
were cryosectioned to obtain coronal slices (18
pM) from +1.10mm to +0.02mm bregma and were
immediately mounted to Fisher SuperFrost Plus
slides. Sections were then heat-treated and exposed
to protease digestion followed by hybridization with
target probes to mouse VGIuT3 and VGaT mRNA
(ACDBIo). Sections were further treated with Opal
dyes specific to each probe. Slides were coverslipped
in Prolong Diamond with DAPI (ThermoFisher) and

imaged on a Nikon A1R confocal (20X) with 3 pM
steps z-stacked images at 512 x 512 pixel resolution.
Images were further analyzed in FIJI, such that
suitable regions of interest were defined as particles
with an area over 10 yM2 and circularity. Particles that
overlapped in expression for VGIuT3 and VGaT were
considered to be co-expressing VGIuT3 and VGaT.

Histology — Immunohistochemistry

In wildtype mice, frozen brain sections were thawed
and washed 3 times for 10 minutes each with 0.1M
phosphate buffer. Sections were then incubated
in blocking buffer (4% bovine serum albumin and
0.3% TritonX-100 in 0.1M phosphate buffer, pH 7.3)
for 1 hour at room temperature. Primary antibody
solutions were rabbit anti-VGaT (Synaptic Systems
#131003) and guinea pig anti-VGIuT3 (Synaptic
Systems #135204), diluted at 1:500 in blocking buffer
solution. For Ai193/VGIuT3::Cre/VGaT::Flp mice, the
primary antibodies were goat anti-ChAT (Invitrogen
PA518518), rabbit anti-tdTomato (Takara 632496), and
mouse anti-GFP (Takara JL-8). Sections incubated in
primary antibodies overnight at 4°C and then washed
in 0.1M phosphate buffer (3x10 minutes). Secondary
antibodies were donkey anti-rabbit Alexa594 (Jackson
Immunoresearch #711585152) and donkey anti-
guinea pig Alexa647 (Jackson Immunoresearch
#706605148), diluted at 1:200 in blocking buffer.
Sections incubated for 2 hours in antibody solutions
and were washed again with 0.1 M PB (3x10 min).
These sections were mounted onto subbed slides
and coverslipped with ProLong diamond mounting
medium. Slides were imaged with a NikonA1R
confocal microscope (20X air objective and 100X oll
objective) for VGIuT3 and VGaT expression. Gain and
power for each channel remained the same across
images. Images were taken in a Z-stack consisting
of 0.2um steps. In post-processing, masks were
generated for both the VGIuT3 and VGaT layers using
the Otsu method, and these binary matrices were used
to remove any labels that did not overlap between the
two layers, in order to calculate co-localization.

Whole-Cell Patch-Clamp Electrophysiology

For slice preparation, mice were anesthetized with
isoflurane and transcardially perfused with ice-cold
cutting solution containing (in mM): 75 NaCl, 2.5 KCl,
6 MgCl2, 0.1 CaCl2, 1.2 NaH2PO4, 25 NaHCO3, 2.5
D-glucose, 50 sucrose. Coronal slices (240 um) with
the BNST, ARC, and PVN were cut in the same cutting
solution that was used for transcardial perfusion.
Slices were maintained at 32°C in aCSF containing
(inmM): 126 NaCl, 2.5 KCI, 1.2 MgCl2, 1.2 NaH2PO4,
2.5 CaCl2, 21.4 NAHCO3, 11.1 D-glucose and
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10 ym MK-801. After at least 30 minutes of incubation,
slices were transferred to a recording chamber and
continually perfused with 34 + 2°C aCSF at a rate of
2 ml/min. All solutions were always bubbled with 95%
02, 5% CO2. When appropriate, picrotoxin (100 pM)
was either bath applied or in the aCSF. DNQX (10
MM) was bath applied when appropriate.

All whole-cell recordings were performed using an
Axopatch 200B amplifier (Molecular Devices). Data
were acquired using an ITC-18 interface (Instrutech)
and Axograph X software (Axograph Scientific) at 10
KHz and filtered to 2 KHz. Neurons were visualized
on a BX51WI microscope (Olympus) with a LED and
filter cube (ThorLabs). Samples that showed GFP
fluorescence both at BNST cell bodies and fiber
expression in the ARC and PVN were selectively
used for whole cell recordings. Samples that did not
show GFP fluorescence at BNST cell bodies nor
fiber expression at the ARC or PVN were excluded.
Widefield activation of CoChR was achieved with
collimated light from a LED (470 nm) through the 40x
water immersion objective. For whole-cell voltage-
clamp recordings, cells were held at a voltage of OmV
and either -50mV or -60mV for the ARC and PVN,
respectively. For the ARC, only cells with a series
resistance less than 30 MQ and an input resistance
of more than 1 GQ were recorded, as previously
reported(47, 48). For the PVN, only cells with a series
resistance less than 20 MQ and an input resistance
of at least 500 MQ were recorded, as previously
reported(49). Episode intervals were 30s with a single
pulse of a 1ms width occurred at 2500ms within a
3000ms timebase. For CoChR validation, BNST
cells were current-clamped, and a single pulse with
a 1ms width occurred at 300ms in a 500ms timebase
with episode intervals of 30s. Patch pipettes (2.5-
3 MQ) were pulled from borosilicate glass (World
Precision Instruments). The internal pipette solution
for all voltage-clamp experiments contained (in
mM): 150 CsMeSO4, 10 HEPES (K), 0.1 EGTA, 0.1
CaCl2, 2 MgCI2, 0.2 Na2-GTP, 2 Na2-ATP, 4.6 Na-
phosphocreatine, and 5 QX-314 bromide (pH 7.3,
280 mOsm). The internal pipette solution for current-
clamp experiments contained (in mM): 135 KCI, 10
HEPES (K), 0.1 EGTA, 0.1 CaCl2, 2 MgCI2, 0.2 Na2-
GTP, 2 Na2-ATP, and 4.6 Na-phosphocreatine (pH
7.3, 280 mOsm). All data processing occurred using
Axograph (1.7.6). A baseline subtraction was applied
based on a 100 ms range prior to the event. A sharp
low-pass filter was applied with a cutoff frequency of
2000Hz. The maximum peak was detected after the
stimulation event.

Calcium Fiber Photometry Recordings

GCaMP6m was excited at two wavelengths (465nm
and 405nm isosbestic control) with amplitude-
modulated signals from two light-emitting diodes
reflected off dichroic mirrors and then coupled into
an optic fiber (50-52). The GCaMP signal and the
isosbestic control signal were returned through the
same optic fiber and acquired using a femtowatt
photoreceiver (Newport, Irvine, CA), digitized at 1kHz,
and then recorded by a real-time signal processor
(Tucker Davis Technologies). For analysis of calcium
fiber photometry recordings, custom-written MATLAB
scripts were used and are available at www.root-
lab.org/code. The isosbestic signal (405nm) and the
GCaMP signal (465nm) were downsampled (10x) and
peri-event time histograms were created surrounding
events of interest (e.g., sucrose consumption, shock).
For each trial, data were detrended by regressing the
405nm signal on the 465nm signal. The generated
linear model was used to create a predicted 405nm
signal that was subtracted from the 465nm signal
to remove movement, photo-bleaching, and fiber
bending artifacts (50). Baseline normalized maximum
z-scores were taken from -10 to 0.01 seconds prior to
event onset.

Fiber Photometry - Sucrose Consumption

Mice were recorded in response to consuming 8%
sucrose either in the sated state (free fed) or fasted
state (fasted to 85-90% body weight). Mice were
trained to consume within a 10-minute time period
for 5 days before recordings. The apparatus (Med-
Associates) was outfitted with a spout for a 250ml
sipper bottle (Allentown, LLC). Mice were habituated
to the fiber photometry cable at least 48 hours before
recordings. The order of recordings during either the
fasted or sated state were counter-balanced. A lick
bout was defined as the occurrence of at least 2 licks.
Onset of a lick bout was defined as the first lick with
at least a 3 second prior interval in which no licks
occurred.

Fiber Photometry - Shock Exposure

Mice were recorded in response to five electric
footshocks while in the fasted or sated state, the order
of which was counter-balanced. In the fasted state,
mice were limited to 85-90% of their original body
weight, while they were given food ad libitum in the
sated state. Mice were administered 0.5mA 500ms
electric foot shocks in a novel environment with an
average inter-trial interval of 60s.
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Fiber Photometry — Pavlovian Reward Conditioning
Mice were fasted to 85-90% body weight and trained
to consume 8% sucrose within a 100-minute time
period in a Pavlovian conditioning task. The apparatus
(Med-Associates) was outfitted with a custom
3D-printed reward magazine, which can be found on
www.root-lab.org/code. A single-speed syringe pump
(Med-Associates) was used to deliver 30ul sucrose
to the reward magazine. The task consisted of 40
presentations of a 10s conditioned stimulus (CS+)
that co-terminated with sucrose reward delivery,
which was 1.5s long. The task also included 40
presentations of a 10s conditioned stimulus (CS-)
that had no programmable changes. The average
inter-trial interval was 90s. Cue onset was defined
as the time CS+ or CS- started sounding. Reward
retrieval onset was defined as the time mice entered
the magazine during cue presentation.

Optogenetic Stimulation — Sucrose Consumption
Mice were fasted to 85-90% of their original
body weight and trained to consume 8% sucrose
within a 40-minute time period for 7 days before
stimulation experiments began. The apparatus
(Med-Associates) was outfitted with a spout for a
250ml sipper bottle (Allentown, LLC). Mice were
habituated to the fiber optic cable at least 48 hours
before stimulation experiments began. All stimulation
conditions had a pulse width of 5ms and a frequency
of 20Hz. Light intensity at the end of the tip was set
to be approximately 10mW. Stimulation conditions
were determined based on previously published
research(53-55). For open-loop  stimulation,
stimulation occurred in two 10-minute time blocks
within the 40-minute time period, such that there
was no stimulation in the first 10 minutes and from
20 to 30 minutes. For the calculated sucrose ratio,
licks that occurred during the 10-minute blocks of
stimulation were divided by the number of licks during
the non-stimulation 10-minute blocks. For closed-loop
stimulation, a stimulation train was only triggered by 3
licks with an inter-lick interval less than 1s. For prior
stimulation, stimulation occurred continuously for 20
minutes in a novel environment before being placed in
the behavior apparatus for sucrose consumption. For
tonic stimulation, stimulation occurred continuously
throughout the 40-minute session. At least 24 hours of
no stimulation separated each stimulation condition.
For closed-loop stimulation, prior stimulation, and
tonic stimulation, licks were divided by licks from the
preceding day when no stimulation occurred.

Novelty-Suppressed Feeding

Mice were food-deprived for 24 hours before the
start of the novelty-suppressed feeding task. For the
novelty-suppressed feeding task, mice were placed in
an open field box (40cm length x 40cm width x 35cm
height, Stoelting) in which the center was illuminated
at 40 lux. The center of the box contained a petri-dish
weighed down by batteries. A standard food biscuit
(approximately 5g) was attached to the petri-dish using
a rubber band, in order to prevent mice from pulling the
food biscuit away from the center. Photo-stimulation
immediately began when mice were placed into the
open field and lasted for 10 minutes. Light intensity at
the end of the tip was set to be approximately 10 mW.
Photo-stimulation was performed at 20Hz with 5ms
pulse width using blue laser light (473 nm, CNI Laser).
The center of the box was defined as 5% of the total
area, while the periphery was defined as 50% of the
total area and was limited to the edges of the box. Food
approach latency was measured as the time it took
the mice to approach the center with food. Novelty-
suppressed feeding behavior was video recorded and
quantified using ANY-Maze software.

Open Field

Mice were fasted to 85-90% of their original body
weight before being placed in an open field box (40cm
length x 40cm width x 35cm height, Stoelting). Photo-
stimulation immediately began when mice were in
the box and lasted for 20 minutes. Photo-stimulation
parameters were the same as previously described.
The center of the box was defined as 5% of the total
area, while the periphery was defined as 50% of the
total area and was limited to the edges of the box.
Approach latency was defined as the time it took for
the center of the mice to reach the center of the box.
Open field behavior was video recorded and quantified
using ANY-Maze software.

Elevated Zero Maze

Mice were fasted to 85-90% of their original body
weight before being placed on an elevated zero maze
apparatus (78cm height, 40cm diameter, 5cm track
width, 30cm wall height, 31cm closed arm length,
Accuscan Instruments). The apparatus was adjusted
such that the original black circular track was covered
with white Plexiglas for better video tracking, and the
clear walls of the closed arms were taped with black
light-blocking tape. Mice were placed in the center
of one of the closed arms, and photo-stimulation
immediately began. Photo-stimulation lasted for 10
minutes, and parameters were the same as previously
described. Enter latency was defined as the time it
took for the mice to reach the other closed arm, in
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which all four paws were in the other closed arm.
Elevated zero maze behavior was video recorded
and quantified using ANY-Maze software.

Real-Time Place Preference

The real-time place preference box (40cm length
x 40cm width x 35cm height, Stoelting) consists of
a stripe chamber (18cm x 20cm), solid chamber
(18cm x 20cm), and a connecting antechamber. The
solid chamber had been modified with a peel-and-
stick window film to prevent reflection. Mice were
acclimated to the tethers during baseline real-time
place preference with no photo-stimulation and with
ad libitum food access. The next day, mice were
subjected to 15-minute photo-stimulation on both the
solid and stripe sides with the sides counter-balanced
between mice. Photo-stimulation parameters were the
same as previously described. The same experiment
was repeated when mice were fasted to 85-90% of
baseline body weight. Real-time place preference
behavior was video recorded and quantified using
ANY-Maze software.

Statistical Analysis

Values are reported as mean + standard error with
bars depicted as shaded areas in fiber photometry
traces. All statistical tests were performed with R
(4.0.5). Results were subject to a two-way ANOVA
analysis to test the effect of holding voltage (-50mV,
OmV), drug (baseline, picrotoxin), group (GFP,
CoChR), and state (fasted, sated), where appropriate.
Comparisons were made by paired or non-paired,
two-tailed t-test with Bonferonni corrections.

RESULTS

Co-localization of vesicular markers of glutamate
and GABA within the anteromedial BNST

To identify glutamatergic and GABAergic BNST
neurons, we used RNAscope in situ hybridization
to label VGIUT3 and VGaT mRNA in wildtype mice
(N=4, 2 female, 2 male). Expression of VGaT mRNA
was abundant throughout BNST while VGIUT3 mRNA
expression appeared confined to the anteromedial
BNST from AP +0.62 mm to AP +0.38 mm (Figure
1A). To test whether BNST VGIuT3 neurons were
distinct from striatal VGIUT3 neurons expressed in
cholinergic interneurons (44, 56), we generated triple
transgenic Ai193/VGIuT3::Cre/VGaT::Flp mice where
VGIuT3-Cre neurons expressed GFP and VGaT-Flp
neurons expressed tdTomato. We found that BNST
VGIuT3 neurons lacked ChAT immunolabeling while
striatal VGIUT3 neurons co-expressed ChAT (Figure
1B), demonstrating that BNST VGIuT3 neurons
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FIGURE 1. Co-expression of vesicular markers
of glutamate and GABA within the anteromedial
BNST. (A) Example RNAscope histology from AP
+1.10 mm to AP +0.02 mm with VGaT mRNA in
red and VGIUT3 mRNA in green. N=4, 2 female, 2
male. Scale bar is 200 um. (B) Nucleus accumbens
(NAc) VGIUT3 neurons express ChAT while BNST
VGIuT3 neurons co-express VGaT and lack ChAT.
Magnification is 40X. (C) Quantification of VGIuT3
and VGaT mRNA co-expression across AP axis of the
BNST. Outlines are based on the Franklin and Paxino
mouse brain atlas.

belong to a different class of neurons than striatal
VGIuT3 cholinergic interneurons.

We next quantified the co-expression of VGaT
and VGIuT3 mRNA in BNST between AP +0.74 mm
to AP +0.38 mm (anterior) and between AP +0.26 mm
to AP +0.02 mm (posterior; N=4 mice, approximately
20 sections/mouse) (Figure 1C). Anteriorly, most
VGIuT3-expressing neurons co-expressed VGaT
(81.5% £ 1.95) and the VGIuT3-expressing neurons
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were a small subpopulation out of the total VGaT-expressing population (15.6% * 2.13). There were fewer
VGIuT3-only neurons (18.5% * 1.95) anteriorly compared with VGaT-only neurons (84.4% + 2.13). Posteriorly,
most VGIuT3-expressing neurons still co-expressed VGaT but were less than the anterior portion (63.6% +
3.12), and the percentage of VGIuT3-only neurons increased to 36.4% + 3.12. Like anterior coordinates, most
BNST neurons were VGaT-only (87.9% + 1.67) and the percent of VGIuT3-expressing neurons was low out of
the total VGaT-expressing population (12.1% + 1.67).

VGIuT3 neurons in the anteromedial BNST form synaptic projections with hypothalamic brain regions
After identifying the unique transcriptional and anatomical profile of VGIuT3 BNST neurons, we next aimed
to determine their efferent circuitry. Using AAV1-hSyn-FLEX-GFP-2a-Synaptophysin-mRuby that labels cell
bodies and axons within GFP and the presynaptic vesicular protein synaptophysin within mRuby (57), we
identified the vesicular synaptophysin distribution of VGIUT3 neurons (N=6, 3 female, 3 male) (Figure 2A).
Discrete sites of pre-synaptic vesicular expression were identified in the nucleus accumbens shell (AP +0.74),
anterior BNST (AP +0.26), posterior BNST (AP -0.10), paraventricular hypothalamus (AP -0.94), arcuate
nucleus (AP -1.58), and the ventral tegmental area (AP -3.16) (Figure 2B). The densest mRuby expression that
was not within the BNST itself was the arcuate nucleus (ARC), followed by the paraventricular hypothalamus
(PVN). Negligible to no expression was observed elsewhere, including lateral habenula that receives co-
transmitted glutamate and GABA from VTA (58). In order to validate that genetic expression of VGIuT3 also
resulted in protein expression, we labeled VGIuT3 and VGaT protein in the primary targets of BNST VGIuT3
neurons, the PVN (Figure 2C) and ARC (Figure 2D) (N=8, 4 female, 4 male). We found that approximately
half of VGIuT3 protein was co-localized with VGaT protein in each region (50.1% + 0.01% in the PVN and
50.3% + 0.02% in the ARC) (Figure 2E).

B AP +0.26

A AAV1-hSyn-FLEX-GFP-

2A-Synaptophysin-mRuby

@ VGaT+/VGuT3- E ¥ g0,
@ VGaT-/ VGIuT3+ 5
T 40%
O VGaT+/VGIuT3+ N
3 20%
3
S 0%
O

PVN ARC

FIGURE 2. VGIuT3 BNST neurons primarily synapse within the BNST and with hypothalamic brain
regions. (A) VGIUT3-IRES::Cre mice were injected with FLEX-GFP-2A-Synaptophysin-mRuby, labeling
cell bodies and fibers in GFP and synaptophysin-expressing vesicles in mRuby. Scale bar is 500 uym. N=6,
3 female, 3 male. (B) GFP and mRuby expression throughout the BNST, paraventricular nucleus of the
hypothalamus (PVN), arcuate nucleus (ARC), and the ventral tegmental area (VTA). Scale bar is 500 pm.
(C) VGIUT3 and VGaT protein labeling in the PVN with VGIuUT3 in green and VGaT in red. Scale bar is 200
pm. High magnification image scale bar = 20 ym. (D) VGIuT3 and VGaT protein labeling in the ARC. Scale
bar is 500 um. High magnifcation image scale = 20 um. (E) Quantification of VGaT co-localization out of total
VGIuT3 protein in the PVN and ARC. Images outlined in blue in (B), (C), and (D) are 100x zoomed in images.
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FIGURE 3. VGIuT3 BNST neurons functionally transmit GABA and rarely transmit glutamate to the
ARC. (A) Validation of optogenetic-induced action potential of a BNST VGIuT3 neuron. (B) VGIuT3 terminals
were optogenetically stimulated while patching onto an ARC neuron. (C) Chloride reversal potential was
experimentally determined of ARC neurons while washing on AMPA receptor antagonist, DNQX, which was
-50 mV. (D) VGIuT3 to ARC example traces of optogenetic post-synaptic currents under 0 mV and -50 mV at
baseline and with GABAA receptor antagonist, picrotoxin, wash. (E) Picrotoxin wash application on VGIuT3
optogenetic post-synaptic current at -50 mV and 0 mV. N=7 cells, 2 female, 2 male. (F) Percentage of recorded
neurons that demonstrated a DNQX-sensitive post-synaptic current with picrotoxin in aCSF. N=16 cells, 2
female, 2 male. (G) VGaT terminals were optogenetically stimulated while patching onto an ARC neuron. (H)
Validation of optogenetic-induced action potential of a VGaT-expressing neuron. (I) VGaT to ARC example
traces of optogenetic post-synaptic currents under 0 mV and -50 mV at baseline and with GABAA receptor
antagonist, picrotoxin, wash. (J) Picrotoxin wash application on VGaT optogenetic post-synaptic current at
-50 mV and 0 mV. N=10, 2 female, 3 male. (K) Percentage of recorded neurons that demonstrated a DNQX-
sensitive post-synaptic current with picrotoxin in aCSF. N=14 cells, 2 female, 2 male.

VGIuT3 BNST neurons, while genetically expressing the capability to transmit glutamate, functionally
transmit GABA and rarely transmit glutamate to the ARC

The co-expression of VGIUT3 and VGaT mRNA in BNST neurons and in the projection targets of these
neurons suggests BNST VGIuT3 neurons may co-transmit glutamate and GABA. In order to investigate the
synaptic functionality of VGIuT3 and VGaT co-expression, VGIuT3-IRES::Cre mice were injected with the Cre-
dependent, high-photocurrent excitatory opsin CoChR (59, 60) and BNST VGIuT3 axons were optogenetically
stimulated while performing whole-cell recordings in the ARC (Figure 3B). This optogenetic strategy to
stimulate action potentials from BNST VGIuT3 neurons was validated ex vivo (Figure 3A). The experimental
design to obtain both a GABA-mediated inhibitory post-synaptic current and an AMPA-mediated excitatory
post-synaptic current (EPSC) from the same cell necessitated an accurate reading of the chloride reversal
potential. Thus, the chloride reversal potential was experimentally determined in the ARC while washing on
the AMPA receptor antagonist, DNQX, which was -50 mV (Figure 3C). In order to experimentally determine if
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VGIuT3 BNST neurons transmit both GABA and
glutamate, ARC neurons were voltage-clamped
at both 0 mV and -50 mV while the terminals were
optogenetically stimulated. Example traces of an ARC
neuron showed an optogenetic post-synaptic current
at 0 mV, which was abolished following application
of the GABAA receptor antagonist, picrotoxin; no
post-synaptic current was observed under baseline
conditions at -50 mV (Figure 3D). In the ARC,
there was a significant effect of drug and voltage
(F(1,24)=19.1, p= 0.0002) (N=7 cells, 2 female, 2
male) (Figure 3E). Post-hoc analysis showed that at
baseline conditions, there was a significant difference
in amplitude between -50 mV and 0 mV (1(6.14) =
-4.39, p = 0.004, -50 mV = -6.12 + 17.25, 0 mV=
260.59 + 59.67). At 0 mV, there was a significant
difference in amplitude between baseline and
picrotoxin wash (1(6.01)=4.34, p=0.004, picrotoxin =
-1.54 + 3.89). Thus, picrotoxin significantly reduced
the optogenetic post-synaptic current at 0 MV with no
changes to amplitude at-50 mV. Next, in the continued
presence of picrotoxin in the aCSF, we investigated if
any recorded ARC neurons demonstrated a DNQX-
sensitive post-synaptic current (N=16 cells, 2 female,
2 male). Only 6.525% of recorded neurons exhibited
an optogenetic post-synaptic current at -50 mV, which
was abolished with DNQX (Figure 3F). In order to
experimentally validate GABA transmission, VGaT-
IRES::Cre were similarly injected with CoChR and
whole-cell recordings in the ARC were performed
(Figure 3H). The optogenetic strategy to stimulate
action potentials from VGaT-expressing neurons was
validated ex vivo (Figure 3G). Similar to VGIuT3::Cre
projections, example traces from a single ARC neuron
illustrated an optogenetic post-synaptic current at
0 mV, which was abolished following application of
the GABAA receptor antagonist, picrotoxin; again, no
post-synaptic current was observed under baseline
conditionsat-50mV (Figure 3I1). Inthe ARC, withVGaT
BNST terminal stimulation, there was a significant
effect ofdrug and voltage (F(1, 36)=17.766, p=0.0001)
(N=10 cells, 2 female, 3 male) (Figure 3J). Post-hoc
analysis showed that at baseline conditions, there
was a significant difference in amplitude between
-50 mV and 0 mV (1(9.03)=-4.45, p=0.001, -50 mV =
-16.4 £ 23.1, 0 mV= 805.6 + 559.7). As expected, at
0 mV, there was a significant difference in amplitude
between baseline and picrotoxin wash (1(9.07)=4.31,
p=0.001, picrotoxin = 40.08 £ 35.4). In the continued
presence of picrotoxin in the aCSF, we investigated if
any recorded ARC neurons demonstrated a DNQX-
sensitive post-synaptic current that could be induced
by input from VGaT BNST neurons (N=14 cells, 2
female, 2 male). Only 7.14% of recorded neurons

exhibited an optogenetic post-synaptic current at
-50 mV, which was abolished with DNQX (Figure
3K). Thus, only a small minority of VGIuT3 terminals
functionally transmit glutamate.

VGIuT3 BNST neurons functionally transmit
GABA but not glutamate to the PVN

The second maijor output of VGIuT3 BNST neurons
was the PVN. We investigated if transmission from
VGIuT3 BNST neurons was different between the
ARC and the PVN. VGIuT3-IRES::Cre mice were
injected with CoChR and whole-cell recordings in the
PVN was performed (Figure 4A). Due to the variability
in chloride reversal potential between cell-types and
the necessity of an accurate reading, the chloride
reversal potential was experimentally determined
in the PVN while washing on the AMPA receptor
antagonist, DNQX, which was -60 mV (Figure 4B).
In order to experimentally determine if VGIuT3 BNST
neurons transmit both GABA and glutamate, PVN
neurons were voltage-clamped at both 0 mV and
-60 mV while the terminals were optogenetically
stimulated. Example traces of a PVN neuron showed
an optogenetic post-synaptic current at 0 mV, which
was abolished following application of the GABAA
receptor antagonist, picrotoxin; no post-synaptic
current was observed under baseline conditions at-50
mV (Figure 4C). In the PVN, there was a significant
effect of drug and voltage (F(1, 28)=16.1, p=0.0003)
(N=8 cells, 2 female, 2 male) (Figure 4D). Post-hoc
analysis showed that at baseline conditions, there was
a significant difference in amplitude between -60 mV
and 0 mV (1(7.24)=-4.29, p=0.003, -60 mV = -72.47
+ 84.29, 0 mV= 895.52 + 631.28). At 0 mV, there
was a significant difference in amplitude between
baseline and picrotoxin wash (1(7.03)=3.79, p=0.006,
picrotoxin = 47.99 = 32.8). Next, in the continued
presence of picrotoxin in the aCSF, we investigated if
any recorded PVN neurons demonstrated a DNQX-
sensitive post-synaptic current (N=17 cells, 2 female,
2 male). Compared to the ARC, no recorded neurons
exhibited an optogenetic post-synaptic current at -60
mV (Figure 4E). VGaT-IRES::Cre were injected with
CoChR while performing whole-cell recordings in the
PVN (Figure 4F). Example traces from a single PVN
neuron showed an optogenetic post-synaptic current
at 0 mV, which was abolished following application of
the GABAA receptor antagonist, picrotoxin; again, no
post-synaptic current was observed under baseline
conditions at -60 mV (Figure 4G). In the PVN,
with VGaT BNST terminal stimulation, there was a
significant effect of drug and voltage (F(1, 28)=30.2,
p<0.00001) (N=8 cells, 2 female, 2 male) (Figure 4H).
Post-hoc analysis showed that at baseline conditions,
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there was a significant difference in amplitude between - 60 mV and 0 mV ((7.03)=-5.91, p=0.0005, -60 mV
=-17.86 + 13.38, 0 mV= 573.26 + 282.3). At 0 mV, there was a significant difference in amplitude between
baseline and picrotoxin wash (1(7.13)=5.35, p=0.001, picrotoxin = 36.2 + 27.6). In the continued presence of
picrotoxin in the aCSF, no recorded neurons exhibited a DNQX-sensitive post-synaptic current at -60 mV with
stimulation from VGaT BNST terminals (N=22 cells, 2 female, 3 male) (Figure 4l). Thus, different from the
ARC, VGIuT3 BNST neurons do not functionally transmit glutamate to the PVN.
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FIGURE 4. VGIuT3 BNST neurons functionally transmit GABA but not glutamate to the PVN. (A) VGIuT3
terminals were optogenetically stimulated while patching onto a PVN neuron. (B) Chloride reversal
potential was experimentally determined of PVN neurons, which was -60 mV. (C) PVN example traces of
VGIuT3 optogenetic post-synaptic currents under 0 mV and -60 mV at baseline and with picrotoxin wash. (D)
Picrotoxin wash application on VGIUT3 optogenetic post-synaptic current. N=8 cells, 2 female, 2 male. (E)
With picrotoxin in aCSF, no recorded neurons demonstrated an excitatory post-synaptic current. N=17 cells,
2 female, 2 male. (F) VGaT terminals were optogenetically stimulated while patching onto a neuron within the
PVN. (G) PVN example traces of VGaT optogenetic post-synaptic currents under 0 mV and -60 mV at baseline
and with picrotoxin wash. (H) Picrotoxin wash application on VGaT optogenetic post-synaptic current at -60
mV and 0 mV. N=8 cells, 2 female, 2 male. (1) With picrotoxin in aCSF, no recorded neurons demonstrated an
excitatory post-synaptic current. N=22 cells, 2 female, 3 male.

Distinct VGIuT3 neural signaling to sucrose reward in a state-dependent manner

Both the ARC and the PVN are hypothalamic regions that regulate homeostatic state. The ARC exerts influence
over food intake (61, 62) while the PVN is a critical node of the hypothalamic-pituitary-adrenal axis that also
regulates food intake(63). Thus, we first investigated calcium-dependent signaling of VGIUT3 BNST neurons
in response to sucrose consumption and aversive footshock when mice were sated and fasted. VGIuT3-
IRES::Cre mice were injected with Cre-dependent GCaMP6m into the BNST and implanted with an optic fiber
(Figure 5A-B). Mice were recorded in response to sucrose consumption when fasted or sated, the order of
which was counter-balanced between mice (N=11, 6 female, 5 male) (Figure 5C). Sucrose consumption, as
measured in licks, was significantly higher in the fasted state than the sated state (1(12.13)=-8.91, p<0.0001,
sated = 115.8+29.9, fasted = 971.3+91.1) (Figure 5D). In spite of higher sucrose consumption in the fasted
state, BNST VGIuT3 neuronal activity was significantly higher when mice were sated compared with the fasted
state (Figure 5E-F) (1(10)=4.06, p=0.002, sated = 9.91 + 4.26, fasted = 5.17 + 1.70). Mice were also recorded
in response to footshock when fasted or sated, the order of which was counter-balanced between mice (N=6,
3 female, 3 male) (Figure 5G). In contrast to sucrose consumption, footshock increased VGIuT3 neuronal
activity in both the fasted and sated states (Figure 5H-l). We also assessed calcium-dependent VGIuT3
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FIGURE 5. State-dependent BNST VGIuT3 neuronal signaling of sucrose consumption. (A) VGIuT3-
IRES::Cre mice were injected with Cre-dependent GCaMP6m. Scale bar is 500 um. (B) Histological verification
of fiber placements. (C) While sated or fasted, mice were recorded in response to sucrose consumption. N=11,
6 female, 5 male. (D) Sucrose consumption in the sated and fasted states. (E) Averaged traces of VGIUT3
calcium-dependent signaling in response to bouts of sucrose consumption between fasted and sated states.
(F) Maximum peaks observed in response to sucrose of VGIUT3 calcium-dependent signaling between the
sated and fasted states. (G) While sated and fasted, mice were recorded in response to electric footshock.
N=6, 3 female, 3 male. (H) Averaged traces of VGIuT3 calcium-dependent signaling in response to electric
footshock between fasted and sated states. (I) Maximum peaks observed in response to electric foot shock of
VGIuT3 calcium-dependent signaling between the sated and fasted states. (J) Averaged traces in response
to a conditioned stimulus that predicted sucrose reward (CS+) and a neutral stimulus with no programmable
effect (CS-). (K) Maximum peaks in response to CS+ and CS-. (L) Averaged traces of reward retrieval onset
during cue presentation. (M) Maximum peaks of reward retrieval onset during CS+ and CS-.

activity during a Pavlovian conditioning task while mice were fasted to determine if reward learning had an
impact on signaling. VGIuT3 BNST neurons showed no signaling related to conditioned stimuli predicting
sucrose delivery (CS+) or a stimulus predicting no sucrose delivery (CS-) (Figure 5J-K). When calcium-
dependent signaling was time-locked to magazine entry to retrieve the sucrose reward during the cue, there
was also no difference from baseline (Figure 5L-M). Overall, we interpret these results such that BNST VGIuT3
neurons are sensitive to the interaction of palatable food reward and internal state, specifically when the
subject is sated. However, BNST VGIuT3 neurons are also sensitive to aversive stimuli that is not dependent
on internal state.
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FIGURE 6. Activation of VGIuT3 BNST neurons rapidly reduced sucrose intake in a fasted state but
had no effect on anxiety-like behavior nor had intrinsic rewarding or aversive properties. (A) VGIuT3-
IRES::Cre mice were injected with either Cre-dependent GFP or CoChR. (B) Fiber placement was verified
through histology. Scale bar is 200 um. (C) lllustration of the four stimulation conditions: open-loop, closed-
loop, prior, and tonic. (D) The effect of four stimulation conditions on sucrose consumption. GFP=8 (4 female,
4 male), CoChR=7 (4 female, 3 male). Tonic 20Hz optogenetic stimulation during novelty-suppressed feeding
on (E) latency to approach the center, (F) distance traveled, and (G) periphery time. Tonic 20Hz optogenetic
stimulation during open field when GFP mice (N=8, 4 female, 4 male) and CoChR mice (N=7, 4 female, 3 male)
were fasted on (H) latency to approach the center, (I) distance traveled, and (J) periphery time. Tonic 20Hz
optogenetic stimulation during elevated zero maze when GFP mice (N=8, 4 female, 4 male) and CoChR mice
(N=7, 4 female, 3 male) were fasted on (K) latency to enter the opposite closed arm, (L) distance traveled,
and (M) closed arm time. (N) GFP mice (N=6, 3 female, 3 male) in real-time place preference test when sated
and fasted. (O) CoChR mice (N=8, 4 female, 4 male) in real-time place preference test when sated and fasted.
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Stimulation of VGIuT3 neurons in the anteromedial
BNST has homeostatic consequences

Based on larger BNST VGIuT3 neuronal activity
during sated sucrose consumption compared with
fasted sucrose consumption, we hypothesized that
imposing VGIuT3 neuronal activation on fasted
sucrose consumption would reduce intake. VGIuT3-
IRES::Cre mice were injected with Cre-dependent
GFP or Cre-dependent CoChR-GFP and implanted
with stimulating optic fibers (Figure 6A-B). Mice were
habituated to a sucrose consumption environment
before undergoing 4 different stimulation conditions:
open-loop, closed-loop, prior, and tonic (GFP=8, 4
female, 4 male, CoChR=7, 4 female, 3 male) (Figure
6C). There was a significant effect of stimulation
condition on the sucrose ratio, which was calculated
as the number of licks when stimulation was on
divided by the number of licks when stimulation
was off (F(3, 52)=19.6, p<0.00001) (Figure 6D).
Bonferonni-corrected pairwise comparisons revealed
a significant reduction in sucrose ratio during CoChR
stimulation, which was not observed in GFP mice,
in response to open-loop stimulation (t(7.21)=2.43,
p=0.04, CoChR=0.39 + 0.05, GFP=0.78 + 0.44),
closed-loop stimulation (1(12.9)=2.81, p=0.01,
CoChR=0.56 + 0.15, GFP=0.81 + 0.18), and tonic
stimulation (1(11.7)=3.69, p=0.003, CoChR=0.77 %
0.18, GFP=1.23 = 0.29). No difference was found
between GFP and CoChR mice in response to prior
stimulation, indicating that BNST VGIuT3 stimulation
reduces sucrose intake only when concurrent with
consumption.

Given the BNST is involved in the expression of
anxiety-like behavior(24-36), we explored the role
of VGIUT3 BNST activation in classic anxiety-like
behavior paradigms. The novelty-suppressed feeding
task evaluates rodent approach-avoidance behavior
(64). In this task, 24-hour food deprivation acts as the
source of motivation for approach, while the novel
environment of an open field and bright light over
the food source acts as the source for avoidance.
Tonic optogenetic stimulation of GFP mice (N=7, 4
female, 3 male) and CoChR mice (N=6, 3 female,
3 male) during novelty-suppressed feeding had no
effect on latency to approach the center (Figure
6E), distance traveled (Figure 6F), and time spent in
the periphery (Figure 6G). The novelty-suppressed
feeding task necessitates that subjects be fasted, so
for appropriate comparison, mice were also fasted
when tested in the open field and elevated zero
maze, which are also traditional tasks for measuring
anxiety-like behavior in rodents. Tonic stimulation for
GFP mice (N=8, 4 female, 4 male) and CoChR mice
(N=7, 4 female, 3 male) during open field had no
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group differences in latency to approach the center
(Figure 6H), distance traveled (Figure 6l), and
periphery time (Figure 6J). There were also no group
differences between GFP (N=8, 4 female, 4 male) and
CoChR (N=7, 4 female, 3 male) during elevated zero
maze in latency to enter the other closed arm (Figure
6K), distance traveled (Figure 6L), and closed-arm
time (Figure 6M). Finally, the valence of VGIUT3 BNST
activation when sated or fasted was assessed using
the real-time place preference task. As expected,
GFP mice (N=6, 3 female, 3 male) showed neither
preference nor aversion to optogenetic stimulation
when sated or fasted. Similarly, CoChR mice (N=8,
4 female, 4 male) showed no preference or aversion
to stimulation when sated or fasted. Taken together,
VGIuT3 BNST neuron activation decreases feeding
when fasted and this effect is not driven by aversion,
anxiety-like behavior, a or competing reward process.

DISCUSSION

The BNST is a cellularly diverse brain region linked
with anxiety and stress disorders in humans(33, 65-
71), as well as feeding(17-23), stress(70-75), and
anxiety(24-36) in animal models. Here, we identified
a unique BNST cell-type that transcriptionally co-
expresses VGIUT3 and VGaT. In spite of their
transcriptional identity, BNST VGIuT3 neurons
functionally transmit GABA to the ARC and PVN
with rare glutamate co-transmission to the ARC.
BNST VGIUT3 neurons are preferentially activated
by sucrose consumption in the sated state compared
with the fasted state and their activation reduces
sucrose intake in the fasted state without affecting
anxiety-like behavior nor resulting in rewarding or
aversive processing.

BNST VGIuT3 neurons were located in a distinct
location within the anteromedial BNST, part of the
extended amygdala. The term “extended amygdala”
was derived from observations made through
anterograde tract tracing methods that displayed
a high degree of contiguity between the central
amygdala, medial amygdala, and BNST(1, 76-81).
In the same tract tracing studies, the caudomedial
end of the nucleus accumbens shell merges with
the rostral portion of the BNST(76, 81-83). VGIuT3
neurons were observed within the caudomedial shell
at low concentration and within the anteromedial
BNST VGIuT3 neurons were highly concentrated
and more lateral compared with the caudomedial
shell of the nucleus accumbens(84). In addition,
striatal VGIUT3 neurons, including those within the
posterior nucleus accumbens shell, co-expressed
ChAT immunolabeling(44, 56), while VGIuT3 BNST
neurons did not. Thus, VGIuT3 BNST neurons are
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distinct from striatal VGIuT3 neurons.

Our in situ hybridization data indicated that
VGIuT3 BNST neurons largely co-expressed VGIuT3
and VGaT mRNA, extending earlier descriptions of
VGIUT3 mRNA in BNST(38, 85-87). The VGIuT3
neurons were a small fraction of the total VGaT-
expressing BNST population, indicating they are
a unique subset of BNST GABA neurons. As a
genetic homologue, VGIUT3 shares ~70% similarity
to VGIuT1 and VGIuT2 and functions as a proton-
dependent vesicular glutamate transporter(87-89).
Substrate selectivity for glutamate and not other
neurotransmitters, including GABA, acetylcholine, and
serotonin, was confirmed with its discovery(87-89).
VGIuT3 is often co-expressed in neurons that co-
transmit other neurotransmitters, such as in striatal
cholinergic interneurons, raphe serotonin neurons,
or retinal glycine neurons(86-91). Thus, genetic
evidence suggests VGIuT3 BNST neurons could be
capable of co-releasing glutamate and GABA but
cannot be determined without functional validation
through whole-cell electrophysiology.

Before testing whether VGIuT3 BNST neurons
co-transmit glutamate and GABA, we determined
the projection targets of these neurons using Cre-
dependent labeling of synaptophysinin VGIUT3 BNST
processes(57). Consistent with results from PHA-L
tracing studies from the anteromedial BNST(92),
VGIuT3 neurons in the anteromedial BNST projected
to the nucleus accumbens, PVN, ARC, and VTA. We
also found extensive mRuby expression throughout
the BNST, both anterior and posterior, indicating that
BNST VGIuT3 neurons provide significant input within
the BNST. While PHA-L tracing demonstrates that
anteromedial BNST neurons also project to the central
amygdala, supramammillary and tuberomammillary
nuclei, and ventrolateral periaqueductal gray(92), we
found no projections to these locations from VGIuT3
neurons, indicating a selective projections from this
unique cell-type. Presumably other anteromedial
BNST cell-types synapse within the central amygdala,
mammillary nuclei, and the periaqueductal gray.
While synaptophysin labeling was observed in the
VTA, similar to previous neuroanatomy studies,
the labeling from the anteromedial BNST was
minor in comparison to their other targets(93). We
immunolabeled for VGIuT3 and VGaT protein in the
two most prominent targets of VGIuT3 BNST neurons:
ARC and PVN. In both ARC and PVN, we found that
there was approximately 50% co-localization of VGaT
out of total VGIuT3 protein expression sites.

After identifying the ARC and PVN as primary
targets of BNST VGIuT3 neurons, we next explored
the synaptic functionality of BNST VGIuT3 projections
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by optogenetic terminal stimulation and whole-cell
patch-clamp recordings in the ARC and PVN. We
found that while VGIUT3 BNST neurons have the
capability to accumulate glutamate into synaptic
vesicles, they functionally transmit GABA, and
a small proportion of projections co-transmit
glutamate in the ARC. In contrast to the ARC,
VGIuT3 BNST neurons functionally transmit GABA
alone to PVN, as we found no evidence that these
neurons transmit glutamate in PVN. These results
suggest similar but not identical mechanisms of
neurotransmission from VGIuT3 BNST neurons to
hypothalamic regions. Indeed, neurotransmission
from other VGIuT3-expressing neurons is not equal
across brain regions, with others documenting both
GABA and glutamate co-transmission(94, 95) or
only glutamate transmission(96, 97). Our findings
corroborate previous electron microscopy studies
that revealed VGIuT3-expressing terminals formed
some asymmetrical synapses, but a large majority
also formed symmetrical synapses, suggestive
of inhibitory neurotransmission(86, 89). Another
study also found a large proportion of VGaT protein
expression that was absent of VGIUT3 protein
expression from BNST to VTA(85), suggesting the
BNST VGIuT3 pathway to VTA also transmits GABA.
A growing body of literature suggests that VGIuT3
has a synergistic effect, increasing rate of vesicular
filling of non-glutamate neurotransmitters, which
is driven by the co-expression of VGIUuT3 and the
secondary transporter on the same vesicles, such as
acetylcholine(56, 98-100). Whether VGIUT3 shows
vesicular synergy with VGaT in BNST hypothalamic
projections requires further investigation.

Based on the BNST VGIuT3 projections to ARC
and PVN that participate in homeostatic regulation,
we used in vivo fiber photometry to observe calcium-
dependent signaling of VGIUuT3 neurons to rewarding
and aversive stimuli during fasted and sated states.
BNST VGIuT3 neurons were highly activated by
aversive footshock stimuli and these signals did not
differ between fasted versus sated states. However,
VGIuT3 neuronal activity was significantly higher
in response to sucrose consumption when sated
compared to when the mice consumed sucrose
when fasted. This signaling pattern is different from
the mesolimbic dopamine system where VTA and
accumbens neurons show higher activation following
reward consumption in the fasted state compared with
the sated state(101-104). We also assessed whether
BNST VGIuUT3 neurons were sensitive to Pavlovian
predictors of sucrose delivery or non-delivery in the
fasted state and found no modulation by the CS+ and
CS-. Consistent with free sucrose data in the fasted
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state, there was also no significant difference in
signaling from baseline when the mice entered the
magazine to consume the reward during CS+ or CS-.
Thus, VGIUuT3 BNST neurons do not appear to be
involved in associative reward learning in the fasted
state. Together, VGIuT3 neuronal activity is sensitive
to internal state in response to a palatable reward but
is sensitive to aversive stimuli regardless of internal
state.

Based on BNST VGIuT3 neuron signaling of
state-dependent feeding as well as aversive stimuli,
we tested whether optogenetic activation of BNST
VGIuT3 neurons results in changes in feeding or
anxiety-like behavior. We found that optogenetic
activation of BNST VGIuT3 neurons resulted in a
specific behavioral functionality on feeding but not
anxiety-like behavior. Activation of VGIuT3 BNST
neurons decreased feeding in a fasted state but
had no effect on classical anxiety-like behavior
paradigms: novelty-suppressed feeding, open field,
and elevated zero maze. Additionally, stimulation
prior to palatable reward access had no effect on
consumption, indicating that BNST VGIuT3 activation
must be concurrent with consumption in the fasted
state to reduce feeding. The activation of VGIuT3
BNST neurons also had no innate rewarding or
aversive valence as assessed in the real-time place
conditioning task. Thus, VGIuT3 BNST neurons have
a specific role in feeding without affecting rewarding,
aversive, or anxiety-like behaviors. Given the larger
role of BNST in both feeding and anxiety-like behavior,
the role of BNST cell-types in feeding and anxiety-like
behavior may be better visualized as a Venn diagram
with some cell-types distinctly involved in feeding but
not anxiety, others in both, and another category that
is involved in anxiety but not feeding.

Like the BNST itself, the ARC is diverse in
cell-types and not uniform in neurotransmitter
release(105-107). The two most well studied cell-types
in the ARC are agouti-related peptide (AgRP) and pro-
opiomelanocortin (POMC) neurons(108). Classically,
the activity of AGQRP neurons increases food intake,
while activity of POMC neurons decreases food
intake(61, 62, 109-111). Activation of POMC neurons
also increase heart rate and blood glucose(112, 113).
Based on neuroanatomical retrograde tracing, the
BNST equally provides input to POMC and AgRP
neurons(114). With our combined observations of a
reduction in feeding by VGIuT3 BNST activation and
a largely inhibitory input to the ARC, we hypothesize
that VGIUT3 BNST neurons preferentially project to
AgRP neurons.
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The PVN is a critical node in the HPA-axis and
plays a central role in stress regulation (63). The PVN
is divided into the parvocellular and magnocellular
divisions (115, 116), and unbiased transcriptional
classification have further revealed that specific cell-
types are more populated in discrete subregions of
the PVN. For example, Gad2, a genetic marker of
GABA synthesis, is comparatively more enriched in
the anterior PVN than either the medial or posterior
PVN (117). Based on our synaptophysin tracing of
BNST VGIuT3 efferents, we hypothesize that VGIUT3
BNST neurons project to the anterior PVN, as
indicated by the oval-shape expression rather than
the heart-shape of the posterior PVN. Like the ARC,
the phenotypic identity of PVN neurons receiving
input from VGIuT3 BNST neurons will require further
investigation.

In conclusion, we identified a unique cell-type
in the anteromedial BNST that transcriptionally co-
expresses VGIUT3 and VGaT mRNA. VGIuT3 BNST
neurons transmit GABA in the PVN and ARC with
rare glutamate co-transmission in the ARC. These
neurons are activated by aversive stimuli and show
a state-dependent activation following sucrose
consumption in the sated state and not in the fasted
state. Activation of VGIuT3 BNST neurons reduces
sucrose intake in the fasted state and does not affect
anxiety-like behavior or innate rewarding or aversive
processing. The role of this newly-defined BNST
input to the ARC and PVN may prove to be important
in understanding the neural pathways involved in
energy balance and feeding regulation.
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