
Luskin et al., Sci. Adv. 2021; 7 : eabd3666     26 February 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 17

C O G N I T I V E  N E U R O S C I E N C E

Extended amygdala-parabrachial circuits alter threat 
assessment and regulate feeding
Andrew T. Luskin1,2,3,4,5,6*, Dionnet L. Bhatti1,2*†, Bernard Mulvey3,7, Christian E. Pedersen1,2,4,5,8,9, 
Kasey S. Girven4,5,10, Hannah Oden-Brunson1,2, Kate Kimbell1,2, Taylor Blackburn4, 
Abbie Sawyer4, Robert W. Gereau IV1,2,7, Joseph D. Dougherty7,8, Michael R. Bruchas1,2,3,4,5,6,7,9,10‡

An animal’s evolutionary success depends on the ability to seek and consume foods while avoiding environmen-
tal threats. However, how evolutionarily conserved threat detection circuits modulate feeding is unknown. In 
mammals, feeding and threat assessment are strongly influenced by the parabrachial nucleus (PBN), a structure 
that responds to threats and inhibits feeding. Here, we report that the PBN receives dense inputs from two 
discrete neuronal populations in the bed nucleus of the stria terminalis (BNST), an extended amygdala structure 
that encodes affective information. Using a series of complementary approaches, we identify opposing BNST-PBN 
circuits that modulate neuropeptide-expressing PBN neurons to control feeding and affective states. These previ-
ously unrecognized neural circuits thus serve as potential nodes of neural circuitry critical for the integration of 
threat information with the intrinsic drive to feed.

INTRODUCTION
All animals must successfully seek and consume food while avoid-
ing environmental threats to survive. The internal state of an animal 
directly affects the expression of risky behaviors, such as exploring 
a dangerous environment to obtain rewards and maintain homeo-
stasis. Animals must adaptively prioritize certain behaviors to ap-
propriately respond to their internal state (1, 2). While many studies 
have explored the interaction of metabolic need states with behavior, 
how mammals integrate affective-threat assessment with internal 
need states remains largely unknown.

Several recent reports have found that, in mammals, food con-
sumption and threat assessment are heavily influenced by the 
parabrachial nucleus (PBN), a pontine structure that integrates vis-
ceral and sensory information to encode metabolic needs (3–12). 
The amygdala and extended amygdala are evolutionarily conserved 
brain regions that encode and integrate valence, stress, and threat to 
alter behavioral states. Anatomical data suggest that the PBN re-
ceives input from several regions that may encode affective infor-
mation, including the bed nucleus of the stria terminalis (BNST), a 
structure in the extended amygdala (8, 13–15). However, the neural 
circuit mechanisms that underlie the integration of an animal’s own 
motivation to eat with internal affective states regarding environ-
mental threats are still relatively unknown. Here, we identified two 
previously unknown afferents from distinct populations within the 

BNST to the PBN that integrate threat assessment and feeding 
signals to modulate PBN activity and ultimately regulate state-
dependent feeding.

RESULTS
Anatomical and molecular characterization of opposing 
BNST-PBN circuits
The BNST is a heterogeneous population composed of glutamater-
gic, -aminobutyric acid (GABA)–releasing (GABAergic), and pep-
tidergic neurons (16–21). To determine whether distinct neuronal 
circuits from the BNST innervate the PBN to alter feeding behaviors, 
we injected Cre-inducible (DIO) anterograde adeno-associated viruses 
(AAVs) expressing channelrhodopsin-2 (ChR2) with an enhanced 
yellow fluorescent protein (eYFP) reporter (AAV5-DIO-ChR2-eYFP) 
into the BNST of vesicular GABA transporter (vGAT)–Cre and ve-
sicular glutamate transporter (vGLUT2)–Cre mice, which revealed 
robust axonal projections to the PBN from GABAergic (Fig. 1A and 
fig. S1, F to K) and glutamatergic (Fig. 1D) BNST neurons. To fur-
ther substantiate our anterograde tracing findings, we injected retro-
grade AAVs (AAV2retro) expressing a Cre-inducible eYFP reporter 
(AAV2retro-DIO-eYFP) (22) into the PBN of vGAT-Cre or vGLUT2-Cre 
mice (fig. S1A). Retrograde tracing revealed populations of both 
GABAergic and glutamatergic BNST neurons that innervate the 
PBN (fig. S1A).

We next assessed whether these distinct populations make functional 
monosynaptic connections to PBN neurons using ex vivo patch-clamp 
electrophysiology. We collected acute brain slices containing the PBN 
from either vGAT-Cre or vGLUT2-Cre mice expressing DIO-ChR2-
eYFP in BNST-PBN projections. We optogenetically evoked postsynap-
tic currents (eIPSC) and excitatory postsynaptic currents (eEPSC) in 
PBN neurons receiving BNST GABAergic (Fig. 1B) or glutamatergic 
(Fig. 1E) innervation, respectively, during whole-cell patch clamp re-
cording. Photoactivation of GABAergic BNST terminals in the PBN 
evoked IPSCs that were pharmacologically blocked using GABA type A 
(GABAA) antagonists (Fig. 1C), while photoactivation of glutamatergic 
BNST terminals in the PBN evoked EPSCs that were blocked using 
AMPA receptor/N-methyl-d-aspartate receptor (NMDAR) antagonists 
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(Fig. 1F). Postsynaptic currents occurred <5 ms after the light pulse, 
suggesting that both excitatory and inhibitory connections are 
monosynaptic (fig. S1, B to E).

We further characterized the molecular expression profiles of 
these distinct inhibitory and excitatory BNST-PBN projections 
using translating ribosome affinity purification (TRAP) to determine 
their translational signature (23). We generated a new Cre-dependent 
TRAP construct within the AAV2retrovector (AAV2retro-DIO-TRAP) 
and injected it into the PBN of vGAT-Cre and vGLUT2-Cre mice to 
isolate RNA transcripts from each BNST-PBN projection popula-
tion with genotype and projection specificity (22, 24). We then iso-
lated and sequenced ribosome-bound mRNA from the BNST in 
each group (Fig. 1G and fig. S2, A and B). The vGAT and vGLUT2 
projections are enriched in several genes of interest (Fig. 1, H and I, 
and fig. S2, C to E). BNSTvGAT-PBN neurons are enriched in the 
neuropeptide mRNAs for tachykinin 2 (Tac2) (25) and galanin 
(Gal), as well as a somatostatin receptor (Sstr3) and melanocortin-2 
receptor accessory protein 2 (Mrap2), which play important roles in regu-
lating feeding behavior and anxiety states (26–29). BNSTvGLUT2-PBN 
neurons are enriched in Adcyap1, which encodes the neuropeptide 
pituitary adenylate cyclase-activating peptide (PACAP), previously 
identified as a major regulator of stress responses in the BNST (30, 31), 

including in contexts of addiction and posttraumatic stress disorder 
(32, 33). Both BNSTvGAT-PBN and BNSTvGLUT2-PBN neurons ex-
press calcitonin receptor (Calcr), recently associated with the regu-
lation of feeding (34, 35), and nociceptin (Pnoc), linked to motivated 
behaviors including feeding (24, 36–38). We further validated these 
RNA sequencing (RNA-seq) findings by performing fluorescent 
in situ hybridization experiments, which revealed coexpression of 
Tac2, Sstr3, and Calcr with vGAT and Adcyap1 with vGLUT2 neu-
rons within the BNST (fig. S2, F to I).

Feeding and threat differentially engage excitatory 
and inhibitory BNST-PBN circuits
To determine whether these distinct genetically defined BNST-PBN 
circuits modulate feeding behavior, we used fiber photometry to 
monitor calcium-mediated fluorescence, a proxy for neuronal ac-
tivity, of BNST-PBN terminals in freely behaving mice (39, 40). To 
determine whether GABAergic BNST-PBN terminals are engaged 
during feeding behavior, we targeted AAVDJ-DIO-GCaMP6s to 
the BNST of vGAT-Cre mice and positioned optical fibers above 
the PBN for measurement of BNST-PBN GABAergic terminal cal-
cium activity (Fig. 2, A and B, and fig. S3, A, C, and E). We found 
that BNSTvGAT-PBN GCaMP activity increased as an animal engaged 
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Fig. 1. Anatomical and molecular characterization of opposing BNST-PBN circuits. (A) Schematic of viral injection and representative image depicting expression in 
BNSTvGAT soma and their terminals in the PBN. Scale bars, 100 m. Blue, Nissl; green, eYFP; M, medial; L, lateral; V, ventral; D, dorsal. (B) Schematic of whole-cell patch clamp 
electrophysiology recordings of optically evoked inhibitory postsynaptic currents (IPSCs). (C) Photoactivation of BNSTvGAT terminals elicits IPSCs (five of eight cells responsive) 
in PBN neurons that are abolished by GABA type A (GABAA) receptor antagonism (n = 5 cells, four mice). Ptx, picrotoxin; Bic, bicuculline. (D) Schematic of viral injection and 
representative image depicting expression in BNSTvGLUT2 soma and their terminals in the PBN. Scale bars, 100 m. Blue, Nissl; green, eYFP. (E) Schematic of whole-cell patch 
clamp electrophysiology recordings of optically evoked excitatory postsynaptic currents (EPSCs). (F) Photoactivation of BNSTvGLUT2 terminals elicits EPSCs in PBN neurons 
(six of nine cells responsive) that are abolished by AMPA/N-methyl-d-aspartate (NMDA) receptor antagonism (n = 6 cells, five mice). (G) Cartoon of injection of translating 
ribosome affinity purification (TRAP) into PBN of vGLUT2-Cre or vGAT-Cre animals. Tagged mRNA was extracted from the BNST and sequenced. Inset: Representative image 
of TRAP–green fluorescent protein (GFP) expression in BNST. (H) Heatmap of transcripts enriched in either vGAT or vGLUT2 projections from BNST to PBN over input homog-
enate [preimmunoprecipitation (pre-IP)] (n = 3 vGLUT2-Cre samples; n = 2 vGAT-Cre samples). (I) Transcripts enriched in either vGAT or vGLUT2 projections from BNST to 
PBN, after normalization to respective input (pre-IP) homogenates. Positive log2[fold change (FC)] values indicate transcript enrichment in BNSTvGAT-PBN neurons relative to 
BNSTvGLUT2-PBN neurons; negative log2(FC) values indicate relative enrichment in BNSTvGLUT2-PBN neurons. *P < 0.05. Error bars indicate SEM. See also figs. S1 and S2.
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Fig. 2. Feeding behavior engages an inhibitory BNST-PBN circuit. (A) Schematic of in vivo fiber photometry and behavior. (B) Representative GCaMP6s expression in 
the BNST and PBN of a vGAT-Cre mouse. Scale bars, 100 m (BNST) and 200 m (PBN). (C) Representative responses of BNSTvGAT-PBN terminals during food consumption 
trials (high-sucrose chow; shaded areas represent periods of eating). (D and E) Average z-scored calcium response of BNSTvGAT-PBN terminals during consumption of 
normal chow under sated conditions (n = 57 bouts, seven mice) and averaged activity of 10-s preconsumption compared to postconsumption initiation over the testing 
period. (F and G) Average z-scored calcium response of BNSTvGAT-PBN terminals during consumption of sucrose (n = 93 bouts, seven mice) and averaged activity of 10-s 
preconsumption compared to postconsumption initiation over the testing period. (H and I) Average z-scored calcium response of BNSTvGAT-PBN terminals during con-
sumption of high fat (n = 77 bouts, seven mice) and averaged activity of 10-s preconsumption compared to postconsumption initiation over the testing period. (J and 
K) Average z-scored calcium response of BNSTvGAT-PBN terminals during consumption of normal chow under anxiogenic novelty-suppressed feeding conditions (n = 121 
bouts, seven mice) and averaged activity of 10-s preconsumption compared to postconsumption initiation over the testing period. ***P < 0.001, and ****P < 0.0001. 
Error bars indicate SEM. See also fig. S3.
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in both sated and hedonic feeding (i.e., high-sucrose chow), as well 
as in other food seeking modalities including high-fat, homeostatic 
feeding (i.e., after food deprivation), and normal chow within novel-
anxiogenic environments (Fig. 2, C to K, and fig. S3G). The increase 
in BNSTvGAT-PBN activity was greater for consumption of highly 
palatable high-sucrose chow and lesser in a food-deprived state, 
compared to consumption of normal chow under a sated condition 
(fig. S3I). Conversely, to assess whether glutamatergic input to the 

PBN is altered during feeding behavior, we targeted AAVDJ-
DIO-GCaMP6s to the BNST of vGLUT2-Cre mice and similarly 
positioned optical fibers above the PBN for measurement of BNST-
PBN glutamatergic terminal calcium activity (Fig. 3, A and B, and 
fig. S3, B, D, and F). In these experiments, we found that, in contrast 
to GABAergic BNST-PBN inputs, BNSTvGLUT2-PBN GCaMP activity 
decreased when an animal engaged in these same feeding behaviors 
(Fig. 3, C to K, and fig. S3H). Decreases in BNSTvGLUT2-PBN activity 
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Fig. 3. An excitatory BNST-PBN circuit is disengaged during feeding. (A) Schematic of in vivo fiber photometry and behavior. (B) Representative GCaMP6s expression 
in the BNST and PBN of a vGLUT2-Cre mouse. Scale bars, 100 m (BNST) and 200 m (PBN). (C) Representative responses of BNSTvGLUT2-PBN terminals during food con-
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****P < 0.0001. Error bars indicate SEM. See also fig. S3.
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were lesser for consumption of high-fat chow and in an anxiogenic 
environment, relative to normal sated chow consumption (fig. S3J). 
To evaluate whether these changes in activity were due simply to 
food presence or approach, we assessed calcium activity, while ani-
mals attempted to eat an inaccessible food item (fig. S3, U and V). 
Our findings demonstrate that the change in either vGAT or 
vGLUT2 BNST-PBN terminal activity is not associated with the 
approach or presence of food. When animals attempted to eat a 
false food item, however, we found a subtle but stable increase in 
BNSTvGAT-PBN GCaMP fluorescence (fig. S3W), consistent with 
the notion that this circuit is involved in food consumption. Alter-
natively, we observed no change in BNSTvGLUT2-PBN GCaMP 
fluorescence when animals attempted to consume false food (fig. 
S3X). Furthermore, neither vGAT nor vGLUT2 BNST-PBN terminals 
exhibited an increase in GCaMP activity when interacting with a 
novel or familiar object (fig. S3, Y to BB). Together, these data further 
support opposing roles for GABAergic and glutamatergic BNST-
PBN circuits in modulating consummatory feeding behavior.

Food seeking requires an integration of threat assessment and 
anxiety-like behavior to adaptively seek out and consume food, as it 
is necessary for survival. We therefore hypothesized that if these 
circuits alter feeding behavior concurrently with threat assessment, 
then GABAergic or glutamatergic BNST-PBN input may be differ-
entially engaged during aversive threat stimuli. To assess this, we 
recorded from BNST-PBN terminals in vGAT-Cre and vGLUT2-

Cre mice during the presentation of multiple shock stimuli (Fig. 4A). 
When animals were presented with an aversive shock, BNSTvGAT-PBN 
GCaMP activity rapidly decreased in response (Fig. 4, B to D), 
while BNSTvGLUT2-PBN GCaMP activity increased following shock 
(Fig. 4, E to G). Similarly, BNSTvGAT-PBN calcium activity de-
creases (Fig. 4, H to J), whereas BNSTvGLUT2-PBN calcium activity 
increases (Fig. 4, K to M), upon entry into an innately anxiogenic 
environment such as the open arms of an elevated zero maze (EZM). 
Unexpectedly, no change in terminal activity in either projection 
arose after tone-shock associations were made and shock-predictive 
cues were presented alone (fig. S3, CC and DD). These observa-
tions indicate that inhibitory GABAergic BNST-PBN circuits may 
act to diminish threat signaling to engage and allow feeding, while 
excitatory glutamatergic BNST-PBN circuits are likely recruited to 
enhance threat signaling and suppress feeding behaviors in response 
to immediately threatening stimuli.

Excitatory and inhibitory BNST-PBN circuit activation induce 
opposing feeding behaviors
Because photometry measurements at BNST-PBN terminals revealed 
that these two opposing BNST-PBN projections are modulated 
during feeding and threat responses, we next used optogenetic ap-
proaches to assessing whether manipulating neural circuit activity 
of BNST-PBN circuits alters feeding, threat, and affective valence 
and to determine direct causality of this circuit in regulating behavior. 
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Fig. 4. Distinct BNST-PBN circuits display opposing responses to aversive stimuli. (A) Schematic of in vivo fiber photometry and behavior. (B) Average z-scored cal-
cium transient responses of BNSTvGAT-PBN terminals to an aversive shock (n = 7 mice). (C) Mean z-scored calcium transient responses of BNSTvGAT-PBN terminals (n = 7 
mice) 10 s before and after the shock initiation. (D) Representative heatmap of BNSTvGAT-PBN terminal calcium transient activity of a single mouse during aversive shock 
presentation. (E) Average z-scored calcium transient responses of BNSTvGLUT2-PBN terminals to an aversive shock (n = 6 mice). (F) Mean z-scored calcium transient respons-
es of BNSTvGLUT2-PBN terminals (n = 6 mice) 10 s before and after the shock initiation. (G) Representative heatmap of BNSTvGLUT2-PBN terminal calcium transient activity of 
a single mouse during aversive shock presentation. (H) Average z-scored calcium transient responses of BNSTvGAT-PBN terminals to entry into the closed arm of an EZM 
(n = 6 mice). (I) Mean z-scored calcium transient responses of BNSTvGAT-PBN terminals (n = 6 mice) 5 s before and after entry into the closed arm of an EZM. (J) Mean 
z-scored calcium transient responses of BNSTvGAT-PBN terminals (n = 6 mice) 5 s before and after entry into the open arm of an EZM. (K) Average z-scored calcium transient 
responses of BNSTvGLUT2-PBN terminals to entry into the closed arm of an EZM (n = 5 mice). (L) Mean z-scored calcium transient responses of BNSTvGLUT2-PBN terminals 
(n = 5 mice) 5 s before and after entry into the closed arm of an EZM. (M) Mean z-scored calcium transient responses of BNSTvGLUT2-PBN terminals (n = 5 mice) 5 s before 
and after entry into the open arm of an EZM. *P < 0.05, and **P < 0.01. Error bars indicate SEM. See also fig. S3.
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We targeted AAV5-EF1-DIO-ChR2 to the BNST of vGAT-Cre or 
vGLUT2-Cre mice and positioned optical fibers above the PBN for 
photostimulation of BNST-PBN GABAergic or glutamatergic ter-
minals (Fig.  5A). First, we measured food consumption with or 
without genetically defined neural circuit photoactivation, while 
mice had free access to different foods (Fig. 5B). Neurons were 
photostimulated at 20 Hz, consistent with previously identified firing 
rates in BNST projection neurons (20). First, to ensure that a homeo-
static drive to feed was elicited by withdrawal of food, we measured 
food consumption under sated and food-deprived conditions 
(Fig. 5C). Activation of ChR2 in BNSTvGAT-PBN neurons increased 
food consumption compared to control mice under sated condi-
tions (Fig. 5D and fig. S4A). This increase also occurred with su-
crose and high-fat foods (fig. S4, C to E). No change, however, was 
observed when mice were in a food-deprived state (Fig. 5D and fig. 
S4B), suggesting that inhibitory BNST-PBN circuits are already 
engaged, consistent with our fiber photometry results (fig. S3G). 
Furthermore, photoactivation of BNSTvGAT-PBN signaling also in-
creased consumption of less-palatable salt-enriched or bitter (i.e., 
quinine-enriched) foods (fig. S4, F to H). Moreover, BNSTvGAT-PBN 
activation is sufficient to drive animals to attempt to consume non-
food items (fig. S4J). Together, these results suggest that the inhibi-
tory BNST-PBN circuit is sufficient to drive feeding in sated states, 
regardless of taste modality or caloric content. In contrast to activa-
tion of BNSTvGAT-PBN, activation of BNSTvGLUT2-PBN in a food-
deprived state decreased the consumption of normal chow (Fig. 5D 
and fig. S4, W and X), demonstrating that the excitatory BNST-PBN 
circuit is sufficient to reduce feeding when mice are in a food-deprived 
state. Photostimulation of either inhibitory or excitatory BNST-
PBN circuitry did not change body temperature (fig. S4O), suggesting 
that the effects on feeding are independent of thermoregulation, an 
identified role of PBN neurons (41).

We next sought to determine the necessity of BNST-PBN circuits 
for feeding behavior. We performed projection-specific chemogenetic 
inhibition experiments by injecting an AAV5-DIO-hM4Di-DREADD 
(42) in the BNST of vGAT and vGLUT2-Cre mice and infusing 
clozapine N-oxide (CNO) into the PBN through a cannula (Fig. 5Q). 
We found that, in a sated state, inhibition of BNSTvGLUT2-PBN projec-
tions increased feeding compared to inhibition of BNSTvGAT-PBN pro-
jections (Fig. 5R). When animals were fasted for 24 hours, inhibition 
of BNSTvGAT-PBN projections decreased feeding relative to inhibition 
of BNSTvGLUT2-PBN neurons and control mice (Fig. 5S). These find-
ings were also corroborated with photoinhibition of the BNSTvGAT-PBN 
circuit using Arch3.0 (fig. S4, S and T). Together, these results indi-
cate that binary and opposing BNST-PBN circuits bidirectionally 
modulate food consumption.

Excitatory and inhibitory BNST-PBN circuit activation induce 
opposing affective states
Internal states and affective valence alter an animal’s ability to 
assess potential threats and explore different environments, a re-
quirement to locate and consume foods. Therefore, we assessed the 
affective valence of these distinct BNST-PBN circuits by subjecting mice 
to real-time place preference (RTPP) tests and operant-reinforcement 
assays (43–45). In these experiments, we injected AAV5-EF1-
DIO-ChR2 into the BNST of vGAT-Cre or vGLUT2-Cre mice, 
placed an optic fiber above the PBN, and tested whether stimulation 
of this BNSTvGAT-PBN pathway was appetitive or aversive. In the 
RTPP assay, photoactivation of ChR2 in BNSTvGAT-PBN neurons 

resulted in a robust place preference for the photostimulation-paired 
side, while photoactivation of ChR2 in BNSTvGLUT2-PBN neurons 
resulted in a robust place aversion for the photostimulation-paired 
side, as compared to controls (Fig.  5,  E  and  F). In an operant 
self-stimulation paradigm (Fig. 5G), photoactivation of BNSTvGAT-
PBN neurons significantly increased the number of nose pokes 
for self-stimulation relative to controls (Fig. 5H), demonstrating 
that BNSTvGAT-PBN stimulation is positively reinforcing. Con-
versely, photoactivation of BNSTvGLUT2-PBN neurons significantly 
increased the number of nose pokes mice performed to turn off 
photostimulation (Fig. 5I and fig. S4Y), demonstrating that 
BNSTvGLUT2-PBN stimulation is negatively reinforcing. These data 
indicate that activation of GABAergic and glutamatergic BNST-
PBN circuits have innate positive and negative affective valence, 
respectively (46).

To determine whether BNST-PBN circuits modulate threat 
assessment, we tested mice in the EZM, which measures anxiety-like 
behaviors and exploration in a novel anxiogenic context (43). Photo-
activation of BNSTvGAT-PBN induced an anxiolytic-like state char-
acterized by more time spent in the open arms compared to controls 
(Fig. 5J and fig. S4K), consistent with increased exploratory drive. 
In contrast, photoactivation of BNSTvGLUT2-PBN neurons induced 
an anxiogenic-like state characterized by less time spent in the open 
arms (Fig.  5K), indicating that stimulation of this circuit is suffi-
cient to reduce exploration of an anxiogenic environment. As a 
further test of whether BNSTvGAT-PBN activation can suppress de-
fensive behaviors associated with threat, we subjected mice to threat 
conditioning and measured their defensive response (i.e., freezing) 
to a conditioned stimulus. Mice were trained to associate a condi-
tioned stimulus (tone) with a highly aversive unconditioned stimu-
lus (0.7 mA, 2-s foot shock). Photostimulation of BNSTvGAT-PBN 
neurons robustly reduced the defensive responses to the conditioned 
stimulus, likely through overriding threat responses and driving 
exploration associated with food seeking (Fig. 5, L and M). Photoactiva-
tion did not alter extinction retention, suggesting that BNSTvGAT-PBN 
activity may simply reduce threat responsivity. To test whether sup-
pression of these circuits could modulate affective behaviors, we 
tested whether chemogenetic inhibition of BNST-PBN terminals 
could alter exploration in the EZM. Inhibition of BNSTvGAT-PBN 
neurons decreased exploration in an EZM (Fig. 5T). These data 
indicate that BNST-PBN circuits are necessary and sufficient 
for regulating opposing threat- and anxiety-related behavioral 
states.

To determine whether BNST-PBN circuitry modulates feeding in a 
threatening context, we performed conflict feeding assays, which 
pit the drive to feed against its urge to explore a novel anxiogenic 
environment. While stimulation of BNSTvGLUT2-PBN neurons decreased 
feeding and increased the latency to feed in under anxiogenic con-
ditions in the open-field test (OFT), stimulation of BNSTvGAT-PBN 
neurons increased feeding (Fig. 5, N and O). Stimulation of BNSTvGAT-
PBN neurons also increased feeding when food was placed on the 
open arms of the EZM (Fig. 5P and fig. S4, P and Q). Following this 
pattern, inhibition of BNSTvGAT-PBN projections decreased food 
consumption and increased latency to feed in an open field, while 
BNSTvGLUT2-PBN inhibition increased food consumption (Fig. 5, U 
and V), suggesting that this glutamatergic circuit may be selectively 
recruited to suppress consumption in anxiogenic or threatening en-
vironments. These results indicate that BNST-PBN circuitry can 
modulate feeding within anxiogenic contexts.
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Excitatory and inhibitory BNST afferents target both 
dynorphin and calcitonin gene-related peptide neurons in PBN
We next aimed to determine the specific targets of BNSTvGAT and 
BNSTvGLUT2 projections in the PBN. Previous studies have identi-
fied diverse neuronal populations within the primarily glutamater-
gic PBN (4, 10, 47, 48). The PBN contains multiple neuropeptidergic 
populations, including neurons that synthesize and release calcitonin 
gene-related peptide (CGRP) (4) and dynorphin (pDyn) (47). To fur-
ther explore how PBN neurons downstream of BNST-PBN circuits 
regulate feeding and affective behaviors, we examined the organiza-
tion of PBN dynorphin (pDyn) neurons, previously shown to regulate 
thermoregulation (47, 49) and ingestion in response to mechano-
sensory feedback (12), and CGRP neurons (4–6), shown to function 
as a general alarm system that responds to threats and inhibits feed-
ing when activated. In situ hybridization experiments demonstrated 
that pDyn neurons (PBNpDyn) and CGRP neurons (PBNCGRP) form 
genetically and anatomically distinct populations in the PBN (Fig. 6, 
A and B). We determined which of these populations received input 
from BNST projections by expressing ChR2 under a CAG promoter 
in BNST neurons and recording from parabrachial neurons labeled 
by crossing Calca (calcitonin related polypeptide alpha)-Cre mice with 
the fluorescent reporter line Ai14 or by injecting AAV-DIO-mCherry 
into the PBN of pDyn-Cre mice (Fig. 6C). We performed ChR2-assisted 
circuit mapping via whole-cell patch clamp recording of these geneti-
cally defined PBN neurons while photoactivating BNST terminals ex-
pressing ChR2 (50). Photostimulation of BNST terminals in the PBN 
elicited eIPSCs and eEPSCs that were abolished with bath application 
of tetrodotoxin (TTX) and then restored with 4-aminopyridine (4-AP) 
demonstrating the BNST forms monosynaptic connections with 
pDyn- and Calca-expressing PBN neurons (Fig. 6, D and G). We 
also found that photostimulation of BNST terminals evoked small 
EPSCs in separate pDyn and CGRP neurons that were blocked with 
TTX and could not be restored with application of 4-AP, indicating 
polysynaptic connections (Fig.  6,  E  and  H). pDyn- and CGRP-
expressing PBN neurons receive distinct proportions of excitatory 
and inhibitory BNST input. About 62% of PBNpDyn neurons receiv-
ing monosynaptic connections from the BNST received both eIPSCs 
and eEPSCs, while the remaining 38% received only eEPSCs (Fig. 6I). 
In contrast, about 83% of PBNCGRP neurons received both eIPSCs 
and eEPSCs, whereas the remaining 17% received only eIPSCs 
(Fig.  6J). Furthermore, using transynaptic rabies tracing (51–53), 
we found that BNST neurons form monosynaptic connections with 
pDyn-expressing neurons in the PBN (fig. S5, A to C). These data 
reveal that both inhibitory and excitatory BNST-PBN circuits mod-
ulate the activity of both pDyn- and Calca-expressing PBN neurons. 
These data position both PBNCGRP and PBNpDyn as critical down-
stream nodes for the behavioral effects of inhibitory and excitatory 
BNST-PBN inputs. Nonetheless, how PBNpDyn modulates affective-
feeding behaviors has not been thoroughly investigated.

pDyn-expressing PBN neurons modulate feeding 
and affective behavior
To understand PBNpDyn dynamics during both feeding and affec-
tive behaviors, we injected AAVDJ-DIO-GCaMP6s into the PBN of 
pDyn-Cre mice and used photometry through fibers implanted in 
the PBN to track the calcium activity of PBNpDyn neurons (Fig. 7A). 
We found that PBNpDyn cell bodies increased their activity when 
animals consumed chow in a safe environment (Fig. 7B), consistent 
with a recent report (12). This increase also occurs during feeding in 

an anxiogenic open field (Fig. 7C). Furthermore, shock elicited rap-
id activation of PBNpDyn activity, which was followed by a decrease 
(Fig. 7D). PBNpDyn neurons decreased activity in response to a con-
ditioned threat-predictive cue (fig. S5, D and E) and upon entry into 
the open arms of EZM (Fig. 7E), suggesting that the activity of this 
neuronal population may increase to immediately aversive events 
but be suppressed when threats are unclear or less imminent. PBN-
pDyn activity did not change when animals chewed a false food pellet, 
sniffed inaccessible food, or interacted with a novel or familiar ob-
ject (fig. S5, F to I). Together, these data support the conclusion that 
PBNpDyn neurons are engaged during feeding and disengaged when 
exploring anxiogenic environments.

To further assess whether PBNpDyn activation is sufficient to al-
ter feeding and affective behaviors, we targeted dynorphin-expressing 
PBN neurons in pDyn-Cre mice with AAV5-EF1-DIO-ChR2 and 
subjected the mice to both feeding and affective behavioral tests 
(Fig. 7, F and G). Consistent with the effects of excitatory BNST-
PBN activation, we found that photostimulation of PBNpDyn pro-
duces a robust real-time place aversion (Fig. 7, H to J, and fig. S5K) 
and reduced feeding when animals were in a food-deprived state 
(Fig. 7K and fig. S5L). In addition, inhibition of the broader gluta-
matergic PBN population rapidly and reversibly increased food 
consumption (fig. S5, M and N). Likewise, chemogenetic inhibition of 
PBNpDyn neurons using the hM4Di DREADD strategy (Fig. 7, L and M) 
(42) decreased the latency to consume food in an anxiogenic envi-
ronment and increased overall food consumption in mice express-
ing the inhibitory DREADD when given CNO compared to saline, 
while control animals did not differ between treatments (Fig. 7, N to P). 
Consistent with this finding, the inhibition of PBNpDyn neurons 
produced and anxiolytic-like state in the EZM test after CNO treat-
ment (Fig. 7Q and fig. S5, O and P). These data reveal a complex, 
previously unrecognized functional role of PBNpDyn neurons as im-
portant integrators of BNST afferents, likely alongside PBNCGRP 
neurons, that contribute to coordinating feeding drive, together 
with peripheral threat and affective information.

DISCUSSION
These studies indicate that discrete, neuropeptide-expressing, op-
posing neural circuitry from the BNST to the PBN modulates affec-
tive valence, threat assessment, and feeding behavior. The BNST 
has been shown to be involved in numerous functions related to 
threats and motivated behaviors (54), and our findings demonstrate 
that the BNST conveys sensory and affective information to two key 
neuropeptide containing populations (pDyn and Calca) in the PBN 
to alter behavior critical to an animal’s survival.

Recent studies have demonstrated BNST input to the PBN and 
revealed that BNST neurons may influence respiration and anxiety 
via increased metabolic activity in the PBN (13, 15). However, stud-
ies to date had not determined the identity of these projections. 
Using the use of genetic targeting in our study, we unveil a separa-
ble role for discrete genetically defined BNST-PBN projections. We 
also identify the complement of mRNAs actively translated by 
PBN-projecting BNST neurons in a cell type–specific manner, 
revealing several neuropeptides and their G protein–coupled recep-
tors (GPCRs) that may act as important neuromodulatory regula-
tors influencing affect and feeding (Fig. 1, G to I). Notably, these 
neuropeptides and receptors provide an entryway to follow up 
studies and aid the development of unique therapeutic strategies for 
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evoked monosynaptic IPSCs (top trace, +10 mV) and EPSCs (bottom trace, −70 mV) in PBN-Dyn neurons that were restored with bath application of 4-aminopyridine 
(4-AP) and tetrodotoxin (TTX) (purple trace; n = 13 cells, seven mice). (E) Photoactivation of BNST terminals evoked polysynaptic IPSCs (top trace, +10 mV) and EPSCs 
(bottom trace, −70 mV) in PBN-Dyn neurons that were blocked with bath application of TTX and could not restored with 4-AP (n = 9 cells, seven mice). (F) Schematic of 
virus injection depicting CAG-ChR2 in the BNST and DIO-mCherry in the PBN of Calca-Cre mice. (G) Photoactivation of BNST terminals evoked monosynaptic IPSCs (top 
trace, +10 mV) and EPSCs (bottom trace, −70 mV) in PBN-Calca neurons that were restored with bath application of 4-AP and TTX (purple trace; n = 12 cells, six mice). 
(H) Photoactivation of BNST terminals evoked polysynaptic IPSCs (top trace, +10 mV) and EPSCs (bottom trac, −70 mV) in PBN-Calca neurons that were blocked with bath 
application of TTX and could not restored with 4-AP (n = 3 cells, six mice). (I) Pie charts depicting the proportion of PBN-Dyn neurons receiving monosynaptic, polysynaptic, 
or no input from the BNST, as well as the proportion of the evoked monosynaptic currents that are inhibitory or excitatory. (J) Pie charts depicting the proportion of PBN-Calca 
neurons receiving monosynaptic, polysynaptic, or no input from the BNST, as well as the proportion of the evoked monosynaptic currents that are inhibitory or excitatory.
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treating feeding and affective diseases. Future studies using Cre 
driver lines and selective pharmacological approaches will be criti-
cal to dissect the neuropeptide and GPCR systems influencing these 
complex anxiety-like and feeding behaviors.

In this study, we also probe the neural dynamics and functional 
roles of opposing BNST-PBN circuits using fiber photometry to-
gether with optogenetics. Our results reveal that the GABAergic 
BNST-PBN circuit is engaged by and drives feeding behavior and 
exploration, while the glutamatergic BNST-PBN circuit is disen-
gaged during feeding and suppresses state-dependent feeding and 
exploration (Figs. 2 to 5). These distinct circuits are engaged differ-
entially depending on the internal state of the animal, as well as the 
palatability of the food being consumed (fig. S3, I to J). While 
hedonic feeding (i.e., sucrose consumption) engaged the BNSTvGAT-
PBN circuit greater than that of sated chow, homeostatic feeding 
(i.e., food-deprived) resulted in smaller changes relative to that of 

sated chow (fig. S3I). It is possible that in a food-deprived state, 
BNSTvGAT-PBN circuits are already engaged and, thus, dynamic 
range from fiber photometry recordings dilutes the signal change in 
response to feeding. This is consistent with the ceiling effect on 
feeding observed in BNSTvGAT-PBN activation in a food-deprived state 
(Fig. 5D and fig. S4B). In contrast, the magnitude of BNSTvGLUT2-PBN 
terminal activity to high-fat consumption is decreased compared to 
that of chow in a sated state (fig. S3J). These results could also sug-
gest that the degree by which BNSTvGLUT2-PBN activity is decreased 
depends on the palatability of the food.

It is notable that BNSTvGAT-PBN activation elicits consummatory 
behavior even in the absence of hedonic drive, metabolic need, or 
caloric content (fig. S4, F to J). However, the consummatory re-
sponse to circuit activation is affected by food deprivation (fig. S4, 
A, B, V, and W), and the fiber photometry data presented here (fig. 
S3, I to J, W, and X) suggest that the endogenous activity of this 
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Fig. 7. Dynorphin-expressing PBN neurons mediate feeding and affective behavior. (A) Schematic of in vivo fiber photometry. (B) Average z-scored calcium re-
sponse of PBNpDyn terminals during consumption of normal chow under sated conditions (n = 68 bouts, six mice) and averaged activity of 10-s preconsumption versus 
postconsumption initiation. (C) Average z-scored calcium response of PBNpDyn terminals during consumption of normal chow under anxiogenic conditions (n = 39 bouts, 
six mice) and averaged activity of 10-s preconsumption versus postconsumption initiation. (D) Average z-scored calcium response of PBNpDyn terminals to an aversive 
shock (n = 25 bouts, six mice) and averaged activity of 5 s before shock initiation compared to 5 s after (top) and 5 to 10 s after (bottom) shock initiation. (E) Average 
z-scored calcium response of PBNpDyn terminals to entry into the closed arm of an EZM and averaged activity of 5 s before and after entry into the closed arm (top; n = 75 
bouts, six mice) and open arm (bottom; n = 75 bouts, six mice). (F) Schematic of optogenetic approach to targeting PBNpDyn neurons. (G) ChR2-eYFP expression in PBNpDyn 
neurons. Scale bar, 200 m. (H) Representative heatmaps of time spent in RTPP for Ctrl and PBNpDyn:ChR2 mice. (I and J) PBNpDyn activation elicits a real-time place aversion 
in a (I) frequency-dependent manner, including (J) 20 Hz (ChR2, n = 8; Ctrl, n = 6). (K) PBNpDyn activation decreases food consumption after food deprivation (ChR2, n = 8; 
Ctrl, n = 6). (L) Schematic of chemogenetic approach to targeting PBNpDyn neurons. (M) hM4Di-mCherry expression in PBNpDyn neurons. Scale bar, 100 m. (N to Q) Che-
mogenetic inhibition of PBNpDyn neuron (N) increases food consumption and (O) decreases latency to eat while (P) increasing food consumed in a novelty-suppressed 
feeding task and (Q) increasing time spent in the open arms of EZM (DREADD, n = 7 to 8; Ctrl, n = 6 to 7). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Error bars 
indicate SEM. See also fig. S5.
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circuit is sensitive to internal state and food palatability. We also 
observed that artificial, selective BNSTvGAT-PBN recruitment pro-
duces indiscriminate feeding behavior for feeding initiation, but not 
continuous consumption itself, such that photoactivation during 
palatable food consumption results in continuous feeding, whereas 
bitter or false-food items result in intermittent feeding. This effect is 
reflected by the lower photoactivation-induced consumption for 
those items (fig. S4, F to H and J). These results further support the 
conclusion that BNST-PBN circuitry is not solely recruited during 
generalized motor responses associated with consumption but is directly 
responsive to food palatability and internal metabolic need state.

In addition, when food consumption occurs in an anxiogenic 
environment (i.e., N-ethylmaleimide–sensitive factor), the degree 
by which BNSTvGLUT2-PBN decreases is attenuated compared to 
sated and safe chow consumption. This change in magnitude may 
reflect the increased exploratory drive necessary to overcome the 
animal’s aversion to the center of the open field, which occurs con-
currently with increases in BNSTvGLUT2-PBN activity when the ani-
mal explores the open zones of the EZM (Fig. 4, K to M). A highly 
aversive and threatening shock stimulus induced a rapid but not 
instantaneous (1 to 3 s) decrease or increase in activity of GABAergic 
and glutamatergic BNST-PBN circuits, respectively (Fig. 4, B to F), 
matching the peak kinetics for GCaMP6s activity in neurons with 
sustained firing (55). While acute threats may rapidly modulate 
neural activity, the persistence and delay in BNST-PBN circuit re-
sponse to shock may represent an internal state shift resulting from 
the aversive experience, thus positioning these circuits as key inte-
grators of both experience and behavior. This interpretation requires 
continued investigation using alternative paradigms and behavioral 
state changes in each case. Nevertheless, our data demonstrate that 
these opposing inhibitory and excitatory circuits act to drive feed-
ing behaviors likely in part via the attribution of threat assessment 
and the valence inherent to the circuit itself (Fig. 5). Further studies 
exploring both acute and learned threat detection with opposing 
feeding states will be needed to explore how these circuits adapt un-
der various environmental influences. Here, we demonstrate that 
selective inhibition or activation of these circuits is both necessary 
and sufficient to alter feeding, exploration, and threat assessment. 
Given that eating disorders are highly associated with varying affec-
tive states (56), further investigation of these circuits under varying 
internal states that drive motivated behaviors such as food depriva-
tion and affective states imposed by external adverse experiences 
such as pain or stress is necessary to fully understand the extent of 
their involvement.

The PBN consists of many cell types that mediate separable 
aspects of feeding and aversion (3, 10, 57, 58). Of these cell types, 
neurons expressing CGRP located in the ventral/external lateral 
parabrachial (PBNel) thought to function as a general alarm system 
that sends aversive signals throughout the brain are of the most no-
table (59). However, our results demonstrate that GABAergic and 
glutamatergic BNST terminals are most dense in the dorsolateral 
and medial regions of the PBN as compared to the ventrolateral re-
gion where CGRP neurons subside (Figs. 1, A and D, and 6, A and B, 
and fig. S1, F to K). This was both interesting and unexpected to us 
because this reveals that although CGRP neurons mediate feeding 
and aversion, they are likely not the sole neuropeptide population in 
the PBN mediating these behaviors. In our studies, we have demon-
strated that dynorphin-expressing neurons located in the dorsolateral 
PBN (PBNpDyn) are also critically poised as functional integrators of 

feeding and affective behaviors (60). Historically, the primary func-
tion for PBNpDyn was thought to be thermoregulation (47, 49). 
Recent studies suggest that dorsolateral and pDyn-expressing PBN 
neurons also respond to mechanosensory feedback and pain signals 
from the body to drive aversive learning and nocifensive behaviors, 
potentially in part by communication with CGRP neurons (12, 61, 62). 
Consistent with this finding, we also found here that pDyn neurons 
respond to noxious stimuli and environmental threats. BNST-PBN 
circuits thus may tune the activity of PBN neurons, including pDyn 
and CGRP, to modulate threat and feeding responses. Our results, 
alongside previous studies, indicate that a primary role for PBNpDyn 
is to integrate a myriad of bodily signals related to internal state, 
such as thermoregulatory signals and pain, with limbic system sig-
nals for threat assessment and anxiety, ultimately to allow adaptive 
food seeking, consumption, and avoidance.

Together, we present two opposing neural circuits from the 
BNST to the PBN that mediate threat assessment, exploration, and 
feeding behaviors in part via their connections to neuropeptide-
containing populations, particularly dynorphin-expressing PBN 
neurons. Our results implicate these circuits and both inhibitory 
and excitatory BNST neurons as critical integrators, with the PBN, 
of adaptive feeding and affective behaviors. These findings also 
further our understanding of the complex relationship between eating 
patterns and affective state.

MATERIALS AND METHODS
Animals
Adult vGAT-IRES-Cre (Slc32a1tm2(cre)Lowl/J; the Jackson Laboratory, 
#028862) (63), vGLUT2-IRES-Cre (Slc17a6tm2(cre)Lowl)/J; the Jackson 
Laboratory, #028863), and preprodynorphin (Pdyn)–IRES-Cre 
(Pdyntm1.1(cre)Mjkr/J; the Jackson Laboratory, #027958) (64) mice were 
group-housed, given access to food and water ad libitum, and main-
tained on a 12:12-hour light:dark cycle (lights on at 7:00 a.m.). All 
animals were kept in an isolated and sound-attenuated holding 
facility within the laboratory and adjacent to behavior rooms 1 week 
before surgery, after surgery, and throughout the duration of the 
behavioral assays to minimize stress. Males and female mice were 
used in all experiments with the exception of experiments in 
Figs. 5 (G to M) and 7 (L to Q). All procedures were approved by the 
Animal Care and Use Committee of Washington University and 
the University of Washington and conformed to U.S. National 
Institutes of Health (NIH) guidelines.

Stereotaxic surgeries
After the animals were acclimated to the holding facility for at least 
7 days, mice were anaesthetized in an induction chamber (2% iso-
flurane) and placed into a stereotaxic frame (Kopf Instruments, 
Model 1900) where they were maintained at 1 to 2% isoflurane. 
Mice were then injected using a blunt needle (Hamilton, 86200) at a 
rate of 100 nl/min with 300 to 400 nl in the BNST [anteroposterior 
(AP), +0.14; mediolateral (ML), ±0.9; dorsoventral (DV), –4.5] or 
PBN (AP, −5.3; ML, ±1.1; DV, −3.5); unilateral for optogenetic ac-
tivation, tracing, and fiber photometry experiments; and bilateral 
for optogenetic or chemogenetic experiments. Needle was slowly 
removed from the brain 10 min after cessation of injection to allow for 
diffusion. For fiber photometry experiments, mice were also im-
planted with a 400-m fiber optic (Doric Inc., MFC_400/430-0.48_
MF2.5_FLT) in the same surgery. Mice recovered for at least 6 weeks 
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before behavioral testing, permitting optimal expression of the vi-
rus. For optogenetic activation and fiber photometry experiments, 
5 weeks after viral injection, intracranial optic fiber implants were 
directed above the PBN unilaterally (AP, −5.3; ML, ±1.1; DV, −3.0). 
For optogenetic inhibition, fiber optics were placed bilaterally. The 
fiber optic implants were secured using two bone screws (CMA Mi-
crodialysis AB, 743102) and affixed with TitanBond (Horizon Den-
tal Products) and dental cement (Lang Dental).
Viruses

AAV2retro-EF1a-DIO-hChR2-(H134R)-eYFP Hope Center Viral Vector Core, Wash.U.

AAV5-EF1a-DIO-hChR2-(H134R)-eYFP Hope Center Viral Vector Core, Wash.U.

AAV5-CAG-hChR2(H134R)-mCherry Addgene

AAV5-Ef1a-DIO-mCherry University of North Carolina 
(UNC) Vector Core

AAV2retro-231-TRAP-Cre-On Hope Center Viral Vector Core, Wash.U.

AAV-DJ-EF1a-DIO-GCaMP6s Stanford University Gene Vector 
and Viral Core

AAV5-EF1a-DIO-Arch3.0-eYFP UNC Vector Core

AAV5-Ef1a-DIO-hM4D(Gi)-mCherry UNC Vector Core

AAV5-CAG-FLEX-RG UNC Vector Core

AAV8-EF1a-FLEX-TVA-mCherry UNC Vector Core

EnvA-G–deleted Rabies–enhanced green 
fluorescent protein (eGFP) Salk

Immunohistochemistry
Immunohistochemistry was performed as previously described (65). 
Briefly, mice were anesthetized with sodium pentobarbital and 
transcardially perfused with 4% paraformaldehyde (PFA), postfixed 
overnight in 4% PFA, and cryo-protected in 30% sucrose for at least 
24 hours. Brains were then sectioned (30 m) and placed in 0.1 M 
phosphate buffer (PB) until immunohistochemistry. Free-floating 
sections were washed in 0.1 M phosphate-buffered saline (PBS) for 
3× 10-min intervals. Sections were then placed in blocking buffer 
(0.5% Triton X-100 and 5% natural goat serum in 0.1 M PBS) for 
1 hour at room temperature. After blocking buffer, sections were in-
cubated in NeuroTrace (1:400; 435/455 blue fluorescent Nissl stain; 
Invitrogen, #N21479) for 1 hour, followed by 3× 10-min 0.1 M PBS 
and then 3× 10-min 0.1 M PB washes. After immunostaining, sec-
tions were mounted and coverslipped with VECTASHIELD HardSet 
mounting medium (Vector Laboratories, catalog no. H-1400) and 
imaged on a Leica TCS SPE confocal microscope. Animals that did 
not show targeted expression were excluded.

Fluorescent in situ hybridization
Animals were anesthetized and rapidly decapitated. Brains were 
quickly removed and fresh frozen in dry ice, then stored at −80°C. 
Sections were cut at 20 m, mounted on slides, and stored at −80°C. 
Sections were fixed in 4% PFA for 15 min, dehydrated in serial ethanol 
concentrations (50, 70, and 100%), and processed with RNAscope 
(Advanced Cell Diagnostics, catalog no. 320293). Sections were 
hybridized with the probes listed below. Sections were then counter-
stained with 4′,6-diamidino-2-phenylindole (DAPI) and coverslipped. 
Confocal images were obtained on an Olympus FV3000RS micro-
scope. Circular regions of interest (ROIs) were drawn around each 
cell, and these ROIs were then used for coexpression analysis.

RNAscope probes

CGRP (Calca) Advanced Cell 
Diagnostics

Catalog no. 420361

Pdyn Advanced Cell 
Diagnostics

Catalog no. 318771

vGAT (Slc32a1) Advanced Cell 
Diagnostics

Catalog no. 319191

vGLUT2 (Slc17a6) Advanced Cell 
Diagnostics

Catalog no. 319171

eGFP Advanced Cell 
Diagnostics

Catalog no. 400281

Adcyap1 Advanced Cell 
Diagnostics

Catalog no. 405911

Sstr3 Advanced Cell 
Diagnostics

Catalog no. 460621

Tac2 Advanced Cell 
Diagnostics

Catalog no. 446391

Calcr
Advanced Cell 

Diagnostics
Catalog no. 494071

Slice electrophysiology
Acute brain slices were prepared using a protective cutting and 
recovery method (66). Anesthetized mice infected with AAV5-
EF1a-DIO-hChR2-(H134R)-eYFP were transcadially perfused with 
N-methyl-d-glucamine (NMDG)–substituted artificial cerebrospinal fluid 
(aCSF) containing 93 mM NMDG, 2.5 mM KCl, 1.25 mM NaH2PO4, 
30 mM NaHCO3, 20 mM Hepes, 25 mM glucose, 5 mM ascorbic acid, 
2 mM thiourea, 3 mM Na-pyruvate, 12 mM N-acetyl-l-cysteine, 10 mM 
MgSO4, and 0.5 mM CaCl2 (pH 7.3 to pH 7.4). Two hundred–millimeter-
thick Coronal sections of the PBN were cut using a Vibratome VT1000s 
(Leica) and transferred to an oxygenated recovery chamber containing 
NMDG aCSF for 5 to 10 min at 32° to 34°C before being transferred 
to a holding chamber filled with modified aCSF containing 92 mM 
NaCl, 2.5 mM KCl, 1.2 mM NaH2PO4, 30 mM NaHCO3, 20 mM Hepes, 
25 mM glucose, 2 mM CaCl2, 2 mM MgCl2 (pH adjusted to 7.3 to 
7.4 with NaOH), and 290 to 310 osM. Whole-cell patch-clamp record-
ings were made using fire-polished glass pipettes with a resistance of 3 to 
5 megohms filled with 120 mM K+ gluconate, 5 mM NaCl, 2 mM MgCl2, 
0.1 mM CaCl2, 10 mM Hepes, 1.1 mM EGTA, 4 mM Na2–adenosine 
5′-triphosphate, 0.4 mM Na2–guanosine 5′-triphosphate, 15 mM phos-
phocreatine (pH adjusted to 7.3 with KOH), and 291 mosM. BNST 
axonal projections in the PBN were visualized through a 40× objective 
using infrared (IR) differential interference contrast microscopy on an 
Olympus BX51 microscope, and neurons with YFP+ axons in close 
proximity were identified using epifluorescent illumination. Recordings 
were made with Patchmaster software controlling a HEKA EPC10 
amplifier. Following gigaseal formation and stable whole-cell access, 
currents elicited by 10-ms pulse stimulation of ChR2-containing axonal 
terminals and isolated by blocking AMPA/KARs (kainic acid receptors) 
[10 M NBQX (2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-
7-sulfonamide); Abcam], NMDARs [50 M D-APV (D-APV=D-(-)-2-
amino-5-phosphonopentanoic acid); Abcam], GABAARs (100 M 
picrotoxin and 50 M bicuculline; Abcam) through bath application of 
the antagonists in aCSF solution. Neurons were voltage-clamped 
at −70 mV for eEPSCs and 0 mV for eIPSCs. Input resistance was 
monitored to maintain cells with a stable series resistance (Rs) of 
<35 megohms, and only these neurons were included in our analysis. 
eIPSC and eEPSC amplitudes were averaged across five sweeps per cell.
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Viral retrograde TRAP
To specifically capture transcribed RNA from GABAergic and 
glutamatergic neurons synapsing on the PBN, we generated an 
adenoviral vector encoding a floxed fusion GFP-ribosomal pro-
tein (RPL10A) and packaged it into the retrofecting AAV sero-
type rAAV2-retro (22). This design restricts expression of the 
GFP·RPL10A fusion to a target (Cre-expressing) cell type and further 
restricts expression to cells of that type synapsing onto the trans-
duced region.

To selectively capture transcripts from those excitatory and in-
hibitory neurons in the BNST synapsing onto the PBN, we deliv-
ered the floxed eGFP·Rpl10a AAV2retro into the PBN of adult 
male mice ages 4- to 10-m expressing Cre recombinase under a 
glutamatergic (vGLUT2) or GABAergic (vGAT) neuron-specific 
promoter. At least 6 weeks were given for surgical recovery and 
transgene expression before mice were euthanized for brain dissec-
tion, homogenization, and GFP-targeted immunoprecipitation (IP).

To control for stress and circadian effects on BNST transcripts 
between replicates, we always retrieved mice to be euthanized be-
tween 10 a.m. and 12 p.m. immediately before deep anesthetization 
by isoflurane, followed by rapid removal of the brain. A 1-mm cor-
onal slab of brain tissue was collected from an AP of ±0.5 mm, an 
ML of ±1.2 mm, a DV of −3.8 to −4.8 mm and microdissected in 
ice-cold PBS containing ribonuclease inhibitors (rRNAsin, Superasin), 
500 M dithiothreitol, and cycloheximide (to arrest translation in 
progress to keep ribosomes associated with their RNAs for later 
capture). Three dissected BNSTs were pooled per replicate to mini-
mize effects of dissection and incidental injection of structures ad-
jacent to PBN. Pooled tissue was homogenized and processed using 
the standard TRAP protocol as previously described (67). All RNA 
samples were quality checked for RINe (estimated RNA integrity 
number) on an Agilent Tapestation 4200 (Agilent Technologies, 
Santa Clara, CA) using the High-Sensitivity RNA Assay Kit. All se-
quenced samples had an RINe of >7.5 with total mass yielded per 
sample ranging from 2.5 to 250 ng.

RNA samples were submitted to Washington University in 
St Louis’ Genome Technology Access Center for library prepara-
tion and mRNA sequencing. Complementary DNAs (cDNAs) were 
synthesized using polyadenylate (polyA) capture (Dynal mRNA 
DIRECT Kit, Life Technologies, Carlsbad, CA). cDNAs were syn-
thesized by polyA-targeted priming, followed by cDNA amplification 
using the Clontech SMARTer Kit (Takara Bio, Mountain View, CA).

Single-read, 50-bp RNA-seq of IP fractions and total homoge-
nate from five replicates per cell type (20 samples total) was per-
formed on a single lane of a HiSeq 3000 (Illumina, San Diego, CA), 
yielding ~350 M reads, ranging from 10 to 25 M per sample. Reads 
were processed using a standard pipeline of read trimming with 
Trimmomatic (68), removal of ribosomal RNA reads using BowTie (69), 
and alignment to mouse genome build 38.p5 along with gene-level 
feature counts using STAR aligner (70).

Samplewise read counts were first subsetted to those reads with 
a normal distribution to perform downstream differential expres-
sion analysis, as recommended for analyses in EdgeR (71, 72). Gene 
counts were then quality checked by hierarchical clustering to rule 
out batch effects and off-target cell enrichment. One replicate clus-
tered separately from all other samples and was excluded. Additional 
quality checks included plotting relative enrichment/depletion of 
vGAT/vGLUT2-specific marker genes and that of off-target cell 
types (e.g., astrocytes and oligodendrocytes). Ultimately, three rep-

licates for vGLUT2 neurons and two replicates for vGAT neurons 
were used for analysis.

Differential expression analysis was performed in EdgeR using 
the following model for single cell type–enriched transcripts, where 
group was vGLUT2 IP, vGLUT2 input, vGAT IP, or vGAT input: 
Expression ~0 + group.

Enrichment in cell types was then determined using EdgeR’s 
glmQLFtest function using contrasts of vGLUT2 Enriched = 
(vGLUT2 IP) − (vGLUT2 Input) and likewise for vGAT. Differential 
expression analysis between cell types was performed using the same 
model as above but with a contrast of (vGLUT2-vGAT Differential 
Expression) = (vGLUT2 IP − vGLUT2 Input) − (vGAT IP − vGAT 
Input). This contrast thus regresses potential effects of dissection 
heterogeneity before comparing the target immunoprecipitated 
cell types. Raw data can be found in the National Center for Bio-
technology Information (NCBI) Gene Expression Omnibus (GEO) 
database (GSE133484).

Behavior
Behavioral assays were performed in sound attenuated rooms main-
tained at 23°C. Lighting was measured and stabilized at ~100 lux for 
anxiety testing in vGAT-Cre activation and pDyn-Cre inhibition 
experiments, ~20 lux for anxiety testing in vGLUT2-Cre activation 
experiments, and ~ 200 lux for place testing. All behavioral appara-
tuses were cleaned with 70% ethanol in between animals. Movements 
were video-recorded and analyzed using EthoVision software or 
recorded with MediaRecorder.
Real-time place preference
Mice were placed into a custom-made unbiased, balanced two-
compartment conditioning apparatus (52.5 cm by 25.5 cm by 25.5 cm) 
as previously described (65) and allowed to freely roam the entire 
apparatus for 30 min. Entry into one compartment triggered con-
stant photostimulation (0 to 40 Hz; 5- to 10-mW light power), while 
the animal remained in the light-paired chamber. Entry into the other 
chamber ended the photostimulation. The side paired with photo-
stimulation was counterbalanced across mice. Time spent in each 
chamber and total distance traveled for the entire 30 min trial were 
measured using EthoVision 8.5 (Noldus). Data are expressed as means ± 
SEM percent time spent in photostimulation-paired chamber.
Operant conditioning: Positive reinforcement
For positive reinforcement induced by vGAT-containing BNST-PBN 
projections, mice with optical fibers implanted above the PBN were 
trained in one 1-hour session to nose poke on a fixed-ratio 1 sched-
ule for optical self-stimulation (3 s, 20 Hz, ~10 mW, 473 nm) in a 
mouse operant chamber (17.8 cm by 15.2 cm by 18.4 cm; Med 
Associates) (20). The following day, the mice were run again with 
the same conditions, and the number of nose pokes recorded in the 
hour session was recorded.
Operant conditioning: Negative reinforcement
For negative reinforcement induced by vGLUT2-containing BNST-
PBN projections, mice with optical fibers implanted above the PBN 
were trained in one 1-hour session to nose poke on a fixed-ratio 
1 schedule to turn off optical self-stimulation in a mouse operant 
chamber (17.8 cm by 15.2 cm by 18.4 cm; Med Associates). Con-
stant photostimulation (20 Hz, ~10 mW, 473 nm) began at the start 
of each session. Each nose poke resulted in the cessation of the pho-
tostimulation for 3 s. The following day, the mice were run again 
with the same conditions. The number of nose pokes recorded in 
the hour session was recorded. About 50% of Cre+ mice did not 
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learn the operant task and thus were excluded from the results as 
nonresponders (fig. S4Y). Nonresponders were classified as animals 
whose difference of responses between active and inactive was <5. 
These differences did not correlate to differences in anatomy and 
likely reflect a failure to learn the instrumental contingency.
Threat conditioning
Pavlovian threat conditioning was performed in Med Associates Fear 
Conditioning Chambers (NIR-022MD). This equipment consisted of a 
conductive grid floor inside a 29.53-cm in length by 23.5-cm in width by 
20.96-cm in height chamber inside of a soundproof box lit by an IR light.

In vGAT-Cre experiments, mice were conditioned to four 20-s 
tones coterminating with 2-s 0.7-mA shocks on day 1. On day 2, 
mice were placed back into the chamber. Eleven tone presentations 
in the absence of shock were presented. During the first tone, no 
optostimulation occurred. During the next 10 tone presentations, 
20-Hz blue light was delivered. On the third day, we assessed ex-
tinction recall by placing the mice into the chamber and presented 
the tone once. Freezing behavior was measured during all tone pre-
sentations. All fiber photometry animals were conditioned to six 
20-s tones terminating with a 1-s 0.5-mA shock.
Feeding assays
Feeding assays were performed in a square plexiglass arena (27 cm by 
27 cm). Chow, high-fat, sucrose, or salt pellets (Envigo) were placed 
in the corner of the arena. Mice were then introduced into the arena 
for 30 min. To record the amount of food consumed, food was mea-
sured before and after the assay; the bottom of the chamber was 
scraped after each trial to collect all crumbs resulting from chewing 
without consumption. Baseline feeding and feeding while photo-
stimulation (20 Hz; 5- to 10-mW light power) or photoinhibition 
(constant; ~5-mW light power) were performed in a counterbalanced 
fashion across mice.

In addition to counterbalanced experiments across days, we also 
performed within-session manipulations to assess whether the ef-
fects are immediately reversible. Mice were introduced into the are-
na for 60 min: 20-min prestimulation, 20-min 20-Hz stimulation or 
constant inhibition, and 20-min poststimulation. Food weight was 
measured at each 20-min point (figs. S4, I and X, and S5N). For IP 
DREADD experiments, CNO (5 mg/kg; Enzo Life Sciences, catalog 
no. BML-NS105) was administered 30 min before testing. For intra-
cranial experiments, CNO (3 M, 100 nl) was administered imme-
diately before testing.
Elevated zero maze
EZM testing was performed as described previously (65). The EZM 
(Harvard Apparatus) was made of gray plastic, 200 cm in circum-
ference, and composed of four 50-cm sections (two opened and two 
closed). The maze was elevated 50 cm above the floor and had a 
path width of 4 cm with a 0.5-cm lip on each open section. Mice 
were connected to fiber optic cables, positioned head first into a 
closed arm, and allowed to roam freely for 7 min. Animals received 
20 Hz (10-ms pulse width) photostimulation (5- to 10-mW light 
power). Open-arm time was the primary measure of anxiety-like 
behavior. For DREADD experiments, CNO (5 mg/kg; Enzo Life 
Sciences, catalog no. BML-NS105) was administered 30 min before 
testing. For intracranial experiments, CNO (3 M, 100 nl) was ad-
ministered immediately before testing.
Novelty-suppressed feeding
Novelty-suppressed feeding was performed as previously described 
(73). Briefly, mice were food deprived for 24 hours before testing 
and were habituated to the room for 30 min before testing. Mice 

were then placed in a brightly lit (200 to 300 lux) plexiglass open-
field arena (50 cm by 50 cm) with a food pellet placed at the center.
EZM conflict feeding
EZM conflict feeding was performed in the EZM as described above. 
Briefly, mice were food deprived for 24 hours before testing and 
were habituated to the room for 30 min before testing. Mice were 
then placed in an EZM (100 lux) with a food pellet placed in the 
open arm for 7 min. For optogenetic experiments, animals received 
20 Hz (10-ms pulse width) photostimulation (5- to 10-mW light 
power). For intracranial experiments, CNO (3 M, 100 nl) was ad-
ministered immediately before testing.
False food
False food testing was performed as previously described (74). 
Briefly, mice were food deprived for 24 hours before testing and 
were habituated to the room for 30 min before testing. Mice were 
then placed in a dimly lit (25 lux) plexiglass arena (27 cm by 27 cm) 
with a foam plug shaped like a piece of chow placed in the middle. 
Videos were scored for attempts to eat the false food.
Inaccessible food
Inaccessible food testing was performed as previously described (75). 
Mice were exposed to peanut butter (Jif Creamy, Costco, #917546) 
1 week before trial to eliminate food neophobia. Mice were food-
deprived for 24 hours before testing and were habituated to the 
room for 30 min before testing. Mice were then placed in a dimly lit 
(25 lux) plexiglass arena (27 cm by 27 cm) with peanut butter in a 
caged dish, allowing the mice to smell the food, but not access it, for 
25 min. Videos were scored for distinct approaches to the food.
Novel object
Novel object testing was performed using a procedure modified 
from a previous study (76). Briefly, mice were habituated to the 
room for 30 min before testing. Mice were then placed in a dimly lit 
(25 lux) plexiglass arena (27 cm by 27 cm) with two identical objects 
(test tubes or petri dishes; counterbalanced) fixed at the corners. 
Mice were given 10 min to explore the objects, then returned to the 
homecage for 1 hour, and then were placed in the arena with one 
familiar object and one novel object. Objects were thoroughly 
cleaned with ethanol between trials. Videos were scored for interac-
tions with each object.
Open-field test
OFT was performed as described previously (65) in a plexiglass arena 
(50 cm by 50 cm). Center zone was defined as the middle 50% of the 
arena size. Mice were connected to fiber optic cables, positioned 
head first into a closed arm, and allowed to roam freely for 20 min. 
Animals received 20-Hz (10-ms pulse width) photostimulation (5- to 
10-mW light power). Center time was the primary measure of anxiety-
like behavior.
Temperature change
Mice were habituated to the room for 30 min before testing and 
then were placed in a dimly lit (25 lux) plexiglass arena (27 cm by 
27 cm). Animals were stimulated at 20 Hz (5 to 10 mW, 10-ms pulse 
width) for 10 min. Body temperature was measured rectally before 
and after stimulation with a UEi DT304 digital temperature logger 
and a Physitemp probe.

Fiber photometry
Fiber photometry recordings were performed as previously described 
(24). Briefly, an optic fiber was attached to the implanted fiber by a 
ferrule sleeve, and then GCaMP6s was stimulated by two light-emitting 
diodes (LEDs), a 531-Hz sinusoidal light (Thorlabs, M470F3), 
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band-pass filtered at 470 ± 20 nm, and a 211-Hz sinusoidal light 
(Thorlabs, M405FP1), band-pass filtered at 405 ± 10 nm. (Filter 
cube: Doric FMC4; LED driver: DC4104). The 470-nm signal evokes 
Ca2+-dependent emission, while the 405-nm signal evokes Ca2+-
independent isosbestic control emission. Before recording, a 180-s 
period of GCaMP6s excitation with both light channels was used to 
remove the majority of baseline drift. Laser intensity at the optic 
fiber tip was adjusted to ~50 W before each day of recording. 
GCaMP6s fluorescent signal was isolated by band-pass filtering 
(525  ±  25 nm), transduced by a femtowatt silicon photoreceiver 
(Newport, 2151), and recorded by a real-time processor (TDT RZ5P). 
The envelopes of 531- and 211-Hz signals were extracted in real time 
by the TDT program Synapse at a sampling rate of 1017.25 Hz.

Fiber recordings were analyzed using custom MATLAB scripts 
available on GitHub. Baseline drift due to slow photobleaching arti-
facts was corrected by fitting a double exponential curve to the raw 
trace, then the photometry trace was z-scored relative to the mean 
and SD of the signal. The mean z score during 10 s preceding and 
following an event was compared using paired t tests. Shuffled traces 
were generated by replacing event times with a random time be-
tween the beginning and end of the session.

Statistical analyses
All summary data are expressed as means ± SEM. Statistical significance 
was taken as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, 
as determined by the Student’s t test (paired and unpaired): one-
way analysis of variance (ANOVA) or one-way repeated-measures 
ANOVA, followed by Bonferroni post hoc tests as appropriate. 
Statistical analyses were performed in GraphPad Prism 6.0 or 8.0. 
All statistical information is listed in table S1.

Data and code availability
RNA-seq data from Fig. 1 have been deposited and are available 
from GEO (accession number: GSE133484). Custom MATLAB 
analysis code was created to appropriately organize, process, and 
combine photometry recording data with associated behavioral data. 
Analysis code for photometry from Figs. 2, 3, and 4 is available 
online at www.github.com/BruchasLab. The full behavioral dataset 
supporting the current study is available from the corresponding 
author upon request.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/9/eabd3666/DC1
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