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SUMMARY

Low doses of general anesthetics like ketamine and dexmedetomidine have anxiolytic properties
independent of their sedative effects, but the underlying mechanisms remain unclear. We
discovered a population of GABAergic neurons in the oval division of the bed nucleus of

the stria terminalis that are activated by multiple anesthetics and the anxiolytic drug diazepam
(o0vBNSTga). The majority of ovBNSTga neurons express neurotensin receptor 1 (Ntsrl) and
form circuits with brain regions known to regulate anxiety and stress responses. Optogenetic
activation of ovBNSTga or ovBNSTNES' neurons significantly attenuated anxiety-like behaviors
in both naive animals and mice with inflammatory pain, while inhibition of these cells elevated
anxiety. Activation of these neurons decreased heart rate and increased heart rate variability,
suggesting that they reduce anxiety by modulating autonomic responses. Our study identifies
oVBNSTa/0vBNSTNS neyrons as a common neural substrate mediating the anxiolytic effect of
low-dose anesthetics and a potential therapeutic target for treating anxiety-related disorders.
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General anesthetics and anxiolytics activate a common subset of ovBNST neurons
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In this paper, Lu et al. characterize a population of neurons in the bed nucleus of the

stria terminalis that is activated by general anesthetics and diazepam. These neurons suppress
behavioral and autonomic characteristics of anxiety and could be a key mediator of the anxiolytic
properties of anesthetics.

INTRODUCTION

Anxiety is characterized as a state of high arousal and negative valence, with an enhanced
alertness to threatening cues (or internal imagination and reflection of such cues) that

are uncertain or temporally/spatially distant. Anxiety disorders, affecting an estimated
14%-18% of the population at any time, have become one of the most prevalent
psychophysiological disorders.2 Common treatments such as selective serotonin reuptake
inhibitors (SSRIs) or benzodiazepines are ineffective in subsets of patients or have abuse
potential 34 Thus, there is an urgent need for new and effective treatments for anxiety
disorders.

Anesthetics and sedatives used in general anesthesia (GA) have demonstrated anxiolytic
properties when used at low doses despite fundamental differences in their mechanisms

and biochemical properties.>~7 For example, in humans, sub-anesthesia levels of ketamine,
an NMDA receptor antagonist, produce robust, quick-onset, and long-lasting anxiolysis on
patients with refractory anxiety disorders or social anxiety disorders.8-10 Dexmedetomidine,
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an a2-adrenergic receptor agonist, alleviated anxiety-like behaviors in a rodent model

of post-traumatic stress disorder (PTSD)!! and in nerve-ligation-induced chronic painl2

and has been used to provide peri-operative anxiolysis in animals and human patients.13-

15 Sevoflurane, a GABA receptor potentiator, also reversed the long-term anxiety-like
behaviors caused by a single episode of formalin-induced inflammatory pain in rodents.16
These observations raise the following question: how do these GA drugs that act on different
receptors produce the unified outcome of anxiolysis? Do anesthetics exert their effect by
inhibiting anxiogenic circuits or by activating anxiolytic circuits? Is there a common neural
target of GA drugs that mediates their anxiolytic effects?

We have previously hypothesized that some of the effects (e.g., sedation and analgesia) of
GA are carried out by GA-activated, rather than GA-suppressed, neurons. To this end, we
had discovered neurons in the supra optic nucleus that are activated by diverse GA drugs
that strongly promote sedation and slow-wave sleep.1” Similarly, we found a heterogeneous
population of GA-activated neurons in the central amygdala (CeAga) that have potent
analgesic effects and suppress acute- and chronic-pain-related behaviors.1® Interestingly, we
also identified a cluster of GA-activated neurons located in the oval division of the bed
nucleus of the stria terminalis (ovBNST).18 The ovBNST is a small nucleus within the
anterior BNST, which is often considered part of the extended amygdala. In fact, the anterior
BNST and CeA share many common inputs and outputs and have largely identical cell

type compositions and molecular expression profiles.19 Importantly, both human and animal
studies suggest that the CeA modulates fear responses, while the BNST complex regulates
anxiety responses to delayed and/or unpredictable threats.20-21

Given the consensus that the anterior BNST is a critical center for anxiety, we hypothesized
that GA-activated ovBNST neurons (hereafter referred to as ovBNSTga neurons) have
anxiolytic functions. We characterized the anatomical, molecular, and functional profile of
ovBNSTga neurons and found that they are sufficient to drive behavioral and autonomic
responses characteristic of an anxiolytic state. Together, our results reveal a specific
subpopulation of ovBNST neurons that is a common neural substrate underlying the
anxiolytic effects of anesthetic drugs and could be a target for anxiety therapeutics.

Different GA drugs and diazepam all activate a cluster of GABAergic ovBNST neurons

To identify neurons that may underly general-anesthetic-induced anxiolysis, we searched
for populations that were activated by both anesthetics and anxiolytic drugs (Figures 1A
and 1B). Fos immunostaining revealed a population in the ovBNST (Figure 1C) that was
activated by the anesthetics isoflurane, ketamine, and dexmedetomidine, as well as the
anxiolytic drug diazepam (a GABA, receptor agonist; Figure 1D). Saline and oxygen
did not induce considerable Fos expression in this region (Figure 1D). Though sexual
dimorphism has been observed in BNST circuits, we observed comparable numbers of
isoflurane-activated ovBNST neurons in brains from male and female mice (Figures S1A
and S1B). Interestingly, while general anesthetics strongly activate neurons in both the
ovBNST and CeA, diazepam’s effects were comparatively weaker in the CeA (Figures
S1C-S1E; isoflurane activates 153 + 15 neurons in the CeA vs. 131 + 3 neurons in the
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OVvBNST per section, n= 3, whereas diazepam activates 33 + 21 neurons in the CeA vs. 82
+ 10 neurons in the ovBNST per section, 7= 3), suggesting that the ovBNST population
(ovBNSTga) may be unique in its ability to modulate anxiety.

The BNST consists of many nuclei with both GABAergic and glutamatergic neurons.22
To determine whether ovBNST g neurons are predominantly excitatory or inhibitory, we
subjected animals to 1 h isoflurane anesthesia and performed /n situ hybridization for Fos,
VglutZ, or Vgat mRNA as markers for glutamatergic or GABAergic cells. We found very
sparse Vglut2labeling in the ovBNST, and virtually all ovBNSTga neurons were positive
for Vgatand not Vglut2, consistent with results from the Allen Brain Atlas. We therefore
concluded that ovBNSTga neurons are GABAergic (Figures 1E and 1F).

Activity-dependent targeting of ovBNSTga neurons

Isoflurane, ketamine, dexmedetomidine, and diazepam have significantly different
mechanisms of action, yet all of them activated GABAergic neurons in the ovBNST.

Avre the same neurons activated by these different drugs? We used an activity-dependent
method?3 (Targeted Recombination in Active Populations, Fos-TRAP2) to target ovBNST
neurons activated by isoflurane (iso-TRAPed neurons), and subsequently re-exposed

mice to different general anesthetics and anxiolytic drugs (Figure 2A). Though we

have previously used Capturing Activated Neural Ensembles (CANE) to label anesthesia-
activated neurons,17:18 the TRAP method allowed us to use the more diffusible adeno-
associated viruses (AAVs) and eliminated the need for precise lentiviral injections into the
relatively small ovBNST. First, we confirmed the efficiency and specificity of the labeling
by testing whether iso-TRAPed neurons were reactivated by isoflurane (Figure 2B). ~73%
of iso-TRAPed neurons (tdTomato+) were also activated (Fos+) by the second exposure to
isoflurane, and ~57% of Fos+ neurons were tdTomato+ (Figures 2D-2F). Thus, Fos-TRAP2
is a reasonably efficient and selective tool to label and manipulate ovBNSTga neurons.

Next, iso-TRAPed animals were administered ketamine, dexmedetomidine, or diazepam
for Fos immunostaining (Figure 2C). We found that all three drugs were able to activate
clusters of ovBNST neurons that considerably overlapped with iso-TRAPed cells (Figure
2G). Roughly 55% of iso-TRAPed neurons were activated by diazepam, while ~65% of the
diazepam-activated neurons were iso-TRAPed (Figures 2G-2l). ~46% of the iso-TRAPed
neurons were activated by ketamine, while ~69% of the ketamine-activated neurons were
iso-TRAPed (Figures 2G, 2J, and 2K), and ~66% of iso-TRAPed neurons were activated
by dexmedetomidine, while ~71% of the dexmedetomidine-activated neurons were iso-
TRAPed (Figures 2G, 2L, and 2M). Together, these results highlight the existence of a
shared population of ovBNST g neurons activated by diverse anesthetic/anxiolytic drugs /n
vivo.

To rule out the possibility that the Fos expression we observed was a result of stress
induced by anesthesia, we subjected mice to either restraint, foot shocks, or 4% formalin
injected bilaterally into the whisker pad and subsequently perfused the animals for Fos
immunostaining. None of the stressors led to increased Fos expression in the ovBNST,
although the neighboring lateral septum (LS), a region implicated in stress responses,24-26
showed elevated Fos expression in all three conditions (Figure S2A). We further confirmed
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the lack of overlap between iso-TRAPed ovBNSTga neurons and the small number of
restraint-, foot shock-, or formalin-activated neurons, with restraint activating ~3.2% of
ovBNSTga neurons, foot shock activating ~4.1% of ovBNSTga neurons, and formalin
activating ~4.6% of ovBNSTga neurons (Figure S2B).

The axonal projection patterns of ovBNSTga neurons

To begin to understand how ovBNSTga neurons integrate into neural circuits involved

in modulating anxiety, we examined the axonal projections of ovBNSTga neurons and
compared them to previous reports of projection targets from the ovBNST. We injected a
Cre-dependent AAV-DIO-GFP virus into the ovBNST and iso-TRAPed these neurons. We
found that ovBNSTga neurons densely innervated the anterior-lateral BNST (alBNST) and
the ventral BNST (VBNST) (Figure S3B), both of which are known to project extensively
to the paraventricular hypothalamus.2” We found that, consistent with previous reports,
ovBNSTga neurons also densely project to the nucleus accumbens (NAc) and the lateral
hypothalamus (LH)?8 (Figures S3A and S3D). ovBNSTa neurons sparsely innervate the
subthalamic nucleus (STN), the substantia nigra pars compacta or reticulata (SNc/SNr), the
periaqueductal gray (PAG), the lateral parabrachial nucleus (IPBN), the reticular formation
in hindbrain (Rt), and the medial division of the CeA (CeAm) (Figures S3C-S3H).29.30
We noted that ovBNSTga cells do not project to CeAga cells that we previously found

to be strongly analgesic (marked by isoflurane-induced Fos expression in the CeA; Figures
S31-S3K).18 We also observed projections to several areas that have not been previously
described, including midline thalamic nuclei (PVT and medial dorsal [MD] nuclei) and the
lateral habenula (LHb) (Figure S3D). Of note, many of the axonal targets of ovBNSTga
neurons are known to be involved in modulating stress and anxiety-related behaviors.

Activation of ovBNSTga neurons has robust anxiolytic but not analgesic effects

To investigate the functional role of ovBNSTga neurons, we bilaterally injected
Cre-dependent AAV vectors into the ovBNST of Fos-TRAP2 mice to express
channelrhodopsin-2 (ChR2) for optogenetic activation,3! enhanced archaerhodopsin (eArch)
for optogenetic silencing,32 or GFP or tdTomato as a control. We then TRAPed ovBNSTga
neurons using isoflurane exposure as described above (Figure 3A). We first asked whether
these neurons have strong analgesic effects due to their activation by anesthetics as well

as our previous findings that GA-activated CeAga neurons potently suppress pain. We
injected formalin unilaterally into the whisker pad and quantified face-wiping behaviors with
or without laser stimulation in the ChR2, eArch, or control groups (Figure 3B). Neither
activation nor silencing of ovBNSTga neurons had any effect on the amount of time animals
spent face wiping, suggesting that ovBNST g neurons, unlike CeAga neurons, are not
strongly analgesic (Figures 3C-3E).

We next subjected these animals to multiple tests of anxiety-like behavior (open field [OF],
elevated plus maze [EPM], and elevated zero maze [EZM]). In rodents, reduced time spent
exploring the anxiogenic and open, brightly lit center zone of the OF and open arms of the

EPM and EZM are indicative of increased anxiety-like behaviors.33 We found that 473 nm
laser activation in ChR2-ovBNSTg mice significantly increased the time spent exploring

the OF center zone (Figures 3F-3I, 3R, and 3S) and the open arms of the EPM (Figures
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3J-3M, 3T, and 3U) and EZM (Figures 3N-3Q, 3V, and 3W) compared to the control group.
By contrast, 561 nm laser stimulation in the eArch-ovBNSTga mice decreased the time
spent exploring these anxiogenic areas in all three behavioral tests compared to controls
(Figures 3F—3W). Thus, activation of ovBNSTga neurons is anxiolytic, while inhibition is
anxiogenic.

Although we did not observe an effect of acute stimulation of ovBNSTga neurons on pain-
elicited self-caring behaviors in the formalin model, anxiety and pain are strongly correlated.
Having an anxiety disorder is a strong predictor for the development of chronic pain from

an acute injury, and conversely, anxiety is a common symptom of those experiencing chronic
pain.34:35 We thus probed whether ChR2 activation of ovBNSTga neurons could also
alleviate anxiety-like behaviors in an inflammatory pain model. We used a bilateral whisker
pad injection of complete Freund’s adjuvant (CFA).36:37 Indeed, activation of ovBNSTga
neurons in the CFA model resulted in increased exploration to the OF center and EPM and
EZM open arms compared to control CFA-injected mice. Thus, ovBNSTga neurons also
reduce anxiety-like behaviors during lasting inflammatory pain (Figure S4).

Ntsrl is a reliable marker for ovBNSTga neurons

Though activity-dependent labeling produced strong behavioral effects when neurons were
TRAPed effectively, the success rate of labeling anesthesia-activated ovBNST neurons

with this method was low in our hands. We therefore characterized gene expression in
ovBNSTga neurons with the goal of finding a molecular marker to target these neurons
more efficiently. Given the developmental similarities between the CeA and the anterior
BNST,30 we first examined marker genes known to be expressed in the CeA, including the
enzyme Pkc-delta (Pked), the peptides/precursors Pre-enkephalin (Penkl), Pre-dynorphin
(Pdyn), and Somatostatin (Sst), and the receptors Dopamine receptor 1 (D1n), D2r, and
Neurotensin receptor 1 (NtsrI). Of the genes tested, the highest overlap with isoflurane-
activated neurons occurred with cells positive for Pkcd, Penkl, and Ntsrl. About ~69%

of isoflurane-activated Fos+ ovBNST neurons expressed Pkcd, and ~32% of Fost+ neurons
expressed Penkl. Conversely, ~51% Pkca+ cells and ~30% Penki+ cells were Fost+. We
also found that ~60% Fos+ ovBNSTga neurons express the Ntsr1 gene encoding the Ntrsl,
and ~79% of Ntsr1+ cells are Fos+ Figures SSA-S5C). On the other hand, the peptide
ligand for Ntsrl, neurotensin (encoded by As), is expressed by a small population of
ovBNST neurons distinct from ovBNSTga cells (Figure S5D). Finally, /n situ hybridization
and immunostaining results showed that ovBNSTga neurons did not overlap with neurons
expressing Pdynor Sstand had very low levels of expression of dopamine receptors DIrand
DZr (Figure S5D).

Pkedand Nitsr showed the highest level of overlap with ovBNSTga neurons and were thus
good candidates for genetic access to this population. There are three Cre driver lines under
the control of either Pkcd or Nisr1: BAC-transgenic Pkcd-GluCI-CFP-IRES-Cre (commonly
referred to simply as Pkcd-Cre38), BAC-transgenic Ntsr1-Cre,3? and a Ntsr1-Cre knockin
line.4% Since BAC transgenic lines do not fully recapitulate endogenous gene expression
patterns, we decided to use the Ntsr1-Cre knockin line to genetically target ovBNSTga
neurons. We first injected Cre-dependent AAV-DIO-GFP into the ovBNST of Ntsr1-Cre
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mice (Ntsr1-GFP) and subsequently subjected these mice to isoflurane anesthesia to induce
Fos (Figures 4A and 4B). Overall, ~71% of Fos+ ovBNSTga neurons were labeled by
Ntsr1-GFP, while ~52% of the Ntsr1-Cre-GFP+ ovBNST (ovBNSTNM) neyrons were
Fos+ (Figures 4C and 4D), suggesting that Ntsr1-Cre is a reasonable driver for targeting
O0VBNSTga neurons.

We also used Jn vivo fiber photometry to confirm that ovBNSTNI' neurons are activated

by general anesthetics. We expressed GCaMP6s in the ovBNST of Ntsr1-Cre mice and
implanted an optic fiber to record calcium fluorescence as a proxy for neural activity (Figure
S6A). Isoflurane significantly increased GCaMP6s fluorescence (0.8% 02, isoflurane
increased from 0% to 2%) compared to oxygen control trials (0% isoflurane, oxygen
increased from 0.2% to 0.8%) (Figures S6B—S6D). Taken together, our results demonstrate
that Ntsrl is a reliable marker for most ovBNSTga heurons.

ovBNSTNtSIL heurons are embedded in an extensive limbic network

We next traced both inputs to and outputs of ovBNSTNS'™ neurons. Monosynaptic
rabies-mediated presynaptic mapping*! revealed that ovBNSTN®'™ neurons receive inputs
predominantly from the prefrontal cortex (PFC), NAc, CeA, basolateral amygdala (BLA),
paraventricular thalamic nucleus (PVT), piriform area, insular cortex, PBN, PAG, and dorsal
raphe nucleus (Figures 4E-4J and 4R). Tracing axonal projections from ovBNSTNSIL.GFP
neurons revealed overall similar patterns of projections to those of ovBNSTga neurons,
including similar innervation of the CeAm, but not to CeAga neurons, as well as projections
to the NAc, BNST, LHb, PAG, and PBN (compare Figures 4K-4Q to Figure S3). We noted
that ovBNSTN' neurons’ innervation of many areas, especially in midbrain and hindbrain
regions, was denser than that of ovBNSTga neurons, potentially due to the larger number

of labeled ovBNSTN®S1 neyrons. Overall, the input-output mapping of ovBNSTNS™ neurons
(summarized in Figure 4R) showed that they are embedded in an extensive limbic system
neural network.

ovBNSTNS'! heurons bidirectionally modulate anxiety-like behavior

We next investigated the effect of ovBNSTN®S'1 neuron activation on affective and anxiety-
like behavior. We expressed ChR2 in ovBNSTN®S neurons (Figure 5A) and subjected

mice to a conditioned place preference (CPP) assay to test whether activation of these
neurons promotes positive affect (Figure 5B). Indeed, mice expressing ChR2, but not control
GFP, spent more time in the activation-paired chamber after conditioning, suggesting that
ovBNSTNS neyron activation is inherently pleasant (Figures 5C and 5D). We also found
that, like ovBNSTga neuron activation, ChR2 activation of ovBNSTNSM neurons led to
increased exploration time of the center zone of the OF and the open arms of the EZM
(Figures 5E-5L).

With consistent and efficient Ntsr1-Cre-mediated labeling, we asked whether ovBNSTNs'1
neurons might have stronger analgesic effects. We expressed ChR2 in Ntsr1-Cre mice

and tested their responses to acute chemical pain (whisker pad formalin), as well as their
mechanical and thermal sensitivity before and after CFA-induced inflammatory injury to
their paw (Figure 5M). Like activation of iso-TRAPed ovBNSTga neurons, activating
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ovBNSTNE neyrons did not alter self-caring behaviors after a whisker pad formalin
injection (Figure 5N). However, we found that ovBNSTN®M activation did decrease both
mechanical and thermal sensitivity at baseline but was only able to reduce mechanical,
but not thermal, sensitivity after CFA injection (Figures 50 and 5P). Together, these
results suggest a mild anti-nociceptive effect of ovBNSTNS'L neurons unlike the much
stronger analgesic effects of CeAga neurons, which are capable of drastically reducing
hypersensitivity following both acute pain and chronic neuropathy or inflammation.18

Our results show that acutely activating ovBNSTNS™? neurons reduces anxiety-like behavior
and is associated with positive affect. We therefore wondered whether chronically inhibiting
these neurons would drive a prolonged anxious state. We expressed the inwardly rectifying
potassium channel Kir2.14243 in ovBNSTN®S' neurons and measured anxiety-like behavior
over a 6 week period (Figures 6A and 6B). We also validated the inhibitory effect of

Kir2.1 by exposing mice to isoflurane before sacrifice and indeed found reduced Fos
expression in the ovBNST in Kir2.1-expressing mice compared to GFP-expressing controls
(Figures 6C and 6D). Consistent with previous reports, time spent in the open arms of the
EZM was relatively stable in control-GFP mice.** In ovBNSTNS™_Kir2.1 mice, however,
the time spent in the anxiogenic open arms steadily decreased after viral injection over
time, indicative of persistent anxiety (Figures 6E and 6F). The total distance traveled was
not changed in either group, suggesting that locomotion was not significantly affected
(Figure 6G). We also tested mechanical sensitivity using von Frey assays to examine
whether a persistently anxious state could cause hypersensitivity. The results showed that
the withdrawal threshold was unaffected by the expression of Kir2.1 (Figures 6H-6J).
These findings show that optogenetic activation of ovBNSTNS'™ neurons acutely attenuates
anxiety-like behavior, while long-term inhibition can induce chronic anxiety-like behavior.

Activation of ovBNSTNS'! neurons promotes autonomic responses characteristic of an
anxiolytic state

While these behavioral studies provided evidence for the anxiolytic function of ovBNSTga
and ovBNSTN activations, the predictive validity of rodent behavioral tests for human
anxiety is unclear.#® In humans, anxiety involves characteristic autonomic nervous system
(ANS) responses such as increased heart rate (HR) and shallow breathing. We therefore
decided to measure the effect of ovBNSTNSM neurons on HR, core body temperature, and
breathing.

We implanted telemetric electrocardiogram (ECG) sensors in Ntsr1-Cre mice and expressed
either ChR2 or control GFP in ovBNSTN® neyrons (Figures 7A-7C). We first tested
whether short, continuous activation of ovBNSTNSM neurons could affect HR by delivering
continuous 473 nm light for 5 s while monitoring ECG signals. Consistent with
ovBNSTNE neyrons’ anxiolytic function, stimulation evoked a significant decrease in HR
in ChR2-expressing, but not GFP-expressing, mice (Figures 7D and 7E). We also tested

the effects of ovBNSTNS neuron activation over a longer timescale, as mice gradually
habituated to the stimulation environment (an unfamiliar empty cage). We stimulated
ovBNSTNSM neurons at 20 Hz using a 3-min-on, 3-min-off paradigm for 30 min (Figure
7F). We found a significant reduction of HR early in the trial when mice were more anxious
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(Figure 7G), but the effect of neuronal activation diminished by the final stimulation as
animals habituated to the new environment (Figures 7H and 71), suggesting that the effect of
ovBNSTNM js state dependent.

A critical autonomic indicator for anxiogenic vs. anxiolytic state is HR variability (HRV),
which reflects the fluctuations of intervals (R-R peak intervals [RRIs]) between successive
heart beats. HRV reflects dynamic sympathetic/parasympathetic activity and the body’s
capacity to quickly shift the balance in preparation for metabolic and homeostatic needs.*®
In anxiety, parasympathetic activity is significantly reduced, whereas sympathetic activity
is elevated, resulting in decreased HRV and a more monotonic HR.4” We analyzed HRV
using RMSSD (root mean squared of successive R-R intervals) and compared laser-on

vs. -off periods. We found a significant increase in HRV during laser-ON periods in
ChR2-ovBNSTNSmice but not GFP-ovBNSTNM controls (Figure 7J). Like the effect

on HR, the effect of HRV was stronger in the beginning of the trial (Figures 7J and 7K),
while HR decreased and HRV increased in both control and experimental animals gradually
as mice habituated to the environment (Figures 71 and 7L). Together, these data suggest
that ovBNSTN®S' neurons could state-dependently regulate autonomic function to suppress
anxiety during anxiogenic conditions.

We also used the 5 s continuous laser stimulation protocol to examine ovBNSTN®S neyrons’
effects on respiration. We expected that stimulation would decrease the breathing rate, as
slow breathing is associated with calmness, analgesia, anxiolysis, and inhibition of excessive
arousal.*8-50 Surprisingly, we observed a significant increase in both the amplitude

and frequency of breathing that was reliably and precisely triggered by activation of
ovBNSTNS neyrons (Figures STA-S7D). Notably, the simultaneous increases in amplitude
and frequency are distinct from the commonly reported shallow breathing, difficulty in
inhalation, and tachypnea in anxiety,51°2 and human studies do report increased breathing
rates during certain positive emotions (e.g., excitement, happiness).>3 Thus, it is unclear
how the breathing changes we observe correlate with the observed effects of ovBNSTNts'1
neurons on anxiety and affect. Finally, we did not observe any consistent, significant effects
of ovBNSTNS neyron stimulation on core body temperature (Figures S7E and S7F).

Overall, our telemetry recordings suggest that ovBNSTN®' neyrons modulate ANS function
by decreasing HR and increasing HRV, thereby shifting the ANS toward a less anxious
state. We wondered whether ovBNSTN neurons are required for the bradycardic effects
of anxiolytic drugs. To test this, we tested the effect of diazepam on HR before and after
ablation of ovBNSTN®M neurons (Figure 7M). We expressed the diphtheria toxin receptor
(DTR) in ovBNSTNM neyrons and then implanted mice with telemetric sensors (Figure
7N). Before ablation, diazepam (3 mg/kg, intraperitoneal [i.p.]) significantly reduced the
HR compared to a control saline injection (Figure 70). One week after diphtheria toxin
treatment, however, the same dose of diazepam was no longer able to reduce the HR (Figure
7P). These results suggest that ovBNSTNSM neurons are necessary for the bradycardic
effects of the anxiolytic drug diazepam.
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DISCUSSION

In this study, we discovered a subpopulation of ovBNST neurons that are commonly
activated by diverse general anesthetics and anxiolytics that have different molecular
targets. These ovBNSTa/0vBNSTNS neyrons can state-dependently shift both behavioral
and ANS responses to a more exploratory, less anxious phenotype. Our data collectively
revealed that ovBNST g a/ovBNSTNSL neurons represent a key neural substrate mediating
the anxiolytic effect of low-dose general anesthetics and sedatives.

The anterior BNST region has long been known as a major node in the modulation of
anxiety. Populations of both anxiogenic and anxiolytic neurons within this region have been
described, and it has been suggested that the balance between activity in these populations
ultimately determines the overall output of the BNST and its regulation of anxiety.54:55
Here, we show preferential activation of ovBNSTga/ovBNSTNS™ neyrons by anxiolytic
drugs, but not acute stress, and that this population is strongly anxiolytic. This parallels

our previous work that identified a population of anesthesia-activated neurons in the CeA,

a region that contains both pro- and anti-nociceptive neural populations.>® CeA neurons
located in the capsular division that receive parabrachial input, for example, are hyperactive
following injury and involved in the development of chronic pain.>” On the contrary, the
anesthesia-activated CeAga neurons strongly suppress pain.18 This raises the possibility that
general anesthetics target subpopulations of neurons within GABAergic centers that shift the
overall output of these centers to attenuated states of pain or anxiety.

The precise mechanisms through which CeAga and ovBNST g neurons are activated by
general anesthetics are an interesting topic for future investigation. We also show that
diazepam preferentially activates ovBNSTga neurons compared to CeAga neurons, even
though these two sets of cells are known to share embryonic origins and gene expression
profiles.30 Prior studies in acute CeA slices revealed local recurrent inhibitory circuits
within the CeA and that diazepam could cause disinhibition of certain populations of CeA
neurons,8 but it is difficult to correlate the concentrations of diazepam used in slice with /n
vivo conditions. Whether the local circuits in the ovBNST further facilitate the disinhibition
of ovBNSTga neurons by anesthetics and anxiolytics remains to be carefully examined.
Future detailed transcriptomic and synaptic connectomic studies of the ovBNST will greatly
enable further dissections of this central anxiolytic node and aid in the development of
potential treatments for anxiety based on activating ovBNST g neurons. Our finding

that ovBNSTga neurons express the neurotensin receptor Ntsrl supports the possibility
that endogenous neurotensin signaling in the ovBNST may regulate anxiety. Indeed, small-
molecule Ntsrl agonists have been pursued for decades as potential therapeutics for treating
conditions such as pain, schizophrenia, obesity, and addiction.>%-61 While we do not

know the precise role or source of neurotensin signaling in the GA-mediated activation

of ovBNSTNS neurons, we noted that ovBNST neurotensin-expressing (Nts+) neurons are
not activated by anesthetics (Figure S5D). Thus, local release is not required for anesthetics
to activate ovBNSTNSM neurons. Our study should further fuel interest in developing Ntsr1
agonists as treatments for diverse neurologic and psychiatric diseases.
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Autonomic responses are an integral component of all emotions, including anxiety. The
relative ease of collecting autonomic measurements in humans has resulted in a plethora

of data on the relationship between physiological responses and various emotional and
disease states. For example, generalized anxiety disorder and a number of chronic pain
conditions are consistently associated with reduced HRV.47-62.63 Yet, most animal studies
rely solely on motor behaviors without measuring autonomic output. Mice are prey animals
and are known to hide their behavioral responses to pain and stress; thus, measuring

these behaviors alone may be insufficient to determine their affective/emotional state. For
example, while the opposing anxiolytic and anxiogenic effects of Pkca+ BNST neurons
from different studies®8.64.65 may be caused by heterogeneity in the Pkca#+ population, it is
possible that the ambiguity of behavioral readouts in different experimental environments
is a factor as well. We argue that adding an autonomic response measurement such as

HR and HRV will go a long way to improve the validity of pre-clinical animal studies
aimed at identifying circuit and molecular targets for treating anxiety and other emotional
or affective disorders. Here, we show that activating ovBNSTNSM neurons reduces HR

and increases HRV, whereas ablating these neurons abolished the bradycardic effect of

the anxiolytic drug diazepam. These findings support the idea that ovBNSTN®S neurons
reduce anxiety in part through controlling ANS responses. The links between GA-activated
neurons and ANS function may also explain why low doses of general anesthetics have
anxiolytic and analgesic properties. At high doses, shifting the sympathetic/parasympathetic
balance to a parasympathetically dominant state causes sedation. At lower doses, the mild
reduction in sympathetic tone is sufficient for anxiolysis and analgesia through activation of
a GA-activated inhibitory network that does not affect overall arousal.

In conclusion, we have identified a population of neurons in the ovBNST that are activated
by general anesthetics and anxiolytic drugs. Most of these neurons express NtsrI and project
to limbic areas involved in motivation, affect, and autonomic control. Activating these
neurons suppresses both behavioral and autonomic hallmarks of anxiety. These findings
suggest that ovBNSTNS™ neurons are a crucial node for the anxiolytic effects of low-dose
general anesthetics.

Limitations of the study

We note several limitations in our study that future work could address. First, while we
found that ovBNSTNES neurons are important for the bradycardic effects of diazepam, our
study did not test the behavioral effects of low doses of general anesthetics or anxiolytics
and whether ovBNSTga/0vBNSTNSM neyrons are required for these effects. We also did
not test the ability of ovBNSTa/ovBNSTNS neyrons to suppress anxiety in chronically
stressed animals, which may better model human anxiety. Finally, due to the challenges of
consistently labeling ovBNST g neurons using Fos-TRAP, we only tested reflexive pain
responses in ovBNSTNSM neyrons but not ovBNSTga neurons.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by lead contact, Fan Wang (fan_wang@mit.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. This paper
does not report any original code. Any additional information required to reanalyze the data
reported in this paper is available from the lead contact upon request.

STARXMETHODS
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experiments were conducted following protocols approved by the Duke University

and Massachusetts Institute of Technology (MIT) Institutional Animal Care and Use
Committee. Adult (8-12 weeks) Fos2A-ICreER (TRAP2) mice (The Jackson Laboratory,
strain #030323) and NtsR1ANEO-Cre (The Jackson Laboratory, strain #033365) mice were
used for experiments. Animals were housed in the vivarium with a 12-h light/dark schedule
with ad libitum access to food and water.

METHOD DETAILS

Histology

Immunohistochemistry: Mice were transcardially perfused 90-120 min after exposure to
a stimulus (anesthetic drug, diazepam, stress, pain) with phosphate buffered saline (PBS,
pH 7.4, Thermo Fisher Scientific) followed by 4% paraformaldehyde (PFA). Brains were
collected and post-fixed overnight at 4°C and then transferred to 30% sucrose solution and
maintained at 4°C for 2 days. Brains were frozen in Tissue-Tek O.C.T. (Sakura) then cut
into 80 pm thick sections on a cryostat (Leica). Sections were washed with PBS (3 x 5
min) then incubated in 1% Triton X-100 in PBS at room temperature for 2 h, blocked with
10% Blocking One (Nacalai Tesque) in 0.3% Triton X-100 in PBS at room temperature for
1 h, and then incubated at 4°C in primary antibody solution. The next day sections were
washed (3 x 5 min in PBS) and incubated with species specific, minimally cross-reactive
secondary antibody solution overnight at 4°C. Sections were again washed (3 x 5 min in
PBS) and counter stained with 4", 6-diamidino-2-phenylindole (DAPI, Sigma) and mounted
with lab-made mounting media.4!

Fluorescence in situ hybridization: Brains were prepared as described above and sectioned
at 40-60 um. To determine whether ovBNSTga cells express prodynorphin (Pdyn) or
somatostatin (Sst), fluorescence /n situ hybridization was performed using Pdyn, Sst,

and Fos probes.18:66 Fluorescein isothiocyanate-labeled (FITC) Fos probe was used with
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digoxigenin-labeled (DIG) Pdyn or Sst probes to measure the co-localization with Fos in
oVBNSTga cells. To further examine the molecular identities of ovBNSTga cells, HCR /n
situ hybridization was performed.57 Briefly, all probes (Glut2, vGat, Drd1, Drd2, Penk1,
Pkcd with Fos) were purchased from Molecular Instruments, hybridized with the sections
overnight at 37°C, then amplified with the corresponding fluorescence-tagged (Alexa Fluor
488, 546 or 647) hairpins overnight at 25°C. Sections were washed, counter stained with
DAPI, and mounted on day 3. Co-localization or overlap of each probe was measured
against Fos in ovBNSTgp cells.

Imaging and quantification: Stained sections were imaged with a confocal laser scanning
microscope (Zeiss LSM700). Cells were manually counted and quantified using ImageJ
(NIH) to co-localize between: (1) Fos expressing neurons and neurons expressing the marker
of interest and (2) isoflurane activated neurons and neurons activated by a different stimulus.
Quantifications were performed by experimenters blinded to experimental conditions.

Drugs—Dexmedetomidine (Zoetis, 100 pg/kg), Ketamine (Dechra, 100 mg/kg), and
Diazepam (MIT division of comparative medicine, 2 mg/kg (Fos), 3 mg/kg (telemetry))
were dissolved in sterile saline and injected intraperitoneally. Formalin (Sigma, 37%
formaldehyde) was diluted to 4% in saline and injected unilaterally into the whisker pad
(10 pL). Complete Freund’s Adjuvant (CFA, Sigma, 1 mg/mL) injected bilaterally into the
whisker pad (5 pL each side) or the plantar surface of the left hind paw (10 pL). Diphtheria
toxin (50 pg/kg) was dissolved in saline and injected intramuscularly (i.m.).

ISOTRAP—TRAP2 mice express a tamoxifen-inducible, improved Cre-recombinase
estrogen receptor fusion protein (iCreER) from the Fos promoter/enhancer elements.23
To capture general anesthesia-activated neurons in the ovBNST, 2 weeks after stereotaxic
deliveries of viruses, TRAP2 animals were anesthetized with 1.5% isoflurane mixed in
0.8 L/min oxygen for 1 h in a surgery induction chamber to induce the expression of
FOS protein and iCreER. Briefly, 4-hydroxy tamoxifen was dissolved in pure ethanol
through shaking at room temperature to make a 20 mg/mL solution. The solution was
then mixed with corn oil and vacuum centrifuged to form a 10 mg/mL final solution of 4-
hydroxy tamoxifen in corn oil. TRAP2 mice were intraperitoneally injected with 4-hydroxy
tamoxifen at 50 mg/kg and put back in the induction chamber for 3 more h of isoflurane
anesthesia.

Surgery

Stereotaxic viral injections: We used AAV2/1-EF1a-DIO-hChR2(H134R)-EYFP-WPRE,
AAV2/8-CAG-FLEX-EGFP-WPRE,58 AAV2/8-CAG-FLEX-tdTomato, AAV2/1-hSyn-DIO-
EGFP, AAV2-EF1a-DI10-eArch3.0-EYFP, AAV2/1-Syn-Flex-GCaMP6s-WPRE-SV40,59
AAV-hSyn-FLEX-loxP-Kir2.1-2A-GFP,’0 AAV2/1-Syn-DIO-TVA66 T-dTom-CVS-N2cG, "1
RVdG(envA)-CVS-N2¢-GFP,’2 and AAV-CAG-FLEX-DTR?3 for this study. To express
desired genes in ovBNST neurons in Fos-TRAP2 or NitsrI-Cre animals, mice were briefly
anesthetized with isoflurane (3% isoflurane, 0.8L/min oxygen) before being transferred to a
stereotaxic frame (David Kopf Instruments) with anesthesia maintained at 1.5% isoflurane
mixed in 0.8L/min oxygen. Craniotomies were created with a dental drill (Aseptico) over the
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ovBNST, whose stereotaxic coordinates relative to bregma were: AP = +0.18 mm, ML = +/-
1.10 mm, DV = -3.65mm (DV coordinates relative to brain surface). The selected virus for
the experiment was delivered using glass pipettes at a volume of 200-300 nL and a rate of
60 nL/min.

Optic fiber implant: For optogenetic activation and inhibition experiments, optic fibers
(optogenetics: 200 um core diameter, 0.22 NA,; fiber photometry: 400 um core, 0.5 NA;
RWD) were implanted bilaterally over ovBNST with stereotaxic coordinates: AP = +0.18
mm, ML = +/-2.23 mm, DV = -3.15 mm (relative to brain surface instead of skull surface)
at 20-degree angles. Optic fibers were secured with Metabond (Parkell) and dental cement
(Stoelting).

Telemetry sensor implant: Mice were anesthetized with 1.5% isoflurane mixed in 0.8L/min
oxygen. The telemetric transmitters (ETA-F10; Data Sciences International) were implanted
intraperitoneally. Briefly, two 1.5 cm midline incisions were made on the lower abdomen
through the skin then through the abdominal wall. The transmitter was inserted into the
abdominal cavity and secured to the muscle wall. The ECG electrode leads were tunneled
through the muscle and under the skin to the right pectoral muscle (negative lead) and the
left caudal rib region (positive lead). Muscle and skin openings were closed with sutures and
animals were allowed 2 weeks for recovery.

Optogenetic activation and inhibition—Animals with optic fibers were connected

to optical patch cables (0.22NA, 200 um core diameter; Doric) coupled to a 473 nm

(ChR2 activation) or a 561 nm (eArch3.0 inhibition) laser (Opto Engine LLC). Light pulses
were generated with Ami-2 Optogenetic interface controlled by ANY-maze. The 473 nm
laser was applied in pulses (~5 mW/mm2, 20 Hz, 10 ms pulse width) in anxiety-like
behavioral experiments and telemetry experiments and in continuous 5 s bins (~5 m\W/mm2)
in telemetry experiments. The 561 nm laser was applied continuously (~10 mW/mm?) to
animals with eArch3.0 in anxiety-like behaviors.

Fiber photometry—Animals with optic fibers were connected to optical patch cables
(0.57NA, 400 pm core diameter; Doric) coupled to a fiber photometry acquisition system
(RWD R821). 470 nm and 410 nm light (~20-40 W at fiber tip) was delivered through
the patch cord. The resulting signal was collected through the same fiber and focused on a
detector. Fluorescence was sampled at 90 fps. Mice were placed in a clear plastic cylinder
with a small opening for the patch cord and tubing connected to a mobile isoflurane unit.
For control oxygen trials, the recording started with a steady flow of 0.2% oxygen and
0% isoflurane. 5 min later, the oxygen was turned up to 0.8%, with isoflurane still at 0%.
Recordings proceeded for another 5 min. For isoflurane trials, the recording started with a
steady flow of 0.8% oxygen and 0% isoflurane. 5 min later, isoflurane was turned up to
2% and recordings proceeded for another 5 min. Each mouse received one oxygen and one
isoflurane trial separated by at least 24 h.

Fiber photometry analysis: The 410 nm signal was used for motion and baseline
correction. Z-scores were calculated using the standard deviation of the entire trace. Mean
Z-scores were derived by calculating the average Zscore and dividing by the integration
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time. Maximum Z-scores were calculated by identifying the highest Zscore value for each
mouse between times 0 and 60 s.

Behavioral assays

Open field test: To examine anxiety-like behaviors, mice were placed ina 30 * 30 * 30

cm plastic box with white floor and black walls. Each animal was initially placed in the
center of the box. Locomotion activities were recorded with ANY-maze (Stoelting) through
a webcam (Logitech) for a total of 10 min. Mice received 10 min of laser stimulation
throughout the recording session, either 20 Hz pulses with the 473 nm laser for ChR2

and control animals, or continuous light with the 561 nm laser for eArch3.0 and control
animals. A 15 * 15 cm center zone was defined in ANY-maze tracking. Distance traveled
and time spent in the whole apparatus and in the center zone were recorded and analyzed
with ANY-maze.

Elevated plus maze test: To examine anxiety-like behaviors, mice were placed in an
elevated plus maze for 10 min.”4 Locomotion activities were recorded with ANY-maze
(Stoelting) through a webcam (Logitech). Mice received 10 min of laser stimulation
throughout the recording session, either 20 Hz pulses with the 473 nm laser for ChR2 and
control animals, or continuous light with the 561 nm laser for eArch3.0 and control animals.
The open arms and closed arms were defined in ANY-maze tracking. Distance traveled and
time spent in the whole apparatus, in the open arms, and in the closed arms were recorded
and analyzed with ANY-maze.

Elevated zero maze test: To examine anxiety-like behaviors, mice were placed in an
elevated zero maze for 10 min, which, compared to the elevated plus maze, removed the
ambiguous and exposed center area between the open arms and closed arms.#4 Locomotion
activities were recorded with ANY-maze (Stoelting) through a webcam (Logitech). Mice
received 10 min of laser stimulation throughout the recording session, either 20 Hz pulses
with the 473 nm laser for ChR2 and control animals, or continuous light with the 561 nm
laser for eArch3.0 and control animals. The open arms and closed arms were defined in
ANY-maze tracking. Distance traveled and time spent in the whole apparatus, in the open
arms, and in the closed arms were recorded and analyzed with ANY-maze.

Conditioned place preference: Mice were allowed to freely explore a two-sided chamber
for 20 min. The two sides were differentiated by the texture of the floor (ribbed vs. smooth)
and by the wall pattern (white vs. striped). Animals were tracked using ANY-maze and the
time spent in each side was recorded. During the next 4 days, animals were tethered to a
patch cord coupled to a 473 nm laser and placed in their preferred side in the morning for
30 min without laser stimulation. In the afternoon, animals were again tethered and placed
in their initially non-preferred side for 30 min and optogenetically stimulated as described
above. On day 6, animals were again allowed to freely explore the arena for 20 min. The
percent time spent in the stimulation-paired side (excluding time spent in the center) before
and after conditioning was calculated for each mouse.
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Stress: To induce stress, mice were placed in a Tailveiner restrainer (Braintree Scientific) for
90 min. For footshock stress, mice were exposed to 180 inescapable electric footshocks (0.4
mA) over a 30 min period. The duration of each shock was pseudo-randomized between 1
and 3 s and the inter-shock intervals were pseudo-randomized between 2 and 25 s.

Formalin assay: 10 pL of 4% formalin (Sigma) was injected into either the left or right
whisker pad of mice to induce acute pain. After the injection, mice displayed 2 distinct
phases of self-recuperating behaviors (i.e., grooming/wiping of the injected area): the initial
phase that lasted ~5 min due to acute peripheral pain; and the second phase that lasted more
than 30 min due to ongoing inflammation and central sensitization.”® The grooming/wiping/
licking behavior of the injected whisker pad was video recorded immediately after formalin
injection. To allow more time for manipulations, optogenetic stimulation was applied to
mice at the start of the second phase in 2 min-ON 2 min-OFF cycles for 3 cycles (a total of
12 min, 6 min laser ON, 6 min laser OFF). Laser stimulation was given as 20 Hz pulses with
the 473 nm laser for ChR2 and control animals, or continuous light with the 561 nm laser
for eArch3.0 and control animals. The fraction of time spent displaying self-recuperating
behaviors in each 2 min epoch was rated and calculated by an experimenter blinded to
experimental conditions.

von Frey test: Mice were habituated for 2 h to individual plexiglass enclosures atop mesh
flooring. On test days, mice were allowed to habituate for 1 h before testing began. To

test the effects of ovBNSTNSM activation on mechanical sensitivity, the up/down method?6
was used. For sham tests, mice were connected to the optic fiber without laser stimulation.
For stim tests, 20Hz, 10ms stimulation was turned on during the test. Sham and stim tests
occurred on the same day, with the order randomized across mice. At least 10 min separated
sham and stim tests. To test the effect of chronic inactivation of ovBNSTNS'™ neurons three
von Frey filaments were applied (0.16g, 0.6g, and 1.4g) in ascending order. Force was
applied until the filament bent. Each filament was applied 10 times to each paw, with at
least 30 s in between trials. Withdrawals including lifting, shaking, or licking the paw were
recorded, and the percent of trials after which a withdrawal was noted was calculated for
each mouse and averaged across groups.

Hargreaves test: The same plexiglass and mesh flooring used for the von Frey test was
used for the Hargreaves heat test. After a 1 h habituation, a guide light was used to position
the infrared source directly under the left hind paw. The intensity was set to 30 and the
reaction time was recorded. Withdrawals included lifting, shaking, or licking the paw. Each
test included 3-5 trials, and the average was calculated and reported. Sham and stim tests
occurred on the same day, with the order randomized across mice. At least 10 min separated
sham and stim tests. Post-CFA heat and von Frey tests were performed on separate days.

Complete Freund’s adjuvant (CFA)-induced persistent inflammation—A single
administration of CFA has been reported to induce chronic inflammation pain in mice for
over 2 weeks.”” For whisker pad injections, two 5 UL injections of 1 mg/mL CFA (Sigma)
were injected subcutaneously into the bilateral whisker pads. Swelling of injected whisker
pads was observed hours after CFA injections. Anxiety-like behavioral tests were performed
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on day 3, 4, and 5 after CFA injections. For paw injections, 10 uL was injected into the
plantar surface of the left hind paw under brief isoflurane anesthesia. Sensory tests were
conducted on days 1-3 after paw CFA injections.

Telemetry and breathing

Telemetric measurements: For 5 s stimulation experiments, mice were placed in an empty
cage for 10 min, during which they received 5 s of continuous laser stimulation (~5
mW/mm? as described above) each minute. For 30 min stimulation experiments, mice
were placed in an empty cage for 30 min where they received 20 Hz stimulation in a

3 min off, 3 min on paradigm. Heart rate and the beat-to-beat R-R intervals (RRI) were
derived from ECG traces recorded and analyzed with the Ponemah software (Data Sciences
International). Heart rate variability (HRV) was calculated as the square root of the mean
squared differences between successive RR intervals (RMSSD).46

Breathing: Each mouse was head fixed to a custom elevated running disc setup using a
headpost. Mice were tethered to optic fiber patch cables for the delivery of laser and a
custom-built airflow sensor (AMW330V, Honeywell) was aligned to the snout of animals.
Mice were allowed to habituate on the setup and were tested for 5 min. Mice received 5

s of continuous laser stimulation (~5 mW/mm?2, with 473 nm laser) during each 30 s trial
(5 s of laser followed by 25 s of inter-laser interval). Respiratory activity was measured
using an airflow sensor.”8 Voltage signals from the sensor were recorded at 250 kHz and
down-sampled to 1kHz for analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed in GraphPad Prism 10. Significance levels were
indicated as follows: *: p< 0.05, **:p < 0.01, ***: p<0.001. Sample sizes were determined
based on previous publications and common practice for comparable experiments,18:54.79.80
Descriptive statistical results were presented as mean + standard error.

Mice were randomly assigned to various treatment groups to receive viruses used for
optogenetic manipulations and/or the various stimuli. Data recording and analysis was
performed either automatically or by an individual blind to experimental conditions.
Incorrectly virally targeted animals and invalid data entries were removed from the study.
No sexual dimorphism in either histology or behavioral results was observed in the study,
therefore results from males and females were grouped for analysis.

For behavioral experiments, 2-tailed paired or unpaired t tests and repeated measures
two-way ANOVAs were used when appropriate with poshoc tests correcting for multiple
comparisons (Holm-Sidak). Welch’s correction or the Gessier-Greenhouse correction were
used to account for unequal variance. Details on statistical tests and results can be found in
Tables S1 and S2.

For telemetric measurements, heart rate, RRI and core body temperature measurements were
outputted and logged at 1 Hz. Data entries were removed to exclude the possibility of
abnormal consecutive heart beats or incorrect data logging where RRIs changed over 20%
for 2 consecutive beats and were higher than 120 ms, as suggested by previous studies.81.82
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This manipulation also ensured basal heart rate data were within the normal range (~500-
700 bpm) for conscious behaving mice.83 Group data pooling all mice were used for plotting
and statistical tests. Two-tailed t tests were performed to compare heart rate and RRI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

General anesthetics and anxiolytics activate a population of neurons in the
ovBNST

Anesthesia-activated ovBNST neurons bidirectionally modulate anxiety-like
behavior

Persistent hyperpolarization of these neurons drives a chronic anxiety-like
state

Activation of these neurons shifts autonomic responses to an anxiolytic state
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Figure 1. General anesthetics and anxiolytics activate a population of GABAergic neurons in the
OovBNST
(A and B) Mice were exposed to inhaled 1.5% isoflurane or control oxygen in a chamber

(A) or ketamine, dexmedetomidine, diazepam, or control saline intraperitoneally (B) and
sacrificed 2 h later to examine Fos expression.

(C) Depiction of a coronal section of a mouse brain containing the oval nucleus of the BNST
(ovBNST).

(D) Representative images showing Fos expression in the ovBNST after each stimulus.
(E) Representative images showing /n situ hybridization of Fos (green) and Vglut2 (red, to
label excitatory neurons). Inset, zoomed-in image of white square in overlay image.

(F) Representative images showing /n situ hybridization of Fos (green) and Vgat (red, to
label inhibitory neurons). Inset, zoomed-in image of white square in overlay image.

Scale bar, 100 pym.

See also Figure S1.
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Figure 2. General anesthetics and anxiolytics activate the same subpopulations of ovBNST
neurons

(A) Fos-TRAP2 mice were injected with AAV expressing Cre-dependent tdTomato in the
ovBNST for activity-dependent labeling.

(B) Experimental timeline for validating activity-dependent labeling of isoflurane-activated
neurons (iso-TRAP).

(C) Experimental timeline for examining overlap between cells activated by isoflurane and
by other anesthetic and anxiolytic drugs.
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(D) Representative images showing Fos immunohistochemistry (IHC; green) and iso-
TRAPed neurons (red) after re-exposure to isoflurane.

(E) Percentage of overlap of cells TRAPed by isoflurane exposure and cells expressing Fos
after isoflurane re-exposure.

(F) Schematic representation of average overlaps shown in (E).

(G) Representative images showing Fos IHC and iso-TRAPed neurons (red) after exposure
to diazepam, ketamine, or dexmedetomidine.

(H) Percentage of overlap of cells TRAPed by isoflurane exposure and cells expressing Fos
after i.p. diazepam.

(1) Schematic representation of average overlaps shown in (H).

(J) Percentage of overlap of cells TRAPed by isoflurane exposure and cells expressing Fos
after i.p. ketamine.

(K) Schematic representation of average overlaps shown in (J).

(L) Percentage of overlap of cells TRAPed by isoflurane exposure and cells expressing Fos
after i.p. dexmedetomidine.

(M) Schematic representation of average overlaps shown in (L).

Data are depicted as mean = SEM. Gray dots represent individual mice. Circle areas in Venn
diagrams are proportional to the average numbers of neurons labeled per section. Average
number of green only-, red only-, and both red and green-labeled neurons are noted in \enn
diagrams. Scale bar, 100 um.

See also Figures S2 and S3.
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Figure 3. ovBNSTga neurons bidirectionally modulate anxiety-like behavior
(A) ovBNST g neurons were iso-TRAPed to express channelrhodopsin-2 (ChR2),

eArchaerhodopsin (eArch), or control GFP bilaterally. Optic fibers were implanted above
the injection sites.

(B) Experimental timeline to test the effects of activating or inhibiting ovBNSTga heurons
on acute face formalin pain.

(C) Percentage of time spent wiping face during laser-off and laser-on periods in GFP-
expressing control mice (7= 6, paired samples t test, n.s.).
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(D) Percentage of time spent wiping face during laser-off and laser-on periods in ChR2-
expressing mice (7= 6, paired samples t test, n.s.).

(E) Percentage of time spent wiping face during laser-off and laser-on periods in eArch-
expressing mice (7= 6, paired samples t test, n.s.).

(F) The open field assay was used to assess general locomotion and anxiety-like behavior.
(G) Representative heatmaps showing a mouse expressing control GFP, ChR2, or eArch
during the open field assay. Warmer colors indicate more time spent in that area.

(H) Time spent in the center quarter of the open field in control GFP-expressing mice (gray)
or ChR2-expressing mice (blue, 7= 6/group, unpaired t test, p < 0.05).

(1) Time spent in the center quarter of the open field in control GFP-expressing mice (gray)
or eArch-expressing mice (red, 7= 5-6/group, unpaired t test, p < 0.05).

(J) The elevated plus maze was used to assess anxiety-like behavior.

(K) Representative heatmaps showing a mouse expressing control GFP, ChR2, or eArch
during the elevated plus maze assay. Warmer colors indicate more time spent in that area.
(L) Time spent in the open arms of the plus maze in control GFP-expressing mice (gray) or
ChR2-expressing mice (blue, 7= 6/group, unpaired t test, p < 0.05).

(M) Time spent in the open arms of the plus maze in control GFP-expressing mice (gray) or
eArch-expressing mice (red, 7= 5-6/group, unpaired t test, p < 0.05).

(N) The elevated zero maze was used to assess anxiety-like behavior.

(O) Representative heatmaps showing a mouse expressing control GFP, ChR2, or eArch
during the elevated zero maze assay. Warmer colors indicate more time spent in that area.
(P) Time spent in the open areas of the zero maze in control GFP-expressing mice (gray) or
ChR2-expressing mice (blue, 7= 6/group, unpaired t test, p < 0.01).

(Q) Time spent in the open areas of the zero maze in control GFP-expressing mice (gray) or
eArch-expressing mice (red, 7= 5-6/group, unpaired t test, p < 0.05).

(R-W) Distance traveled during the open field assay (R, 7= 6/group, unpaired t test, n.s.;
S, n=5-6/group, unpaired t test, n.s.), elevated plus maze assay (T, /7= 6/group, unpaired

t test, p< 0.01; U, n=5-6/group, unpaired t test, n.s.), and elevated zero maze (V, n=
6/group, unpaired t test, n.s.; W, 7= 5-6/group, unpaired t test, p < 0.01).

Data are depicted as mean = SEM. Gray dots and lines represent individual mice. t tests:
n.s., not significant, *p < 0.05, and **p < 0.01.

See also Figure S4 and Table S1.

Cell Rep. Author manuscript; available in PMC 2024 December 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 30

A B C D
AAVELERCH? Isoflurane/Ntsr1 Overlap
[ Iso (IHC) Il Ntsr1 ] Overlay ]

Day 0 Day 21 70 L =
— o
——p—— 2 50
oh 2h g
+ = |soflurane + = 50 —:{r
Virus Perfuse

injection
Double/  Double/

Fos GFP

| Inputs |
G

Amygdala c Hyp Hipp Midbrain

% total inputs

| Outputs

Q R
[ Is0 (IHC) Il Ntsr1 Ii Overlay ] NAC
PFC | car | CeA
CeAu o NAc PIR/AI LHA
CeA PVT LHb
BLA PBN PAG
LHA PAG PBN

Figure 4. Anatomical characterization of ovBNSTNE neurons.
(A) GFP was injected into the ovBNST of Ntsr1-Cre mice.

(B) Experimental timeline to confirm isoflurane activation in Ntsr1-Cre-expressing neurons.
(C) Representative images showing Fos+ neurons after isoflurane exposure (red) and GFP-
labeled Ntsr1-Cre neurons (green). Scale bar, 100 um

(D) Percentage of overlap of GFP+ Ntsr1-Cre cells and cells expressing Fos after isoflurane
exposure.
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(E) Representative image showing Cre-dependent TVA expression (red), rabies expression
(green), and both (starter cells, yellow) in the ovBNST. Scale bar, 100 pm.

(F) Rendering of the mouse brain showing the location of all identified inputs. Individual
mice are color coded.

(G) Regions with dense inputs to ovBNSTNS" neurons. Pal, pallidum; Str; striatum;

Thal, thalamus; Hyp, hypothalamus; Hipp, hippocampus; BS, brainstem; BNST, bed
nucleus of the stria terminalis; NAc, nucleus accumbens; MEA, medial amygdala; BLAp,
BLAv, BLAa, basolateral amygdala posterior, ventral, and anterior parts; CEAm, CEAc,
CEAI, central amygdala medial, capsular, and lateral parts; PIR, piriform area; Ald, Alp,
agranular insular area dorsal and posterior parts; PL, prelimbic area; ILA, infralimbic area;
PVT, paraventricular thalamus; MD, mediodorsal thalamus; LHA, lateral hypothalamus;
VMH, ventromedial hypothalamus; ProS, prosubiculum; PAG, periaqueductal gray; MRN,
midbrain reticular nucleus; DR, dorsal raphe nucleus; PB, parabrachial nucleus.

(H-J) Representative images showing inputs to ovBNSTN neurons, Scale bar, 1000 pm.
(K-P) Representative images showing ovBNSTNM axonal projections to the NAc (K), the
CeAm, lateral habenula (LHb), and LH (L), the BNST (M), the PAG (N), the PBN (O), and
the hindbrain reticular nucleus (Rt, P). Scale bar, 1000 pum.

(Q) Representative images showing Fos expression in the lateral CeA (CeAy; left, red)
after isoflurane exposure and ovBNSTN®S™ axonal projections to the CeAm showing that
ovBNSTNM neyrons do not project to CeAga neurons. Scale bar, 100 pm.

(R) Summary of major inputs to and outputs of ovBNSTNIS™ neurons.

Data are depicted as mean = SEM. Gray dots represent individual mice.

See also Figure Sb.
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Figure 5. ovBNSTNEIL neyrons are activated by general anesthetics and promote anxiolysis and
positive valence

(A) Control GFP or ChR2 was expressed in Ntsr1-Cre mice for optogenetic activation.

(B) Conditioned place preference paradigm. Laser stimulation (stim) was paired with the
less preferred side during conditioning.

(C) Percentage of time spent on laser stim side in GFP-expressing control mice (/7= 5,
paired t test, n.s.).

(D) Percentage of time spent on laser stim side in ChR2-expressing mice (n=7, paired t test,
p<0.05).
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(E) The open field assay was used to assess general locomotion and anxiety-like behavior.
(F) Representative heatmaps showing a mouse expressing control GFP or ChR2 during the
open field assay. Warmer colors indicate more time spent in that area.

(G) Time spent in the center quarter of the open field in control GFP-expressing mice (gray)
or ChR2-expressing mice (blue, 7= 4-6/group, unpaired t test, p < 0.05).

(H) Distance traveled during the open field assay in control GFP-expressing mice (gray) or
ChR2-expressing mice (blue, 7= 4-6/group, unpaired t test, n.s.).

(1) The elevated zero maze was used to assess anxiety-like behavior.

(J) Representative heatmaps showing a mouse expressing control GFP or ChR2 during the
elevated zero maze assay. Warmer colors indicate more time spent in that area.

(K) Time spent in the open areas of the elevated zero maze in control GFP-expressing mice
(gray) or ChR2-expressing mice (blue, 7= 4-6/group, unpaired t test, p < 0.05).

(L) Distance traveled during the elevated zero maze assay in control GFP-expressing mice
(gray) or ChR2-expressing mice (blue, 7= 4-6/group, unpaired t test, p < 0.05).

(M) The formalin assay, von Frey test, and Hargreaves heat tests were used to test
nociception in ovBNSTNS1.ChR2 mice.

(N) Percentage of time spent wiping during stim-off and stim-on bouts after formalin
injection in the whisker pad (n= 6, paired t test, n.s.).

(O) Mechanical thresholds with and without stim of ovBNSTN®S™! neurons before and after
an injection of CFA in the hindpaw (77 = 6, two-way repeated measures ANOVA, main effect
of stim p< 0.05).

(P) Latency to withdraw from heat with and without stim of ovBNSTN™? neurons before
and after an injection of CFA in the hindpaw (77 = 6, two-way repeated measures ANOVA,
main effect of stim p < 0.05).

Data are depicted as mean = SEM. Gray dots and lines represent individual mice. t tests and
post hoc comparisons: n.s., not significant, *p < 0.05, and **p < 0.01.

See also Figure S6 and Table S1.

Cell Rep. Author manuscript; available in PMC 2024 December 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal. Page 34

A AAV.FLEX Kir2.1 B
or
AAV.FLEX.GFP

Days Weeks 2 h iso>perfuse
3 -2 -1 0 1 2 3 4 5 6

A 4

Baseline Injections Weeks 1-5 Weeké
EZM EZM EZM
vF vF

Ntsr1-Cre

Iso (IHC) Overlay | D

150

100 -

Control

50

# of fos-positive cells

o Control Kir
| Elevated Zero Maze (EZM)
E 100 F 150, _ns. P G - .ns. n.s.
5
m
5 501 z
> s 100 - g
c s - 9
g o Q 0 hl o
S = (7 M &
c g 5o-[ |\m \ o
= * £ o
o -50F — control [= ‘ !
£ :
-100 1 1 1 L X 1 1 0 0
BL 1 2 3 4 5 &6 » O N O » © N O
2 2
Week i i \$‘. —\$‘~ @i
Control Kir Control Kir
| von Frey (vF) |
H - 1 1001 Baseline J 100r Week 6
e — Control — Control
/ - so-— Kir sof- —KIr
© ©
2 2
S 60 S 60
f ° °
= s
= 40 = 40
J1-—— 0.16 g (10 trials e B
3 e ) 20 20+
06 9 (10 trials) 0 L L L 1 1 1 0 1 L L L L
& & X o o X o ©° X o o
N7 QP A N < b N7 QY A N - :
BT— 1.4 g (10 trials) ° o O N N o ST N
Left Right Left Right

Figure 6. Chronic inactivation of ovBNSTNEM heyrons drives long term anxiety-like behavior
(A) Control AAV-DiO-GFP or AAV-DiO-Kir2.1 was expressed in Ntsr1-Cre mice for

chronic inhibition.

(B) Experimental timeline for chronic inhibition experiments. Elevated zero maze (EZM)
and von Frey (vF) tests were performed before and after viral injections in both control and
experimental mice.

(C) Representative images showing isoflurane-induced Fos (red) and viral expression
(green) in control GFP and Kir2.1 mice. Scale bar, 100 um.
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(D) Number of Fos+ neurons per section in the ovBNST of control GFP- and Kir2.1-
expressing mice after isoflurane exposure (7= 4/group, unpaired t test, p < 0.05).

(E) Time spent in the open arms of the EZM (percentage of baseline [BL]) in control (gray)
and Kir2.1-expressing (red) mice (7= 8-9/group, two-way repeated measures ANOVA, p<
0.05).

(F) Time spent in the open arms of the EZM during the BL and week 6 tests (r7= 8-9/group,
two-way repeated measures ANOVA, Kir2.1 BL vs. week 6 p<0.01).

(G) Total distance traveled during the EZM assay during the BL and week 6 tests (7=
8-9/group, two-way repeated measures ANOVA, n.s.).

(H) The VF test was used to determine whether chronic inhibition of ovBNSTNS'™ neurons
affects mechanical sensitivity.

() Percentage of withdrawal during the vF test before viral injections (n7 = 8-9/group,
two-way repeated measures ANOVA, n.s.).

(J) Percentage of withdrawal during the vF test 6 weeks after viral injections (n = 8-9/group,
two-way repeated measures ANOVA, n.s.).

Data are depicted as mean = SEM. Gray dots and lines represent individual mice. t tests,
interactions, and post hoc comparisons: n.s., not significant, *p < 0.05, and **p < 0.01.

See also Table S1.
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Figure 7. ovBNSTNEM heyrons shift autonomic output to a less anxious state
(A) Control GFP or ChR2 was expressed in Ntsr1-Cre mice for optogenetic activation.

(B) Wireless telemetry sensors were implanted in the abdomen, with electrodes implanted in
the chest.

(C) Example raw electrocardiography (ECG) trace showing R peaks (arrows). Heart rate was
calculated as R peaks/min, and heart rate variability was calculated from RR intervals or the

time between successive R peaks.

Cell Rep. Author manuscript; available in PMC 2024 December 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

Page 37

(D) Average normalized heart rate in GFP-expressing mice (gray) and ChR2-expressing
mice (blue) during a 5 s continuous stimulation (stim) with 473 nm laser. Dark lines
represent mean, and lighter shaded areas represent SEM.

(E) Mean normalized heart rate from the recordings shown in (D) (n7= 5/group, two-way
repeated measures ANOVA, p< 0.001).

(F) Average normalized heart rate in GFP-expressing mice (gray) and ChR2-expressing
mice (blue) during a 33 min trial where 20 Hz 473 nm light was delivered in a 3-min-off,
3-min-on paradigm.

(G) Change in heart rate during the first stim-on period compared to the first stim-off period
in GFP- and ChR2-expressing mice (/7= 5/group, unpaired t test, p < 0.05).

(H) Change in heart rate during the fifth stim-on period compared to the fifth stim-off period
in GFP- and ChR2-expressing mice (/7= 5/group, unpaired t test, n.s.).

(1) Change in heart rate during the sixth stim-off period compared to the first stim-off period
in GFP- and ChR2-expressing mice (/7= 5/group, unpaired t test, n.s.).

(J) Change in heart rate variability (RMSSD, root mean squared of successive RR intervals)
during the first stim-on period compared to the first stim-off period in GFP- and ChR2-
expressing mice (7= 5/group, unpaired t test, p < 0.05).

(K) Change in heart rate variability (RMSSD) during the fifth stim-on period compared to
the fifth stim-off period in GFP and ChR2-expressing mice (r7= 5/group, unpaired t test,
n.s.).

(L) Change in heart rate variability (RMSSD) during the sixth stim-off period compared to
the first stim-off period in GFP- and ChR2-expressing mice (/7= 5/group, unpaired t test,
n.s.).

(M) Diphtheria toxin receptor (DTR) was expressed in Ntsr1-Cre mice for conditional
ablation of ovBNSTNS' neurons.

(N) Timeline depicting ablation experiment to determine the necessity of ovBNSTN1sr1
neurons for the bradycardic effects of diazepam.

(O) Change in heart rate from a 10 min baseline following intraperitoneal injection of saline
or diazepam before ablation (3 mg/kg, /7= 4, two-way repeated measures ANOVA, main
effect of drug p< 0.001).

(P) Change in heart rate from a 10 min baseline following intraperitoneal injection of saline
or diazepam after ablation (3 mg/kg, 7= 4, two-way repeated measures ANOVA, main effect
of drug n.s.).

Data are depicted as mean = SEM. Gray dots and lines represent individual mice. t tests,
ANOVA main effects, and post hoc comparisons: n.s., not significant; *p < 0.05, **p < 0.01,
and ***p < 0.001.

See also Figure S7 and Table S1.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Goat anti-c-Fos pAb

Santa Cruz Biotechnology

Cat#sc-52-G; RRID:AB_2629503

Rabbit anti-c-Fos (9F6) mAb

Cell Signaling Technology

Cat#2250; RRID:AB_2247211

Rabbit anti-Neurotensin pAb

Immunostar

Cat#20072; RRID:AB_572254

Alexa Fluor 488 Donkey anti-Goat 1gG

Jackson ImmunoResearch Labs

Cat#705-545-147; RRID:AB_2336933

Alexa Fluor 647 Donkey anti-Rabbit 1gG

Jackson ImmunoResearch Labs

Cat#711-605-152; RRID:AB_2492288

Alexa Fluor 555 Donkey anti-Rabbit IgG

ThermoFisher Scientific

Cat#A-31572; RRID:AB_162543

Alexa Fluor 555 Donkey anti-Goat 19G

ThermoFisher Scientific

Cat#A-21432; RRID:AB_2535853

Bacterial and virus strains

AAV2/1-EFla-DIO-hChR2(H134R)-EYFP-WPRE

Karl Deisseroth

RRID:Addgene_20298

AAV2/8-CAG-FLEX-EGFP-WPRE

Oh et al.58

RRID:Addgene_51502

AAV2/8-CAG-FLEX-tdTomato

Edward Boyden

RRID:Addgene_28306

AAV2/1-hSyn-DIO-EGFP Bryan Roth RRID:Addgene_50457
AAV2/1-Syn-Flex-GCaMP6s-WPRE-SV40 Chen et al.%® RRID:Addgene_100845
AAV?2/2-EF1a-DIO-eArch3.0-EYFP UNC Vector Core

AAV-hSyn-FLEX-loxP-Kir2.1-2A-GFP Beier et al.”® RRID:Addgene_161574
AAV2/1-Syn-DIO-TVAB6T-dTom-CVS-N2cG Yao et al.”? RRID:Addgene_176285
RVdG(envA)-CVS-N2c-GFP Neurotools Reardon et al.”2
AAV-CAG-FLEX-DTR Harvard virus core Wang et al.”
Chemicals, peptides, and recombinant proteins

Phosphate buffered saline (PBS) Thermo Fisher Scientific Cat#10010023

Paraformaldehyde

Fisher Scientific

Cat#50-980-495

Tissue Tek O.C.T. Compound

Sakura Finetek

Cat#4583

Blocking One Nacalai Cat#03953-66
Dexdomitor (Dexmedetomidine) Zoetis

Ketamine Hydrochloride Injection Dechra

Formaldehyde solution Millipore Sigma Cat#252549
Complete Freund’s Adjuvant Millipore Sigma Cat#F5881
4-hydroxytamoxifen Millipore Sigma Cat#H6278
Diphtheria Toxin Millipore Sigma Cat# D0564

Critical commercial assays

Pdyn probe (HCR FISH)

Molecular Instruments

Custom Probe

Sstprobe (HCR FISH)

Molecular Instruments

Custom Probe

Fos probe (HCR FISH)

Molecular Instruments

Custom Probe

Slc17a6 probe (HCR FISH)

Molecular Instruments

Custom Probe

Slc32a1 probe (HCR FISH)

Molecular Instruments

Custom Probe

Drd1 probe (HCR FISH)

Molecular Instruments

Custom Probe
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Drd2 probe (HCR FISH)

Molecular Instruments

Custom Probe

Penkl probe (HCR FISH)

Molecular Instruments

Custom Probe

Pkcd probe (HCR FISH)

Molecular Instruments

Custom Probe

Experimental models: Organisms/strains

Fos?A1CreER (TRAP2)

The Jackson Laboratory

RRID:IMSR_JAX:030323

NtsR1ANEO-Cre

The Jackson Laboratory

RRID:IMSR_JAX:033365

Software and algorithms

Prism 10 Graphpad https://www.graphpad.com/features
Ponemah Data Sciences International

ANYmaze Stoelting Co.

Other

Telemetric Sensors

Data Sciences International

Cat#ETA-F10

Optic fibers - photometry

RWD

Cat#BL400C-50NA

Optic fibers - optogenetics

RWD

Cat#BL200C-22NA

Patch fibers - photometry

Doric Lenses

Cat#MFP_400/430/1100-0.57_2m_FC-ZF1.25_LAF

Patch fibers - optogenetics

Doric Lenses

Cat#MFP_200/220/900-0.22_2m_FC-ZF1.25

Fiber photometry system

RWD

Cat #R821
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