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Sleep disturbance usually accompanies anxiety disorders and exacerbates their incidence rates. The
precise circuit mechanisms remain poorly understood. Here, we found that glutamatergic neurons
in the posteroventral medial amygdala (MePV®" neurons) are involved in arousal and anxiety-

like behaviors. Excitation of MePV®" neurons not only promoted wakefulness but also increased
anxiety-like behaviors. Different projections of MePV®" neurons played various roles in regulating
anxiety-like behaviors and sleep-wakefulness. MePV®" neurons promoted wakefulness through the
MePV°"/posteromedial cortical amygdaloid area (PMCo) pathway and the MePV®"/bed nucleus of
the stria terminals (BNST) pathway. In contrast, MePV®" neurons increased anxiety-like behaviors
through the MePV®" /ventromedial hypothalamus (VMH) pathway. Chronic sleep disturbance
increased anxiety levels and reduced reparative sleep, accompanied by the enhanced excitability

of MePV®"“/PMCo and MePV®"/VMH circuits but suppressed responses of glutamatergic neurons

in the BNST. Inhibition of the MePV®" neurons could rescue chronic sleep deprivation-induced
phenotypes. Our findings provide important circuit mechanisms for chronic sleep disturbance-
induced hyperarousal response and obsessive anxiety-like behavior and are expected to provide a
promising strategy for treating sleep-related psychiatric disorders and insomnia.

Introduction

Moderate vigilance and fear in the face of threats can help animals quickly detect danger and wake up
from sleep. However, hyperarousal response and obsessive anxiety-like behavior are involved in several
adverse sleep architectural changes (1, 2). Stress, such as a physical or emotional stimulus, can cause
disrupted or shortened sleep (3, 4). Some patients with anxiety disorders often exhibit hyperarous-
al responses to sensory stimuli (5). Furthermore, the presence of sleep disturbances has been found
to exacerbate the risk of developing anxiety disorders (1, 6). Passive sleep deprivation could worsen
anxiety disorders and cause changes in the structure of sleep, but little research has been done on the
mechanisms by which sleep deprivation impairs the emotion and sleep systems. Elucidating the neural
circuits that control physiological arousal to detect threats is imperative to understanding maladaptive
emotional states and abnormal sleep changes.

The medial amygdala (Me) is a critical brain region that encodes fear-related behavior (7, 8). The
Me is composed of several subnuclei with differing structures and functions, such as the posterodorsal
(MePD), posteroventral (MePV), and anterior (MeA) (9-11). Most MePD neurons are GABAergic,
whereas many MeA/PV ones are glutamatergic (9-11). MePV cells that project to the ventromedial
hypothalamus (VMH) are glutamatergic neurons and increase their activity in response to cat odor in
mice (12). Previous studies have shown that MePV and paraventricular hypothalamic nucleus (PVN)
upregulated c-fos expression when rats were exposed to cat odor (13). In the present study, we focused
on the function of the MePV.
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The MePV was implicated in coping with inherent danger cues by activity mapping of the immedi-
ate-early gene c-fos (12, 14). In mice, the MePV is triggered when a natural danger stimulus approaches
(15). Distinct subpopulations of MePV neurons project to the bed nucleus of the stria terminals (BNST)
and the VMH in different ways. These projections have opposing consequences on investigating or avoiding
potentially dangerous stimuli (15). Previous research demonstrated that VMH outputs play a role in mod-
ulating anxiety-like behavior and fear (16). Results from an open field experiment (8) revealed that VMH
neurons expressing the nuclear receptor protein NR5A1 (also known as SF1) in mice displayed sustained
activity encountering stimuli necessary for persistent protective behavior, indicating that MePV-VMH has
a putative function in controlling anxiety-like behaviors. Although BNST is involved in the modulation of
anxiety-like behaviors and fast changes in arousal (17), the effect of projecting MePV neurons to the BNST
on the regulation of arousal or anxiety remains unclear.

A previous study suggested that the posteromedial cortical amygdaloid area (PMCo) might regulate
social odor and primary olfactory processing (18). Although the authors revealed the connectivity of the
PMCo feedback circuit innervating the mouse accessory olfactory bulb (18-20), the functions of PMCo on
wakefulness-sleep or anxiety were barely reported. Although our preliminary data revealed an increase in
PMCo activity by the chemogenetic excitation of MePV neurons, the role of MePV/PMCo in wake-sleep
or anxiety was unknown. Therefore, we hypothesized that the MePV/PMCo, MePV/VMH, and MePV/
BNST pathway might be important gates for controlling responses to threatening stimuli or physiological
arousal. Further research exploration is needed to elucidate cell type— and circuit-specific features in the
MePV that control the integration of stress and sleep-wake.

Previous research has shown that glutamatergic neurons in other brain areas, such as the PVN, can
control anxiety and arousal (21). Given the MePV’s role in regulating innate defensive responses, coupled
with the facts that MePV neurons are mainly glutamatergic (9, 11, 17) and that downstream brain region
BNST is involved in arousal behaviors, we hypothesized that glutamatergic neurons in the MePV are poten-
tially involved in regulating anxiety-like behaviors and arousal response to threatening stimuli. In the pres-
ent study, we employed in vivo calcium imaging and cell type—specific manipulations to reveal that neural
circuits involving MePVS" neurons not only regulate both anxiety-like behaviors and sleep-wakefulness but
also control sleep deprivation-mediated obsessive anxiety-like behavior and sleep change. We also inves-
tigated the downstream neural networks and underlying processes for modulating responses to hazardous
stimuli or physiological arousal.

Results

MePV®™ neurons are selectively active during threat-evoked wake from non-rapid eye movement sleep. To check
whether endogenous glutamatergic neurons in the MEPV (MePV®" neurons) are involved in the regulation
of the natural sleep-wake cycle or anxiety-like behaviors, we injected AAV-CaMKIIa-GCaMP6f into the
MePV of C57BL/6J mice (MePV®-GCaMP6f mice) and recorded changes in Ca?* signal during sleep
state transitions using the electroencephalogram and electromyogram (EEG-EMG) system or anxiety state
transitions during behavioral tests (Figure 1A and Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/jci.insight.176329DS1). On the elevated plus maze test,
the level of Ca?" signal increased when mice approached the open arms and dropped when mice returned
to the closed arms from the open arms (Figure 1, B and C, and Supplemental Figure 1, G and H). Subse-
quently, the loud noise of opening the soundproof door of the recording chamber was used to simulate the
intruder’s stimulus while capturing the Ca?* signal (to make this experiment consistent every time, the nois-
es of 25-30 dB measured by a sound decibel meter were selected). The Ca?* signal increased dramatically
from non-rapid eye movement (NREM) to threat-evoked waking and from NREM to rapid eye movement
(REM) sleep (Figure 1, D and E, and Supplemental Figure 1, A and B). In addition to this, we explored the
alterations of neuronal Ca?* signals in mice that were forced to wake up under other stimulating conditions
(Supplemental Figure 2, B and C). It was found that the AF/F ratio increased from NREM to threat-evoked
wake and from NREM to REM (Figure 1, D and E) but dropped from REM to natural wake (Figure 1F).
The AF/F ratio increased when mice were forced to wake up with alcohol spraying (Supplemental Figure
2B) or 90 db white noise stimulation (Supplemental Figure 2C). The results showed that the Ca?* signal
of MePV©St neurons changed significantly when they were forced to wake up. The change in AF/F ratio
was minimal throughout the transition from NREM to natural wake (Figure 1G). During the microarousal
stage, which occurred during sleep, the AF/F ratio decreased (Figure 1, H and I). Endogenous MePV¢®

JCl Insight 2024;9(14):e176329 https://doi.org/10.1172/jci.insight.176329 2


https://doi.org/10.1172/jci.insight.176329
https://insight.jci.org/articles/view/176329#sd
https://doi.org/10.1172/jci.insight.176329DS1
https://insight.jci.org/articles/view/176329#sd
https://insight.jci.org/articles/view/176329#sd
https://insight.jci.org/articles/view/176329#sd
https://insight.jci.org/articles/view/176329#sd
https://insight.jci.org/articles/view/176329#sd
https://insight.jci.org/articles/view/176329#sd

RESEARCH ARTICLE

A B closed arm-open arm Cc
rAAV-CaMKIlla-GCamp6f 50 30
-10 -15
9 —
B e
< [T
<
2
-10 -5 0 5 10
Time(s) Time(s)
D NREM - forced wakeup E NREM - REM F REM - natural wake
! nmm 30 B gy 60 : 35
[2) [2)
] ]
= =
-10 -10 -5
6 -
< 5 .
< < <
-10 ‘
20 0 20 30 20 -10 0 10 20 30 )
Time(s) Time(s) Time(s)
G NREM - natural wake H REM - microarousal-NREM 1 NREM - microarousal-NREM
e 3 40 = = | - e : - R
[2) (2] (2]
= = =
-10 -10 -10
4 2
fing fing fing
o = =
< < <

30 -20 10 0 10 20 30
Time(s)

30 20 10 0 10 20 30
Time(s)

Time(s)

Figure 1. The effects of NREM-to-REM transitions, NREM-to-unusual wake transitions, and REM-to-walke transitions on the activity of MePV®" neurons.
(A) Top: The in vivo recording arrangement; Bottom: lllustrations of the MePV from a mouse expressing the rAAV-CaMKlla-GCaMP6f virus (n = 6 mice/
group), displaying virus expression as well as the position of the fiber tip above the MePV. (B) The heatmap for the calcium signal of MePV®" neurons. The
representative transitions (closed arm-open arm, 87 trials) of the changes in color-coded fluorescence intensity. (C) The color-coded fluorescence inten-
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sity changes of the representative shifts from the open arm to the closed arm (45 trials). (D) A shift in color-coded fluorescence intensity illustrating the
representative transition from NREM to forced wakeup (16 trials). (E) Changes in color-coded fluorescence intensity indicating the representative transitions
from NREM to REM (132 trials). (F) The representative shifts in fluorescence intensity during the transitions from REM to normal wakefulness (20 trials).

(G) Representative shift in color-coded fluorescence intensity (83 trials) depicting the transition from NREM to natural wake. (H) Color changes representing
shifts in fluorescence intensity from REM to microarousal (119 trials). (I) A shift in the intensity of the color-coded fluorescence indicating the representative
transition from NREM to microarousal (257 trials). Mean (red trace) + SEM (red shading) represents the average responses of all the transitions.

neurons were found to respond to threatening situations, threat-evoked wakefulness, and microarousal but
not in natural wakefulness.

Chemogenetic excitation of MePV®" neurons promotes wakefulness and increases anxiety-like behaviors.
Although endogenous MePV®" neurons may not be involved in calm sleep and wakefulness, overexcited
MePVC" neurons can potentially be involved in stress-induced hyperarousal, as suggested by the above
research. However, whether the increased Ca?* signal of MePV®" neurons when mice entered the open
arms triggered obsessive anxiety-like behavior or exploration-related behaviors was still uncertain. Using
the bilateral expression of excitatory hM3Dq receptors that were specifically induced by clozapine-N-oxide
(CNO), the behavioral effect of chemogenetic activation of MePVS" neurons was examined. Three weeks
after the viral injection, a histological examination was conducted to confirm hM3Dg-mCherry expression,
particularly in MePVS" neurons (Figure 2A).

We first demonstrated that MePVS™ neurons in the MePVS-hM3Dq mice were excited by CNO.
One hour after CNO or saline i.p. injection into MePV¢*-hM3Dq mice, activated neurons (c-fos—posi-
tive) were significantly increased in the CNO group compared with those in the control group (Figure
2B and Supplemental Figure 3). After the CNO treatment (1 mg/kg, i.p. injection), the wakefulness
remained elevated for 3 hours. Both NREM sleep and REM sleep were decreased by the CNO treatment
(Figure 2, C-E). As a control for the specificity of CNQO'’s actions, we injected AAV-CaMKIIa-mCherry
into the MePV of C57BL/6J mice; CNO injection (i.p.) into these MePVS"-mCherry mice did not affect
sleep or wakefulness time (Figure 2, C-E). Typical examples of hypnogram, EMG track, EEG track, and
EEG spectrogram for 3 hours from MePVS*-hM3Dq mice respectively given saline or CNO (i.p., 1 mg/
kg) are shown in Supplemental Figure 8, A and B.

Stimulation of MePV" neurons did not result in hyperactivity. Moreover, the locomotion of CNO-inject-
ed mice was not significantly different from that of saline-injected mice in the open field test. Further, chemo-
genetic stimulation of MePVS" neurons reduced the time spent in the center in the open field test (Figure 2F).
The CNO injection increased the time spent on the closed arms while decreasing the time spent on the open
arms on the elevated plus maze (Figure 2G). Overall, these results suggest that chemogenetic stimulation of
MePVEt neurons might increase wakefulness and anxiety-like behaviors but does not influence locomotion.

To test whether the MePV functions of female mice and male mice were different, we injected
AAV-CaMKII-hM3Dg-mCherry virus and AAV-CaMKII-mCherry virus into MePVS" neurons of female
mice and implanted EEG-EMG electrodes (Supplemental Figure 4A). After 3 weeks of recovery, same as
males, NREM sleep of females was decreased by the CNO treatment (Supplemental Figure 4B). The CNO
injection increased the time spent on the closed arms while decreasing the time spent on the open arms on
the elevated plus maze (Supplemental Figure 4, C and E). Chemogenetic stimulation of MePV®" neurons
slightly reduced the time spent in the center in the open field test (Supplemental Figure 4, D and F). Over-
all, these results suggested that MePV©" neurons played a similar role in regulating sleep and anxiety-like
behaviors in both female and male mice.

Optogenetic excitation of MePV®" neurons promoted wakefulness and increased anxiety-like behaviors. To confirm
that mice relied on MePVC" neurons to regulate anxiety-related behaviors or to govern arousal behaviors during
NREM sleep and waking states, we next tested whether optogenetic activation of MePVS"-Channelrhodopsin
2-expressing (MePV®-ChR2-expressing) neurons influenced wakefulness and anxiety-like behavior.

After injecting the AAV-CaMKIIa-hChR2-GFP virus into the MePV, we implanted optical fibers into
the MePV to produce MePVS"-ChR2 mice (Figure 3A). Functional expression of ChR2 was validated
using in vitro electrophysiology (Figure 3B). Optogenetic stimulation of CaMKIIa-ChR2-expressing neu-
rons triggered the firing of action potentials of glutamatergic neurons (Figure 3B). During the light phase,
we applied optical stimulation at the time of stable NREM sleep until the onset of wakefulness. The latency
was defined as the optical stimulation time before the onset of wakefulness. Optogenetic stimulation of
the MePVS"-ChR2 neurons promoted waking from NREM sleep (Figure 3C). The latencies of NREM to
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Figure 2. The effects of chemogenetic excitation of MePV®" neurons on wakefulness and anxiety-like behavior. (A) Schematic diagram showing
AAV-CaMKlla-hM3Dg-mCherry/AAV-CaMKlla-mCherry virus injection and EEG-EMG recordings. (B) Representative images (original magnification, x10)
of c-fos (green), mCherry (red), and DAPI (blue) colocalization in MePV®" neurons of MePV®“-hM3Dg-mCherry mice treated with CNO or saline. Scale bar =
500 pm. (C) Three-hour hypnograms following saline or CNO (1 mg/kg) injections into an MePV®“-mCherry mouse (left) and an MePV®:-hM3Dg-mCherry
mouse (right). (D) Percentages of time spent in each state for MePV®"“-hM3Dg-mCherry mice and MePV®"“-mCherry mice 3 hours after CNO injection. (E)
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Time spent in each condition 6 hours after injection of saline or CNO (1 mg/kg) into the MePV®"“-hM3Dg-mCherry mice (top) and the MePV®“-mCherry mice
(bottom). (F) Left panel: Representative track plots of MePV®-hM3Dg-mCherry mice treated with saline and CNO in open field test (red frame represents
the central zone). Right panel: Time spent in the center zone and distance traveled of MePV®“-hM3Dg-mCherry mice and MePV®-mCherry mice. (G) Left
panel: Representative heatmaps of MePV®“-hM3Dg-mCherry mice treated with saline and CNO in elevated plus maze (closed arms on black frames).
Right panel: Time spent in open/closed arms of MePV®“-hM3Dg-mCherry mice and MePV®“-mCherry mice. Wilcoxon signed rank test or 2-way repeated
measures (RM) ANOVA test with Holm-Sidak post hoc comparison for D and E. Two-way RM ANOVA test with Holm-Sidak post hoc for F and G. n = 8 per
group. *P < 0.05, **P < 0.01, ***P < 0.001.

wake were gradually reduced by the higher light stimulation frequencies of 5 Hz, 10 Hz, 15 Hz, and 20 Hz,
respectively (Figure 3D). In addition, long-term optogenetic stimulation for 2 hours increased wakefulness
and reduced NREM and REM sleep (Figure 3, E-G). Typical examples of the hypnogram, EMG track,
EEG track, and EEG spectrogram for zeitgeber time 0-6 (ZT 0-ZT 6) from the MePV®"-GFP mice and the
MePVCS"-ChR2 mice are shown in Supplemental Figure 9, A and B, respectively.

No hyperactivity was caused by optogenetic stimulation of MePV®"-ChR2-expressing neurons, con-
sistent with the impact of chemogenetic activation of MePV<" neurons. The locomotion distance was not
substantially different between the light-ChR2 group and the control group in the open field test (Figure
3H). The light-induced activation of MePV¢:-ChR2-expressing neurons increased the time spent on the
closed arms and reduced the time spent on the open arms on the elevated plus maze (Figure 3I). Overall,
optogenetic activation of MePVS® neurons could increase wakefulness and anxiety-like behaviors.

MePV°" neurons promote wakefulness through the MePV°"/PMCo pathway. Measuring the track of viral
expression and c-fos activity in MePVS"-hM3Dq mice allowed targeting of the brain circuits responsible
for MePV©t-mediated wakefulness. Numerous brain areas showed high numbers of c-fos—positive neurons
following the CNO 1i.p. injection. Particularly, c-fos expression was seen in the PMCo (Supplemental Fig-
ure 5). CNO infusion increased the number of c-fos—expressing neurons more than saline injection (Sup-
plemental Figure 5). The circuit connections of MePVS" neurons in the MePV®"-ChR2-GFP mice were
mapped. There was a dense projection of MePV®" neurons to the PMCo, consistent with the results above
(Supplemental Figure 6). Following optogenetic activation of MePV®" neuron axons ending in the PMCo,
light-evoked excitatory postsynaptic currents (eEPSCs) were found in PMCo neurons using whole-cell elec-
trophysiological recordings in brain slices (Figure 4B).

AAV-CaMKIIa-hChR2-GFP virus was injected into the MePV, and optical fibers were implant-
ed into the PMCo to stimulate the terminals of MePVS"® neurons to examine whether activation of
MePVEt PMCo projections could enhance wakefulness or promote anxiety-like behaviors (Figure 4A).
We found that optogenetic stimulation of MePVS" terminals in the PMCo facilitated awakening from
NREM sleep. The latencies of NREM sleep to wake decreased with an increase in stimulation frequen-
cies (Figure 4, C and D). Two-hour optogenetic stimulation enhanced alertness while decreasing REM
and NREM sleep (Figure 4, E-G). Typical examples of the hypnogram, EMG track, EEG track, and
EEG spectrogram for ZT 0-ZT 6 from MePVS“-ChR2 mice and MePV®"“-GFP mice are displayed in
Supplemental Figure 10, A and B.

Optogenetic activation of the MePVS" terminals in the PMCo caused hyperactivity. The locomotion
distance of the light-ChR2 group was considerably more than that of the baseline-ChR2 group in the open
field test (Figure 4H). The light stimulation of MePVS" terminals in the PMCo enhanced the time spent on
the open arms of the elevated plus maze (Figure 41). As a result, the MePVS"*/PMCo pathway is a crucial
functional neural circuit that regulates wakefulness, movement, and anxiety-like behaviors. Activation of
the MePV©:/PMCo pathway increased wakefulness, induced anxiolytic effects, and promoted locomotion.

MePV®" neurons promote wakefulness via the MePV°"/BNST pathway. Dense green fluorescence nerve
fiber tracts were observed in the BNST area on the MePVGlu-ChR2-GFP-labeled circuit map (Supple-
mental Figure 6). To test whether MePVS"—BNST projections could regulate wakefulness or anxiety-like
behaviors, we injected AAV-CaMKIIa-hChR2-GFP into the MePV and implanted optical fibers into the
BNST to stimulate the fluorescence nerve fiber terminals (Figure 5A). Light-stimulated eEPSCs were found
in BNST neurons after optogenetic activation of MePV®" neuronal terminals in the BNST using whole-cell
electrophysiological recordings in brain slices (Figure 5B).

Optogenetic stimulation of the MePVS"-BNST nerve fiber terminals promoted wakefulness from
NREM sleep. On the other hand, the latencies of NREM to wake were shortened by the high stimulation
frequencies (Figure 5, C and D). Two hours of prolonged optogenetic stimulation enhanced wakefulness
and reduced REM and NREM sleep (Figure 5, E-G). Typical examples of the hypnogram, EMG track,
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Figure 3. The effects of optogenetic stimulation of MePV®" neurons on wakefulness and anxiety-like behavior. (A) Schematic of AAV-CaMKlla-hChR2-
GFP/AAV-CaMKlla-GFP virus injection and optogenetic modulation of MePV®" neurons (left panel). AAV-CaMKIla-ChR2-GFP expression and optical fiber
placement in the MePV (right panel). Scale bar = 200 um. (B) Electrophysiology recordings of MePV®" neurons expressing ChR2 triggered by blue light puls-
es at 10 Hz. (C) An EEG spectrogram and EEG-EMG trace showed that 10 Hz stimulation was administered during NREM sleep. The arrowheads represent
4 and 8 Hz. The color scale represents the raw power spectral density (mV?). (D) Latencies to awaken from sleep in response to varied frequencies of visual
stimulation (1 stimulation/animal). The latencies of NREM to wake were gradually reduced by the higher light stimulation at frequencies of 5 Hz, 10 Hz,
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15 Hz, and 20 Hz, respectively. (E) Hypnograms for sleep and wakefulness. The optical stimulation of 2 hours was performed in the ChR2 group (470 nm,
10 Hz, 4 seconds/60 seconds, 2 hours). (F) The time spent in each state during 2 hours of light stimulation. (G) The wakefulness, NREM, and REM sleep
duration of MePV®"-ChR2 mice subjected to 2 hours of opto-stimulation (10 Hz for 4 seconds with a 56-second interval). (H) Open field test track plots
with representative track plots (left). Time spent in the center zone and distance traveled (right). The red frame represents the central zone. () Heatmap
depiction of raised plus maze testing (left) and time spent on open/closed arms (right). Mann-Whitney rank sum test for D. Wilcoxon signed rank test,
Mann-Whitney rank sum test, or 2-way RM ANOVA with Holm-Sidak post hoc comparison for F. Wilcoxon signed rank test for G and I. Two-way RM ANO-
VA with Holm-Sidak post hoc comparison for H. n = 8 per group. All error bars are SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.

EEG track, and EEG spectrogram for ZT 0-ZT 6 from the MePVS“-GFP mice and the MePV®"*-ChR2
mice are shown in Supplemental Figure 11, A and B, respectively.

However, optogenetic activation of the MePV" terminals in the BNST showed no significant impact
on the elevated plus maze or open field test (Figure 5, H and I). No significant difference was observed in
the locomotion distance or time spent in the center between the light-ChR2 group and the baseline-ChR2
group in the open field test (Figure 5H). The light stimulation of MePVS" terminals in the BNST had no
impact on how much time was spent on the open or closed arms of the elevated plus maze (Figure 5, H and
I). In all, the MePVS"/BNST route was crucial for regulating wakefulness but not anxiety-like behaviors.

MePV®" neurons increase anxiety-like behaviors via the VMH area. As shown in the MePVS"-ChR2-GFP-
labeled circuits, some green fluorescence nerve fiber tracts were also found in the VMH area. To test
whether MePVS—VMH projections could regulate wakefulness or anxiety-like behaviors, we injected the
AAV-CaMKIIa-hChR2-GFP virus into the MePV and placed optical fibers into the VMH to stimulate the
fluorescence nerve fiber tracts (Figure 6A). Light-evoked EPSCs were found in VMH neurons after optoge-
netic activation of MePV®" neuronal terminals using whole-cell path recordings in brain slices (Figure 6B).

Optogenetic stimulation of the MePVS*—VMH nerve fiber terminals had no significant effect on
wakefulness from NREM sleep (Figure 6, C and D). Long-term optogenetic stimulation of this pathway for
2 hours did not affect sleep and wakefulness (Figure 6, E-G). Typical examples of the hypnogram, EMG
track, EEG track, and EEG spectrogram for ZT 0-ZT 6 from the MePVY"-GFP mice and the MePV%
“.ChR2 mice are shown in Supplemental Figure 12, A and B, respectively.

Optogenetic stimulation of the MePVS"—VMH fluorescence nerve fiber terminals decreased the loco-
motion and reduced the time spent in the center of the open field test (Figure 6H). Optogenetic activation of
the MePVS"/VMH pathway reduced time spent on the open arms and increased time spent on the closed
arms during the elevated plus maze test (Figure 6I). Thus, the MePVS*/VMH pathway was an important
neuronal circuit for regulating anxiety-like behaviors but not for the modulation of sleep and wakefulness.

No interactions between different downstream projections of MePV°" neurons. Although we had explored
the role of different downstream projections of MePVS" neurons in wakefulness and anxiety, it was still
unclear whether there were reciprocal projections between downstream neurons and whether MePV©t
neurons could cause back propagation resulting in cell body activation.

In order to answer the above questions, we injected AAV-CaMKIIa-hChR2-mCherry into the MePV. We
also injected rAAV-CaMKIIa-GCaMP6f into the BNST, PMCo, and VMH to record the activity of glutamater-
gic neurons (Supplemental Figure 7) and implanted optical fibers into the BNST, PMCo, and VMH to activate
the terminals of MePV neurons. After 4 weeks of recovery in the mice, we delivered blue light stimulation (10
Hz, 10 mW, 473 nm, 1-second blue light stimulation at 50-second intervals) into the terminals of MePV in the
BNST. We recorded changes in the Ca** signal in the remaining 2 downstream regions, the PMCo and VMH.
The same light stimulation was delivered into the PMCo and VMH, and changes in Ca?* signal in these 2 down-
stream regions were recorded. We found that all Ca?* signal was not significantly changed when the laser was
delivered into the terminals of MePV neurons in the BNST, PMCo, or VMH (Supplemental Figure 7). These
results suggested that there were no reciprocal projections between downstream neurons, and high-frequency
stimulation of terminals might not cause back propagation resulting in cell body activation in our research.

Inhibiting MePV°" neurons with a chemogenetic agent induces an anxiolytic effect without affecting natural sleep
and wakefulness. The above results suggest that the endogenous MePV®" neurons might be related to the
hyperarousal response and anxiety-like behaviors. To investigate whether inhibiting the endogenous MePV-
Gl neurons could affect sleep or anxiety-like behaviors, we developed MePVS"-hM4Di mice, in which
MePVS" neurons were suppressed by injecting saline or CNO (i.p., 1 mg/kg) (Figure 7A).

We recorded and examined EEG and EMG data following saline or CNO (i.p., 1 mg/kg) injections
(Figure 7A). However, sleep or wakefulness of the MePVS-hM4Di mice was unaffected by CNO injection.
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Figure 4. The regulation of wakefulness and anxiety-like behaviors by MePV®"-PMCo circuit. (A) An optical fiber was implanted into the PMCo region
of MePV®"-ChR2 mice (left panel). The distribution of ChR2-expressing MePV glutamatergic terminals and the position of optical fiber in the PMCo (right
panel). Scale bar = 200 pm. (B) Patch-clamp electrophysiology diagram (left panel). The eEPSC was induced by 2 Hz laser stimulation in the PMCo (right
panel). (C) Representative EEG spectrogram and EEG-EMG recordings. During NREM sleep, 10 Hz light stimulation was administered (red arrow: 4 Hz;

JCl Insight 2024;9(14):e176329 https://doi.org/10.1172/jci.insight.176329


https://doi.org/10.1172/jci.insight.176329

. RESEARCH ARTICLE

blue arrow: 8 Hz; Freq., frequency). The color scale represents the raw power spectral density (mV?). (D) Latencies to awaken from sleep following varied
frequencies of light stimulation (once per animal, n = 7 per group). (E) A 2-hour light stimulation hypnogram during the light phase. (F) Time spentin
each state throughout 2 hours of optogenetic stimulation (n = 7 per group). (G) The waking time, NREM time, and REM time of MePV®"“-PMCo ChR2 mice
subjected to 2 hours of opto-stimulation (10 Hz for 4 seconds with 56-second intervals). (H) Representative track plots (left). The time spent in the center
zone and distance traveled (right) in the open field test. The red frame represents the middle zone (n = 8 per group). (1) Elevated plus maze (EPM) heat-
map representation (left) and time spent on open/closed arms (right) (n = 8 per group). Mann-Whitney rank sum test for D. Wilcoxon signed rank test,
Mann-Whitney rank sum test, or 2-way RM ANOVA with Holm-5idak post hoc comparison for F. Wilcoxon signed rank test, Mann-Whitney rank sum test,
or paired t test for G. Two-way RM ANOVA with Holm-Sidak post hoc comparison where applicable for H and I. *P < 0.05, **P < 0.01, ***P < 0.001.

AAV-CaMKIIa-mCherry was injected into the MePV as an additional control for the specificity of the effect
of CNO. CNO injection into these MePV®"-mCherry mice had no effect on undisturbed sleep or wakeful-
ness (Figure 7, C-E). Typical examples of the hypnogram, EMG track, EEG track, and EEG spectrogram
for 3 hours from the MePV®"*-hM4Di mice are displayed in Supplemental Figure 13, A and B. These findings
revealed that sleep and wakefulness were unaffected by the suppression of endogenous MePVC" neurons.

We next performed behavioral tests and found that inhibiting MePV®" neurons had no effect on the
locomotion distance and speed in the open field test. However, the CNO-injected mice spent more time in
the center in the open field test than the control group (Figure 7F). The CNO treatment could also enhance
open arm time and reduce closed arm time on the elevated plus maze test. Therefore, inhibition of the
MePVC" neurons reduced anxiety-like behaviors (Figure 7G). All these results suggested that the endog-
enous MePVC" neurons regulated anxiety-related behaviors but might not be involved in the undisturbed
sleep and wakefulness of normal mice. These results indicated that MePVS" neurons could be potential
targets for treating anxiety disorders.

SD increases the activity of MePV neurons and changes the excitability of the MePV-related neuronal circuits. The
above results suggest that though endogenous MePV®" neurons might not be involved in undisturbed sleep-
wake transitions, the endogenous MePV®" neurons might be related to sleep disruption and anxiety disor-
ders. As we know, chronic passive sleep disturbance could worsen anxiety disorders and change the structure
of sleep, but little research has been done on the mechanisms. We first tested the effect of chronic sleep
deprivation on the activity of MePV neurons and MePV-related neuronal circuits using c-fos immunohis-
tochemical staining. Numerous brain areas showed high numbers of c-fos—positive neurons following sleep
deprivation. Notably, sleep deprivation substantially increased the number of c-fos—expressing neurons in the
MePV, VMH, and PMCo areas (Figure 8, A—C, and Supplemental Figure 14). However, sleep deprivation did
not significantly affect the number of c-fos—expressing neurons in the BNST area compared with the control
group (Figure 8D and Supplemental Figure 14).

To test whether chronic SD affected the real-time activity of MePV neurons and neuronal circuits,
we injected AAV-CaMKIIa-hChR2-mCherry into the MePV and implanted optical fibers into the MePV
to activate the MePV neurons. We also injected rAAV-CaMKIIa-GCaMP6f into the BNST, PMCo, and
VMH to record the activity of glutamatergic neurons (Figure 8). We found that the level of Ca?* signal in
the BNST, PMCo, and VMH all increased when the laser was delivered into the MePV (Figure 8, E-G).
Compared with the control group, SD markedly increased the laser-evoked Ca?* signal of glutamatergic
neurons in the PMCo and VMH groups (Figure 8, E and F). But the SD markedly decreased the laser-
evoked Ca?* signal of glutamatergic neurons in the BNST group (Figure 8G). All these results suggested
that chronic SD increased the activity of MePVS" neurons and changed the excitability of the downstream
circuits. We then hypothesized that MePVS" neurons might participate in chronic SD-induced abnormal
changes in anxiety and sleep.

Inhibiting MePV°" neurons with a chemogenetic agent decreases wakefulness and induces an anxiolytic effect on the
mice treated with SD. To investigate whether chronic SD could affect sleep and anxiety-like behaviors, or whether
inhibiting the endogenous MePV®" neurons could reverse the effect of SD, we developed MePV®"-hM4Di
mice, of which MePV®" neurons were suppressed by injecting saline or CNO (i.p., 1 mg/kg) (Figure 9, A and
B). We subjected the mice to 5 days of SD and recorded and examined EEG and EMG data for 6 hours imme-
diately after the SD every day (Figure 9C). We found that 1 day of SD significantly decreased wakefulness
and increased NREM sleep and REM sleep (Figure 9C). Because the mice were forced to stay awake during
the SD, the increased sleep after the SD on day 1 was reparative. But from the second day on, the wakefulness
increased and NREM sleep decreased (Figure 9C), which suggested that the mice experienced a significant
reduction in reparative sleep, and had a relative increase in total wakefulness and a relative decrease in NREM
sleep duration. On the sixth day after the SD, we injected CNO (i.p., 1 mg/kg) to inhibit the MePV" neurons,
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Figure 5. The effects of the MePV®"/BNST pathway on wakefulness and anxiety-like behaviors. (A) An optical fiber was implanted into the BNST region of
MePV®u-ChR2 mice to investigate the function of MePV®“-BNST projection (left). The picture depicted the distribution of ChR2-expressing MePV glutama-
tergic terminals in the BNST as well as the placement of optical fiber (right). Scale bar = 200 um. (B) Patch-clamp electrophysiology diagram (left). In the
BNST, voltage-clamp traces revealed the EPSC induced by 2 Hz laser stimulation (right). (C) EEG spectrogram and EEG-EMG trace showed that 10 Hz stim-
ulation was administered during NREM sleep (red arrow: 4 Hz; blue arrow: 8 Hz). The color scale represents the raw power spectral density. The latencies of
NREM to wake were shortened by the high stimulation frequencies. (D) Latencies to awaken from sleep following varied frequencies of optical stimulation
(once/animal; GFP: 8 mice; ChR2: 8 mice). (E) The optical stimulation hypnograms during the light phase (470 nm, 10 Hz, 4 seconds/60 seconds, 2 hours).
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(F) Time spent in each state throughout 2 hours of light stimulation. (G) MePV¢-BNST-ChR2 mice were subjected to 2 hours of opto-stimulation (10 Hz for
4 seconds with a 56-second interval), and the proportions of waking, NREM, and REM sleep duration were recorded. (H) Track plots for open field test (left).
The open field test included time spent in the center zone and distance traveled (right). The red frame represents the central zone. (1) Heatmaps of the
elevated plus maze test (left) and the time spent on the open/closed arms (right). Mann-Whitney rank sum test for D. Wilcoxon signed rank test, 2-way RM
ANOVA with Holm-5idak post hoc comparison for F-1. n = 8 per group for D and F-1. All error bars represent SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

and we found that the CNO treatment significantly decreased the wakefulness time of the SD group compared
with the non-SD group (Figure 9, C and D). The NREM sleep of the SD group was significantly increased by
the CNO treatment compared with that of the non-SD group (Figure 9, C and D). Five days of SD increased
the REM sleep (Figure 9, C and D), but the CNO treatment did not affect the REM sleep time in both the non-
SD group and the SD group (Figure 9, C and D).

To study the effects of SD on the activity of MePV®" neurons, we recorded the Ca?" signals of
MePVEt neurons from NREM to arousal transitions after 1 day or 5 days of SD (Supplemental Figure
2, E and F). After the first day of SD, the Ca?* signal of MePVS" neurons was decreased during NREM-
wake transitions (Supplemental Figure 2E). However, 5 days after SD, the Ca** signal of MePVS!" neu-
rons was increased during NREM-wake transitions (Supplemental Figure 2F). All these results suggested
that the decreased activity of MePVS" neurons during NREM-wake transitions caused a rebound of
NREM sleep on day 1, and SD-mediated increased activity of MePVS" neurons during NREM-wake
transitions might promote wakefulness after chronic SD.

We next performed behavioral tests and found that inhibiting MePVC" neurons of the SD group did
not affect the locomotion in the open field test compared with the saline group. However, the CNO-injected
mice spent more time in the center in the open field test than the SD-saline group (Figure 9E). The CNO
treatment after the SD could also increase open arm time and decrease closed arm time in the elevated plus
maze test compared with the SD-saline group (Figure 9F). Therefore, inhibition of the MePVS" neurons
reduced anxiety-like behaviors after chronic SD. All these results suggested that the endogenous MePV©
neurons might be involved in SD-mediated obsessive anxiety-like behavior and sleep change. Inhibition of
the MePVS" neurons reduced anxiety-like behaviors after SD and promoted restorative sleep. These results
indicated that MePV" neurons could be potential targets for treating anxiety disorders and insomnia.

Discussion

Exposure to threatening situations increases alertness and arousal response to the conditions. On the other
hand, overactivation of the limbic system that regulates wakefulness could cause hyperarousal (22). Sleep
disruption is frequently present with mental health disorders, such as anxiety disorders, posttraumatic stress
disorder, and depression. Elucidating the neural circuits that regulate physiological arousal in response to
threats is essential for understanding maladaptive emotional states and stress-evoked sleep changes. We
found that MePV®" neurons were activated by threat-evoked awakening from NREM sleep. Excitation
of MePVS" neurons promoted wakefulness and increased anxiety-like behaviors. Different neural circuits
of MePVS" neurons played different roles in regulating anxiety-like behaviors and sleep-wakefulness.
MePVE® neurons promoted wakefulness through the MePVS"*/PMCo and MePVS/BNST pathways but
not through the MePV®"*/VMH pathway. In contrast, MePVS" neurons promoted anxiety-like behaviors
mainly through the MePVS/VMH pathway. Our studies suggested that MePV“" neurons play a role in
regulating anxiety-like behaviors and arousal responses to threatening stimuli. Overactivation of MePV©!
neurons could cause hyperarousal response and obsessive anxiety-like behavior. Chemogenetic inhibition
of MePVC" neurons produced an anxiolytic effect without affecting natural sleep-wake transitions.

After studying the neural circuits that control arousal for threat detection, we explored the adaptive
responses to chronic SD. Chronic passive SD increased anxiety-like behaviors and changed the structure
of sleep, but the underlying mechanisms were barely known. We then explored the effect of chronic SD on
the activity of MePV neurons and downstream neuronal circuits using c-fos immunohistochemical stain-
ing and the fiber photometry. We found that 5 days of SD activated the MePV" neurons and increased
MePVS® neuron—induced responses of PMCo and VMH glutamatergic neurons. However, MePV©" neu-
ron-induced responses of BNST glutamatergic neurons were decreased by SD. We next found that 1-day
SD significantly decreased wakefulness and increased NREM sleep and REM sleep (Figure 9C). Because
the mice were forced to stay awake during the SD, the increased sleep after the SD on day 1 was reparative.

JCl Insight 2024;9(14):e176329 https://doi.org/10.1172/jci.insight.176329 12


https://doi.org/10.1172/jci.insight.176329
https://insight.jci.org/articles/view/176329#sd
https://insight.jci.org/articles/view/176329#sd
https://insight.jci.org/articles/view/176329#sd
https://insight.jci.org/articles/view/176329#sd

A AAV-CaMKlla-hChR2-EYFP or

RESEARCH ARTIC

AAV-CaMKlla-hChR2-EYFP  VMH

eEPSC
Holding potential:-70mV

— ACSF =

— CNQX [

50pA

30ms

= GFP
O ChR2

Glu
AAV-CaMKlla-EYFP MePV©U-ChR2 B ,
@@ LL. 2
MePV VMH
Optical stimulation at 10Hz
c D
Freq.
(Hz)
EEG i L ‘ ‘
|
| |
EMG ] n ! 5 Hz
] 1 —
E 15s F
REM 1 REM 1
NREM - THPJLH{W Hrw W F»Jbﬂ n NREM Uh ‘ln‘ﬁ‘ ‘T‘H.‘mw] ‘_mﬂwj
Wake 1— I ‘ ‘ :THLHUHI Wake .__U”Hm ﬂn "J‘Wﬂ "W”-W L
ZT 0 ZTZ ZT4 ZT6 ZT 0 ZTZ ZT4 ZT6
Fp Optical stimulation ChR2 Optical stimulation
REM 1 REM [
wew nd i oo # % %le e | yify ey HHmHL Wi
e | AT SR iy e
ZT 0 ZT ZT0 ZITZ T ZT6
G -
é 150 2\/ 150
[0} -+ ChR2, baseline S
S ChR2, light 2
- s c
z 100 c'?
€ €
o 2 50 M
& % W &
[0 [0}
£ 0 T E 0 T T T T T T
F ZT1 2T2 ZT3 ZT4 ZT5 ZTe . ZT1 ZT2 ZT3 214 ZT5 ZT6
H ChR2-baseline ChR2-light open field distance
- 30 *
e 2 T ) *
N { ./ P
o ¥ A E 20+
- C — ‘ i 3 o
i 1 1 2 104 =
. . - } ’
L= =04 — o
0 T T
GFP ChR2
450+ *kk
5 *kk
9 300+ s
2 ,
ul s (¥
o LI~ o=
g 150
o
0
-l GFP ChR2

ChR2-baseline ChR2-light

Time spent in each state (%)

i | L] i
10 Hz 15 Hz 20 Hz

LE

frequency (Hz)
150+ O GFP.baseline
[ GPF, light
B ChR2, baseline
1004 M ChR2, light
50 e
’IE' I q
vk
0- =L
wake NREM REM
g 30
§
= 20
£
€
2 10
n
g M
= 0

ZT1 ZT2 ZT3 ZT4 ZT5 ZT6

open field time in the centre

'S
o
1

D *k O baseline
§ *kk - | Iight
S 30+
o
o
£
£
(0]
£
'_

GFP ChR2

180+ ,
Kk 3 baseline
w *kk 3 light
» 120
£
© - <
c X =
L
2 60+ ‘
o X
o G
GFP ChR2

Figure 6. The role of the MePV®"/VMH pathway on wakefulness and anxiety-like behaviors. (A) An optical fiber was implanted into the VMH region of
MePV¢U-ChR2 mice to investigate the function of MePV®“—VMH projection (left). The VMH picture depicted the distribution of ChR2-expressing MePV
glutamatergic terminals as well as the placement of optical fiber (right). Scale bar = 200 pm. (B) Patch-clamp electrophysiology diagram (left). The EPSC
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was generated by 2 Hz laser stimulation in the VMH as seen by voltage-clamp traces (right). (C) An EEG spectrogram and EEG-EMG trace showed that 10
Hz stimulation was administered during NREM sleep. The arrowheads represent 4 (red) and 8 Hz (blue). The color scale represents the raw power spectral
density. Fre., frequency. (D) Latencies to awaken from sleep following varied frequencies of optical stimulation (The stimulation was performed once per
animal; GFP: 8 mice; ChR2: 8 mice). (E) Two-hour optogenetic stimulation hypnograms during the light phase. (F) Time spent in each state throughout

2 hours of light stimulation. (G) MePV®“-VMH-ChR2 mice were subjected to 2 hours of opto-stimulation (10 Hz for 4 seconds with a 56-second interval):
the proportion of waking, NREM, and REM sleep duration. (H) Representative open field test track plots (left). The open field test involved time spent in
the center zone and distance traveled (right). The red frame represents the middle zone. (I) Heatmaps of the EPM test (left) and time spent on the open/
closed arms (right). Mann-Whitney rank sum test for D. Two-way RM ANOVA with Holm-5idak post hoc comparison for F-1. All error bars represent SEM.
D, F, and G: n =7 per group, Hand I: n = 8 per group. *P < 0.05, **P < 0.01, ***P < 0.001.

But from the second day on, the wakefulness increased and NREM sleep decreased (Figure 9C), which
suggested that the mice experienced a significant reduction in reparative sleep, and had a relative increase
in total wakefulness and a relative decrease in NREM sleep duration. We next found that the inhibition of
the MePV®" neurons reduced anxiety-like behaviors, decreased wakefulness, and promoted NREM sleep
after the SD. The endogenous MePVS" neurons might inhibit restorative sleep after chronic SD. These
results indicated that MePVS" neurons could be targets for treating anxiety disorders and sleep disturbance.
Although excitation of MePVS" neurons could decrease REM sleep in normal mice, inhibition of MePV©®
neurons had no effect on REM sleep, with or without the SD. This phenomenon is due to the complexity
and diversity of neural circuit functions. Further investigations should be made to explain it.

Studies have revealed lower alertness to predator odor during REM sleep than in NREM sleep in rats
(23). Previous studies have also demonstrated that the neuronal circuit comprising corticotropin-releasing
factor neurons in the medial subthalamic nucleus regulated awakening from REM sleep by quickly inte-
grating olfactory and visual signals (23). However, some other studies have revealed that acute optogenetic
stimulation of GABAergic neurons in the BNST during NREM sleep causes an immediate transition to
wakefulness. In contrast, stimulation during REM sleep has no impact on the sleep-wakefulness states in
male mice (24). We speculate that regardless of whether the rapid awakening of animals depends on REM
or NREM, it is closely related to the functions of different brain regions and circuits and the stimulus
encountered by animals. In our experiments, sleep-wake transitions were evoked by the loud noise of open-
ing the soundproof door, which mimicked intrusion during sleeping. We found that MePVS" neurons were
selectively active in noise-evoked awakening and from NREM sleep to REM sleep and changed little during
natural NREM-to-wake transitions. Our data are consistent with previous experimental evidence that the
human amygdala was activated during REM (25, 26). Some other studies have shown that REM is neces-
sary for fear memory consolidation (27). Consistent with the result of in vivo calcium imaging recording,
no effects were observed on sleep and wake time in the chemogenetic inhibition of endogenous MePV©t
neurons. However, chemogenetic excitation of MePV®" neurons could promote wakefulness. These results
suggested that endogenous MePV®" neurons might not affect wakefulness in normal states. MePV®" neu-
rons only participated in responding to threats during sleep, and overexcited MePV®" neurons could lead
to insomnia disorders. We also found that inhibiting the MePV®" neurons reduced anxiety-like behaviors,
decreased wakefulness, and promoted NREM sleep after the 5 days of SD. We supposed that there might
be a threshold for these neurons to promote wakefulness. The activity of MePVS" neurons was below the
threshold in the normal mice, and inhibiting these neurons did not cause changes in wakefulness. However,
acute threats or SD could increase neuronal activity exceeding the threshold range and thus promote wake-
fulness. Consistent with this inference, we found that the Ca?* signal of MePVS" neurons was increased
during NREM-to-wake transitions after 5 days of SD (Supplemental Figure 2F). This could also explain
why chemogenetic inhibition of endogenous MePV©" neurons could promote NREM sleep after SD but
could not affect sleep in normal mice.

According to the results of the elevated plus maze test and open field test, chemogenetic excitation
of MePV®" neurons enhanced anxiety-like behaviors, whereas chemogenetic inhibition of MePV®" neu-
rons could alleviate anxiety-like behaviors. The results of fiber photometry during the elevated plus maze
showed high activity of MePV©" neurons when mice tried to explore the open arms, which decreased when
mice entered the closed arms. Similarly, a previous experiment showed an association between anxiety-like
behaviors of rats and c-fos expression in MePV (13). Thus, we speculate that MePVS" neurons influence
anxiety-related behaviors. Previous studies have shown that the PMCo might regulate male reproductive
behavior, social odor, and primary olfactory processing (18, 24). The PMCo has feedback circuit connec-
tivity with the accessory olfactory bulb and dense bilateral connectivity with the Me posterior (18, 28).
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Figure 7. The effects of chemogenetic inhibition of MePV®" neurons on wakefulness and anxiety-like behavior. (A) Schematic of AAV-CaMKlla-hM-
4Di-mCherry/AAV-CaMKlla-mCherry virus injection and the EEG-EMG recordings. (B) Representative pictures of c-fos (green), mCherry (red), and DAPI
(blue) colocalization in the MePV of hM3Dq mice treated with CNO or saline. Scale bar = 500 pum. (C) The 3-hour hypnograms following saline or CNO (1
mg/kg) injections into the AAV-CaMKlla-mCherry mouse (left panel) and the AAV-CaMKlla-hM3Dg-mCherry mouse (right panel). (D) Percentages of
time spent in each condition for MePV-hM4D and MePV-mCherry mice 3 hours after CNO injection. (E) The 6-hour line charts of the AAV-CaMKlla-hM-
3Dg-mCherry mouse (top panel) and the AAV-CaMKIla-mCherry mouse (bottom panel) following saline or CNO (1 mg/kg) injections. (F) Representative
open field test track plots (left). The open field test involved the time spent in the center zone and distance traveled (right). The red frame represents the
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middle zone. (G) Heatmaps of the EPM test (left) and time spent in the open/closed arms (right). Wilcoxon signed rank test, 2-way RM ANOVA with Holm-
Sidak post hoc comparison for D-G. All error bars are SEM. D and E: n = 8 per group, F and G: n = 6 per group. *P < 0.05, **P < 0.01, ***P < 0.001.

However, the functions of PMCo on wakefulness-sleep or anxiety are few. To identify the brain circuits that
generate MePVS:/PMCo pathway—mediated wakefulness, we measured c-fos activity in MePVS*-hM3Dq
mice. Many c-fos—positive cells were identified in multiple brain regions, especially in the PMCo. We thus
investigated the function of the PMCo and found that the MePVS“/PMCo pathway was an important
“gate” for controlling wakefulness but not anxiety-like behaviors. Herein, we found that activation of the
MePVCe/PMCo pathway increased the time spent on open arms in the elevated plus maze test and pro-
moted locomotion in the open field test. Thus, stimulation of the MePV®" terminals in the PMCo could
enhance motor ability. Our studies provided evidence for the study of PMCo in sleep-wake research and
provided groundbreaking direction for subsequent research.

Previous studies have suggested that regulation of anxiety-like behaviors requires the function of the
BNST, whereas excitation of the BNST results in high anxiety-like behaviors (29, 30). Kim et al. identified
that BNST coordinated the modulation of diverse anxiety features in which distinct subregions exert oppo-
site effects in modulating anxiety (31). The BNST GABAergic system played a role in sleep-wakefulness
control, and reward-promoting cholecystokinin-BNST neurons received their dense inputs from the Me,
which provided an essential mechanism underlying the emotional arousal regulation and the pathophysiol-
ogy of insomnia (24, 32, 33). We found that excitation of MePV®" neuronal terminals projecting to BNST
promotes wakefulness. However, the MePVS"/BNST pathway did not participate in the regulation of anxi-
ety-like behaviors. We also found that chronic SD could decrease the responses of BNST glutamatergic neu-
rons induced by optogenetic stimulation of MePV®" neurons. Therefore, the terminals of MePV®" neurons
might regulate wakefulness mainly by controlling glutamatergic neurons of the BNST but not GABAergic
neurons. Otherwise, more complicated microneuronal circuits in the BNST might also play a role in con-
trolling GABAergic neurons. However, there is a need for further investigations to validate these findings.

The GABAergic neural circuits and astrocytes of the VMH regulate anxiety and metabolism (34, 35).
Several studies in related fields have indicated that the Me and the VMH are specific subregions involved in
fear and anxiety caused by predator odor (36, 37). Our data on MePV©"/VMH are consistent with previous
studies. In our experiments, excitation of MePVS" neuronal terminals projecting to VMH increased anxi-
ety-like behaviors with no effect on sleep-wakefulness. It means that neural circuits of MePVS*/VMH may
participate in mouse anxiety caused by predator odor. There is a need for additional studies to investigate
the mechanism underlying neural circuits.

The changes in wake time induced by optogenetic stimulation were more pronounced than changes in
the second hour, as seen in Figure 3E, Figure 4E, and Figure 5E. One explanation is that the stimulation
might produce a short-term effect on arousal that could be quickly compensated for by sleep pressure.
Another possible reason is the fatigue of neurons after long-term excitation. Even if this hypothesis were
true, the neuronal fatigue was short-term. During the experiment, we found that when these neurons were
activated again the next day, they could still quickly promote arousal. Further investigations should be done
on the impact of different durations of optogenetic stimulation on neuronal excitability. We will also con-
duct in-depth explorations of its mechanism in future work.

We found that the Ca?* signal increased dramatically from NREM to REM sleep (Figure 1E) but
dropped from REM to natural wake (Figure 1F). These results suggested that MePVS" neurons might be
active during REM sleep. Though activation of MePVS" neurons could decrease REM sleep (Figure 2D
and Figure 3F), inhibition of MePV®" neurons did not affect NREM and REM sleep (Figure 7). These
inconsistent results illustrated the complexity of neuronal activity in nature. The mechanism by which
MePVC" neurons regulate REM sleep might be as follows: There was a threshold for these neurons to
promote the REM sleep transition. Below the threshold activity, although the transition to REM sleep
might cause an increase in the activity of these neurons, it was only a concomitant activity and might not
participate in determining the REM sleep transition. Therefore, inhibiting these neurons did not cause
changes in REM sleep. However, if these neurons were highly activated by the optogenetic stimulation, the
increased neuronal activity exceeding the threshold range would cause a decrease in REM sleep. Another
possible reason was that a reduction in NREM sleep mediated by optogenetic stimulation would also lead
to a reduction in the transitions from NREM to REM.
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Figure 8. The effects of sleep deprivation on the activity of MePV neurons and the MePV-related neuronal circuits. (A) The expression of c-fos in the
MePV of C57BL/6) mice following a 5-day sleep deprivation (SD) paradigm. Representative immunostaining images of c-fos+ cells in the MePV (A), VMH (B),
PMCo (C), and BNST (D) of control and SD mice. (E) Left panel, experimental scheme of bilateral virus injection into the MePV and VMH. Middle panel, the
heatmap for the calcium signal of VMH glutamatergic neurons before SD or after SD. The representative transitions (lights off to lights on) of the changes

in color-coded fluorescence intensity before SD or after SD (n = 5, 50 trials). Right panel, the mean value (red trace or blue trace) represents the average
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responses of all the transitions (SEM: red shading or blue shading). (F) Left panel, experimental scheme of bilateral virus injection into the MePV and PMCo.
Middle panel, color-coded fluorescence intensity changes of the representative shifts from the lights-off phase to the light-on phase before SD or after

SD (n =5, 45 trials). Right panel, the mean value (red trace or blue trace) represents the average responses of all the transitions (SEM: red shading or blue
shading). (G) Left panel, experimental scheme of bilateral virus injection into the MePV and BNST. Middle panel, a shift in color-coded fluorescence intensity
illustrates the representative transition from the lights-off phase to the light-on phase before SD or after SD (n = 5, 47 trials). Right panel, the mean value
(red trace or blue trace) represents the average responses of all the transitions (SEM: red shading or blue shading). Data are presented as mean + SEM.

There might be different subclasses of MePVS" neurons responsible for different functions, because
5 days of SD could lead to a decrease in NREM sleep, an increase in REM sleep, and an increase in
anxiety-like behaviors. Inhibiting these neurons reduced anxiety-like behaviors and promoted NREM
sleep but did not affect the changes in REM sleep after SD. These results suggested that the REM-related
neurons might be a different subclass than those that regulate NREM sleep and anxiety-like behaviors.
MePVE" neurons involved in REM sleep regulation might have other compensatory neural projections
or even more complex neural circuit mechanisms, requiring further study. This also pointed out the direc-
tion for our subsequent research.

In summary, our findings suggest that the endogenous MePVS"® neurons play a role in anxiety-related
behaviors, but activation of MePV©" neurons could cause hyperarousal response and obsessive anxiety-like
behavior. Our study might provide critical underlying mechanisms for insomnia and anxiety disorders. In
addition, this study provides a perspective on treating anxiety disorders.

Methods

Sex as a biological variable. Male C57BL/6J wild-type mice were used for the experiments. Previous findings
showed that the high hormone phase of proestrus in female mice increased wakefulness and decreased both
NREM and REM sleep compared with other estrous phases and in males (38).

Animals. All animal experiments were conducted in strict adherence to guidelines by the National Research
Council Guide for the Care and Use of Laboratory Animals (National Academies Press, 2011). C57BL/6J (Beijing
Vital River Laboratory Animal Technology Co., Ltd.) wild-type mice (male, weighing 25-30 g, and aged
8-12 weeks) were randomly chosen and used for the experiments. All mice were housed under a controlled
environment, at a constant temperature of 22 + 2°C, 50%—-60% humidity, and a 12-hour light/12-hour dark
cycle that began at ZT 0. The animals were allowed unrestricted access to food and water. All behavioral tests
were performed during the light cycle between 9000 hours and 1700 hours. Both the number of mice used and
suffering were kept to a minimum.

Virus injection. The projection targets were set as follows: MePV: anteroposterior (AP): —1.58 mm,
mediolateral (ML): 2.02 mm, dorsoventral (DV): —5.50 mm; BNST: AP = -0.25 mm, ML = +0.75 mm,
DV =-3.80 mm; VMH: AP =-1.45 mm, ML = £0.55 mm, DV =-5.60 mm; PMCo: AP =-2.80 mm, ML
= +2.95 mm, DV = -5.50 mm. The virus was injected using a micropipette with a 20 um aperture fitted
with the Auto-Nanoliter Injector (Harvard Apparatus) at a rate of 10 nL/min. After microinjection, the
micropipette was placed and held for 10 minutes to ensure vector diffusion, then gently removed. Detailed
information is provided in Supplemental Methods.

EEG-EMG recordings and analysis. Detailed information is provided in Supplemental Methods.

Fiber photometry. Preoperative preparations for implantation of the optic fibers were performed as
described above, 2 weeks following virus injection. The mice were implanted with optical fibers with a
200 um diameter and a numerical aperture (NA) of 0.37 (Inper Tech). Briefly, the fiber was first carefully
dropped over the MePV (bregma coordinates: AP = 1.58 mm; ML = +2.02 mm; DV = —5.35 mm). Other
fiber positions were set as follows: BNST: AP = -0.25 mm, ML = £0.75 mm, DV = -3.80 mm; VMH: AP
=-1.45 mm, ML = %0.55 mm, DV = -5.60 mm; PMCo: AP = -2.80 mm, ML = +2.95 mm, DV = -5.50
mm. Then the mice were implanted with EEG electrodes as described above. Next, the fiber was attached
to the surface of the skull using a small coating of Nissin Super-Bond C&B dental cement, and then a sec-
ond coat of regular dental cement was used to securely bind the fiber. The mice were kept separately after
surgery to ensure proper recovery.

For fiber photometry tests, detailed information is provided in Supplemental Methods. We primarily
recorded the Ca?* dynamics at 2 event-related time intervals during the elevated plus maze tests for the Ca**
signal analysis: (A) when the mice reached the open arms and (B) when they made their way back to the
closed arms. We also captured the Ca?* signal 10 seconds before and 10 seconds after the events.
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Figure 9. Inhibiting MePV®" neurons with a chemogenetic agent decreases wakefulness and induces an anxiolytic effect on the mice treated with SD.
(A) Schematic of AAV-CaMKIla-hM4Di-mCherry/AAV-CaMKlla-mCherry virus injection and the EEG-EMG recordings. (B) Representative pictures of virus
(red), DAPI (blue), and colocalization in the MePV of hM3Dg mice. (C) Upper panel, schematic diagram of the experimental process. Mice were subjected
to SD from day 1to day 5. On day 6, mice were given saline or CNO separately. We recorded and examined EEG and EMG data for 6 hours immediately after
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mice). Lower panel, the statistical analysis results of wakefulness time, NREM sleep time, and REM sleep time for 6

days. (D) The statistical analysis results of wakefulness time, NREM sleep time, and REM sleep time on day 6 (n = 5 mice). (E) Representative traces of

open field test (left). The red frame

represents the middle zone. The statistical analysis results of open field tests involved distance traveled and the time

spent in the center zone (right) (mCherry: n = 12 mice; hM4Di: n = 12 mice). (F) Heatmaps of the EPM test (left) and time spent on the EPM open/closed
arms (right). Statistical significance was determined using the 2-way RM ANOVA. Data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

We primarily recorded Ca?* dynamics at 6 event-related periods during the wake-sleep experiments as
follows: (A) NREM - threat-evoked awakening, (B) NREM-REM, (C) REM-natural wake, (D) NREM-nat-
ural wake, (E) REM-microarousal-NREM, and (F) NREM-microarousal-NREM. The Ca?* signal was cap-
tured 30 seconds before until 30 seconds after the events. For threat-evoked awakening, sleep-wake transi-
tions were elicited by the jarring sound of opening the soundproof door to the recording chamber, which
mimicked an intruder’s stimulus while the mice were asleep.

Fiber ferrule implantation. Implantation of the fiber ferrule was performed 2 weeks after virus injection
using the procedure described above. Summarily, mice were implanted with an optical fiber ferrule (diam-
eter: 200 um, NA: 0.37, Inper Tech) above the MePVS" neurons for optical stimulation (same coordinates
as fiber photometry). To stimulate MePV output projections, fiber ferrules were implanted into the VMH
nucleus, BNST, and PMCo. Fiber positions were set as follows: MePV: AP = 1.58 mm; ML = +2.02 mm,;
DV = -5.0 mm; BNST: AP =-0.25 mm, ML = £0.75 mm, DV = -3.30 mm; VMH: AP =-1.45 mm, ML
= £0.55 mm, DV =-5.10 mm; PMCo: AP = -2.80 mm, ML = £2.95 mm, DV = -5.0 mm.

Optical stimulation. Mice were hooked up to optical cables, 5 days after implantation of EEG-EMG
electrodes, then allowed at least 2 days to acclimatize to the recording box. A waveform generator was used
to control lasers that emit blue light at 473 nm (Thinker Tech). Next, a 473 nm laser’s output power at the
fiber’s tip was measured between 5 and 8 mW using an optical power meter (PM 100D, Thorlabs). During
NREM or REM sleep, random pulses of 473 nm light of 10 ms width at 5 to 20 Hz were administered to
optogenetically excite MePV®" neurons and MePV projections. The EEG-EMG signal was visually mon-
itored in real time, and optical stimulation was applied after the onset of stable NREM sleep (~5 minutes
from onset) until awake or until 60 seconds passed. If the mouse did not wake up within 60 seconds, the
latency period was defined as 60 seconds. We used the sleeping posture (curled up, still, and eyes closed)
and the EEG-EMG of the mouse to determine whether the mouse had entered sleep. The NREM-REM
transitions occurred during sleep. About 5 minutes after the mouse entered sleep, the new onset of NREM
sleep was chosen, and the optical stimulus was delivered. For extended stimulation, from ZT 2 to ZT 4, 4
seconds in every minute and 10 ms width pulses at 10 Hz were used. Blue light stimulation (wavelength:
470 nm; frequency: 10 Hz; width: 10 ms; power: 5-8 mW) was administered through the optical cannula
during the experimental stage of the elevated plus maze or open field test. All optogenetic experiments were
performed between ZT 2 and ZT 10.

Elevated plus maze. Mice were allowed to acclimatize to the testing space for 30 minutes and then put on
the raised plus maze. The elevated plus maze comprised 3 sections as follows: 2 opposed closed arms (50
% 10 cm each) with 40 cm tall opaque walls, 2 opposite open arms (50 X 10 cm each), and a middle section
(10 x 10 cm). Additionally, the experimental equipment was raised 50 cm above the ground. The animals
were initially positioned in the labyrinth facing the closed arm, and then the time spent on open and closed
arms was recorded over a 5-minute period. After the trial, the experimental box was cleaned of mouse
waste and treated with ethanol on cotton to get rid of the scent of the preceding mouse. Less exploration on
open arms is linked to anxiety-related behaviors (39, 40).

Open field test. Mice were given at least 30 minutes to get used to the testing room, positioned in the cor-
ner of the opening experimental box (50 cm X 50 cm X 40 cm), and watched for 5 minutes. Average move-
ment speeds (mm/s) and total lengths traveled (m) throughout the center period were measured. After the
trial, the experiment box was cleaned of mouse waste and treated with cotton soaked in ethanol to remove
the scent of the preceding mouse. Less center area exploration is linked to anxiety-related behaviors.

Electrophysiological analysis. The patch-clamp recording was performed as previously described (41, 42).
Detailed information is provided in Supplemental Methods.

Histology. Immunohistochemistry was performed as described previously (43, 44). Detailed informa-
tion is provided in Supplemental Methods.

SD. SD was achieved from day 1 to day 5 using an automated SD system as described previously (45,
46) Detailed information is provided in Supplemental Methods.
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Statistics. Data were presented as mean + SEM. Sample sizes were calculated based on past pub-
lications using optogenetic and chemogenetic approaches to investigate the sleep-wake circuitry (43,
44). The normality of each data set was initially assessed using the Shapiro-Wilk test, and those that
conformed to a normal distribution were subjected to parametric analyses. We used paired or unpaired
2-tailed ¢ tests to compare the means between the 2 groups. Non-normally distributed data sets were
analyzed using the Mann-Whitney rank sum or the Wilcoxon signed rank tests. Comparisons across 3 or
more groups were performed using 1-way ANOVA test or 2-way ANOVA test, followed by Holm-Sidak
post hoc test. All statistical analyses were performed using SPSS 26.0, GraphPad Prism 9.0, or Matlab
R2018a where necessary. Statistical significance was set at P < 0.05.

Study approval. All experiments were approved by the Institute of Animal Care Committee at Wuhan
University’s Zhongnan Hospital in Wuhan, Hubei Province, China.

Data availability. All data needed to evaluate the conclusions in the paper are present in the paper and/
or the supplement. Values for all data points shown in graphs and behind any reported means are available
in the Supporting Data Values.

Author contributions

HX, LB, PC, and Ying Li conceived the study; YD, Ying Li, and YZ developed methodology; YD, Ying L1,
YZ, DX, XZ, Yue Li, Yidan Li, MC, YW, JZ, LW, and YC investigated; Ying Li and LB wrote the original
draft; HX, LB, and PC reviewed and edited the manuscript; HX and LB acquired funding; HX and LB
provided resources; and HX, LB, and PC supervised.

Acknowledgments

We appreciate Tian-ming Gao for his helpful advice and technological support. This work received
financial support from the National Natural Science Foundation of China (under Grants 82271960 and
22327901), the National Key Research and Development Plan of China (Project 2017YFC0108803),
the funds for the Hubei Province Natural Science Foundation (2020CFB593) and the key project of
the Hubei Provincial Health and Health Committee Joint Fund (Project WJ 2019H058), the National
Natural Science Foundation of China and the Swedish International Cooperation Fund for Research
and Education (NO. 8201101416), the Scientific Research Project of Traditional Chinese Medicine of
Hubei Province (Z2Y2023Q032), Research Grant of Guangdong Province Key Laboratory of Psychiat-
ric Disorders (N202301), and Hubei Provincial Engineering Research Center of Multimodal Medical
Imaging Technology and Clinical Application, Wuhan clinical research and development center of
brain resuscitation and functional imaging.

Address correspondence to: Peng Cao, Science Park Road 7, Zhongguancun Life Science Park, Beijing
100193, China. Email: caopeng@nibs.ac.cn. Or to: Linlin Bi, Donghu Road 115, Wuchang District,
‘Wauhan 430071, China. Email: linlinbi2016@whu.edu.cn. Or to: Haibo Xu, Donghu Road 169, Wuchang
District, Wuhan 430077, China. Email: xuhaibo@whu.edu.cn.

—

. Junhong Y, et al. Sleep correlates of depression and anxiety in an elderly Asian population. Psychogeriatrics. 2016;16(3):191-195.

N

Scarpa JR, et al. Cross-species systems analysis identifies gene networks differentially altered by sleep loss and depression. Sci

Adpy. 2018;4(7):eaat1294.

. Kalmbach DA, et al. The impact of stress on sleep: pathogenic sleep reactivity as a vulnerability to insomnia and circadian dis-

orders. J Sleep Res. 2018;27(6):e12710.

Foster RG. Sleep, circadian rhythms and health. Interface focus. 2020;10(3):20190098.

Lang PJ, McTeague LM. The anxiety disorder spectrum: fear imagery, physiological reactivity, and differential diagnosis. Anxi-

ety Stress Coping. 2009;22(1):5-25.

. Jansson-Frojmark M, Lindblom K. A bidirectional relationship between anxiety and depression, and insomnia? A prospective
study in the general population. J Psychosom Res. 2008;64(4):443-449.

. T GC, Sabino CN. The many paths to fear. Nat Rev Neurosci. 2012;13(9):651-658.

Kennedy A, et al. Stimulus-specific hypothalamic encoding of a persistent defensive state. Nature. 2020;586(7831):730-734.

. Bian X. Physiological and morphological characterization of GABAergic neurons in the medial amygdala. Brain Res.
2013;1509:8-19.

10. Niimi K, et al. Heterogeneous electrophysiological and morphological properties of neurons in the mouse medial amygdala in
vitro. Brain Res. 2012;1480:41-52.

. Bian X, et al. Cortical-like functional organization of the pheromone-processing circuits in the medial amygdala. J Neurophysiol.

2008;99(1):77-86.

w

el

(=)}

~

© o

1

—_

JCl Insight 2024;9(14):e176329 https://doi.org/10.1172/jci.insight.176329 21


https://doi.org/10.1172/jci.insight.176329
https://insight.jci.org/articles/view/176329#sd
mailto://caopeng@nibs.ac.cn
mailto://linlinbi2016@whu.edu.cn
mailto://xuhaibo@whu.edu.cn
https://doi.org/10.1111/psyg.12138
https://doi.org/10.1126/sciadv.aat1294
https://doi.org/10.1126/sciadv.aat1294
https://doi.org/10.1111/jsr.12710
https://doi.org/10.1111/jsr.12710
https://doi.org/10.1098/rsfs.2019.0098
https://doi.org/10.1080/10615800802478247
https://doi.org/10.1080/10615800802478247
https://doi.org/10.1016/j.jpsychores.2007.10.016
https://doi.org/10.1016/j.jpsychores.2007.10.016
https://doi.org/10.1038/nrn3301
https://doi.org/10.1038/s41586-020-2728-4
https://doi.org/10.1016/j.brainres.2013.03.012
https://doi.org/10.1016/j.brainres.2013.03.012
https://doi.org/10.1016/j.brainres.2012.08.050
https://doi.org/10.1016/j.brainres.2012.08.050
https://doi.org/10.1152/jn.00902.2007
https://doi.org/10.1152/jn.00902.2007

12.

13.

14.

15.

16.

17.

18.

1

\O

20.

2

—_

22.
23.

24.
25.
26.

27.
. DiBenedictis BT, et al. A quantitative comparison of the efferent projections of the anterior and posterior subdivisions of the

2

oo

2

Ned

30.

3

—

32.

3

@

34.

3

[

36.

3

~

38.
39.

40.

41.

42.

4

9]

4

W

RESEARCH ARTICLE

Choi GB, et al. Lhx6 delineates a pathway mediating innate reproductive behaviors from the amygdala to the hypothalamus.
Neuron. 2005;46(4):647-660.

Vanderhaven MW, et al. The orexin-1 receptor antagonist SB-334867 decreases anxiety-like behavior and c-Fos expression in the
hypothalamus of rats exposed to cat odor. Behav Brain Res. 2015;278:563-568.

Dielenberg RA, et al. “When a rat smells a cat”: the distribution of Fos immunoreactivity in rat brain following exposure to a
predatory odor. Neuroscience. 2001;104(4):1085-1097.

Miller SM, et al. Divergent medial amygdala projections regulate approach-avoidance conflict behavior. Nat Neurosci.
2019;22(4):565-575.

Cheung CC, et al. Sex-dependent changes in metabolism and behavior, as well as reduced anxiety after eliminating ventromedi-
al hypothalamus excitatory output. Mol Metab. 2015;4(11):857-866.

Jose R-R L, et al. Prepronociceptin-expressing neurons in the extended amygdala encode and promote rapid arousal responses
to motivationally salient stimuli. Cell Rep. 2020;33(6):108362.

Oboti L, et al. Amygdala corticofugal input shapes mitral cell responses in the accessory olfactory bulb. eNeuro.
2018;5(3):ENEURO.0175-18.2018.

.Renouard L, et al. The supramammillary nucleus and the claustrum activate the cortex during REM sleep. Sci Adv.

2015;1(3):e1400177.
J SV, et al. Cortical-subcortical structural connections support transcranial magnetic stimulation engagement of the amygdala.
Sci Adv. 2022;8(25):eabn5803.

.Ying L, et al. Distinct hypothalamic paraventricular nucleus inputs to the cingulate cortex and paraventricular thalamic nucleus

modulate anxiety and arousal. Front Pharmacol. 2022;13:814623.

Khazaie H, et al. Sleep disturbances in veterans with chronic war-induced PTSD. J Inj Violence Res. 2016;8(2):99-107.

Tseng YT, et al. The subthalamic corticotropin-releasing hormone neurons mediate adaptive REM-sleep responses to threat.
Neuron. 2022;110(7):1223-1239.

Kodani S, et al. Excitation of GABAergic neurons in the bed nucleus of the stria terminalis triggers immediate transition from
non-rapid eye movement sleep to wakefulness in mice. J Neurosci. 2017;37(30):7164-7176.

Corsi-Cabrera M, et al. Human amygdala activation during rapid eye movements of rapid eye movement sleep: an intracranial
study. J Sleep Res. 2016;25(5):576-582.

Wellman LL, et al. Regulation of dark period sleep by the amygdala: a microinjection and optogenetics study. Brain Res.
2022;1781:147816.

Menz MM, et al. The role of sleep and sleep deprivation in consolidating fear memories. Neuroimage. 2013;75:87-96.

medial amygdala in female mice. Brain Res. 2014;1543:101-108.

. Kalin NH, et al. Brain regions associated with the expression and contextual regulation of anxiety in primates. Biol Psychiatry.

2005;58(10):796-804.
Sullivan GM, et al. Lesions in the bed nucleus of the stria terminalis disrupt corticosterone and freezing responses elicited by a
contextual but not by a specific cue-conditioned fear stimulus. Neuroscience. 2004;128(1):7-14.

. Sung-Yon K, et al. Diverging neural pathways assemble a behavioural state from separable features in anxiety. Nature.

2013;496(7444):219-223.
Giardino W], et al. Parallel circuits from the bed nuclei of stria terminalis to the lateral hypothalamus drive opposing emotional
states. Nat Neurosci. 2018;21(8):1084-1095.

. Giardino WJ, Pomrenze MB. Extended amygdala neuropeptide circuitry of emotional arousal: waking up on the wrong side of

the bed nuclei of stria terminalis. Front Behav Neurosci. 2021;15:613025.
Yang F, et al. A GABAergic neural circuit in the ventromedial hypothalamus mediates chronic stress-induced bone loss. J Clin
Invest. 2020;130(12):6539-6554.

. Yunhui L, et al. Astrocytes in the ventromedial hypothalamus involve chronic stress-induced anxiety and bone loss in mice. Neu-

ral Plast. 2021;2021:7806370.
Pérez-Gomez A, et al. Innate predator odor aversion driven by parallel olfactory subsystems that converge in the ventromedial
hypothalamus. Curr Biol. 2015;25(10):1340-1346.

.Rosen JB, et al. The smell of fear: innate threat of 2,5-dihydro-2,4,5-trimethylthiazoline, a single molecule component of a pred-

ator odor. Front Neurosci. 2015;9:292.

Swift KM, et al. Sex differences within sleep in gonadally intact rats. Sleep. 2019;43(5):2s2289.

Gao F, et al. Elevated prelimbic cortex-to-basolateral amygdala circuit activity mediates comorbid anxiety-like behaviors associ-
ated with chronic pain. J Clin Invest. 2023;133(9):e166356.

YiHua C, et al. Distinct projections from the infralimbic cortex exert opposing effects in modulating anxiety and fear. J Clin
Invest. 2021;131(14):e145692.

Wang X, et al. A novel MicroRNA-124/PTPN1 signal pathway mediates synaptic and memory deficits in Alzheimer’s disease.
Biol Psychiatry. 2018;83(5):395-405.

Ming C, Lin-Lin B. Optogenetic long-term depression induction in the PVT-CeL circuitry mediates decreased fear memory. Mol
Neurobiol. 2019;56(7):4855-4865.

.Ren §, et al. The paraventricular thalamus is a critical thalamic area for wakefulness. Science. 2018;362(6413):429-434.
44,

Yu X, et al. GABA and glutamate neurons in the VTA regulate sleep and wakefulness. Nat Neurosci. 2019;22(1):106-119.

. Bian W1, et al. Adolescent sleep shapes social novelty preference in mice. Nat Neurosci. 2022;25(7):912-923.
46.

K YR, et al. Differential effect of sleep deprivation on place cell representations, sleep architecture, and memory in young and
old mice. Cell Rep. 2021;35(11):109234.

JCl Insight 2024;9(14):e176329 https://doi.org/10.1172/jci.insight.176329 22


https://doi.org/10.1172/jci.insight.176329
https://doi.org/10.1016/j.neuron.2005.04.011
https://doi.org/10.1016/j.neuron.2005.04.011
https://doi.org/10.1016/j.bbr.2014.10.028
https://doi.org/10.1016/j.bbr.2014.10.028
https://doi.org/10.1016/S0306-4522(01)00150-6
https://doi.org/10.1016/S0306-4522(01)00150-6
https://doi.org/10.1038/s41593-019-0337-z
https://doi.org/10.1038/s41593-019-0337-z
https://doi.org/10.1016/j.molmet.2015.09.001
https://doi.org/10.1016/j.molmet.2015.09.001
https://doi.org/10.1016/j.celrep.2020.108362
https://doi.org/10.1016/j.celrep.2020.108362
https://doi.org/10.1523/ENEURO.0175-18.2018
https://doi.org/10.1523/ENEURO.0175-18.2018
https://doi.org/10.1126/sciadv.1400177
https://doi.org/10.1126/sciadv.1400177
https://doi.org/10.1126/sciadv.abn5803
https://doi.org/10.1126/sciadv.abn5803
https://doi.org/10.3389/fphar.2022.834113
https://doi.org/10.3389/fphar.2022.834113
https://doi.org/10.1016/j.neuron.2021.12.033
https://doi.org/10.1016/j.neuron.2021.12.033
https://doi.org/10.1523/JNEUROSCI.0245-17.2017
https://doi.org/10.1523/JNEUROSCI.0245-17.2017
https://doi.org/10.1111/jsr.12415
https://doi.org/10.1111/jsr.12415
https://doi.org/10.1016/j.brainres.2022.147816
https://doi.org/10.1016/j.brainres.2022.147816
https://doi.org/10.1016/j.neuroimage.2013.03.001
https://doi.org/10.1016/j.brainres.2013.10.046
https://doi.org/10.1016/j.brainres.2013.10.046
https://doi.org/10.1016/j.biopsych.2005.05.021
https://doi.org/10.1016/j.biopsych.2005.05.021
https://doi.org/10.1016/j.neuroscience.2004.06.015
https://doi.org/10.1016/j.neuroscience.2004.06.015
https://doi.org/10.1038/nature12018
https://doi.org/10.1038/nature12018
https://doi.org/10.1038/s41593-018-0198-x
https://doi.org/10.1038/s41593-018-0198-x
https://doi.org/10.3389/fnbeh.2021.613025
https://doi.org/10.3389/fnbeh.2021.613025
https://doi.org/10.1172/JCI136105
https://doi.org/10.1172/JCI136105
https://doi.org/10.1016/j.cub.2015.03.026
https://doi.org/10.1016/j.cub.2015.03.026
https://doi.org/10.3389/fnins.2015.00292
https://doi.org/10.3389/fnins.2015.00292
https://doi.org/10.1093/sleep/zsz289
https://doi.org/10.1172/JCI166356
https://doi.org/10.1172/JCI166356
https://doi.org/10.1172/JCI145692
https://doi.org/10.1172/JCI145692
https://doi.org/10.1016/j.biopsych.2017.07.023
https://doi.org/10.1016/j.biopsych.2017.07.023
https://doi.org/10.1007/s12035-018-1407-z
https://doi.org/10.1007/s12035-018-1407-z
https://doi.org/10.1126/science.aat2512
https://doi.org/10.1038/s41593-018-0288-9
https://doi.org/10.1038/s41593-022-01076-8
https://doi.org/10.1016/j.celrep.2021.109234
https://doi.org/10.1016/j.celrep.2021.109234

	Graphical abstract

