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Hypothalamus-sympathetic-liver axis
mediates the early phase of stress-induced
hyperglycemia in the male mice

Ling Liu1,2,3,8, Zhaohuan Huang 1,2,8, Jian Zhang 3,8, Mengtian Wang1,4,
Ting Yue3, Wei Wang1, Yue Wu1, Zhi Zhang 3,5, Wei Xiong 2,6, Chao Wang 6,
Feng Wu2,4, Cheng Zhan 7, Guoqiang Bi 2,3 & Ji Liu 1,2,3,4

Rapid glucose supply is crucial for animal survival during stress response. How
the timescale of stress-induced glucose release precisely controlled by hypo-
thalamic corticotropin-releasing hormone (CRH) neurons remains unclear.
Here, we show that stress-induced hyperglycemia can be divided into at least
two stages in male mice: the first fast stage is mediated by hypothalamus
(paraventricular to ventromedial hypothalamus)-sympathetic (raphe pallidus
nucleus to intermediolateral nucleus)-liver (HSL) axis activity; the second
delayed stage is mediated by adrenal activity. Blocking the activity of HSL axis
impairs predatory evoked flight responses, indicating that the HSL pathway
activity is necessary for stress coping.We further reveal the intracellular signal
cascade for CRH signal in the hypothalamus, which is mediated by GABAA

receptor β3 subunit phosphorylation at S408/409, results in prevention of
GABAA receptor membrane recruitment. Thus, we uncovered the precise
timescale of glucose supply during stress which is mediated by adrenal inde-
pendent HSL and adrenal dependent pathway respectively.

When facing stressors, the central nervous system initiates a signaling
cascade through the hypothalamus-pituitary-adrenal (HPA) and
sympathetic-adrenal-medullary (SAM) axes to coordinate the appro-
priate cellular response with the primary outcome of increasing blood
glucose levels1. Both the HPA and SAM axes are thought to mediate
stress-induced hyperglycemia, by releasing hormones from the
adrenal, i.e., corticosterone, epinephrine, and norepinephrine, and

secondarily effect on glucose release2–6. However, it usually takes
10–45min to reach the peak of corticosterone levels in circulation
regarding different stressors7,8, which does not fit the ‘fight-or-flight’
model because the body needs to mobilize the energy supply imme-
diately after acute stress, such as a predator. While epinephrine med-
iates a relatively quick release of glucose, yet a couple ofminutes to
induce blood glucose increase by administrating intravenously9–11.
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Thus, it is important to understand the timescale of glucose supply and
whether there is an alternative pathway that mediates even faster
glucose release during stress.

Components of the glucose homeostasis system include humoral
and neural signals12. The humoral signals mediated stress-induced
hyperglycemia is relatively clear, which is dependent on adrenal
activity1,2,5. Yet how the neural pathway regulates glucose release
during stress response remains largely unknown. Corticotropin-
releasing hormone (CRH) neurons in the paraventricular nucleus of
the hypothalamus (PVN) play a central role in the regulation of HPA
axis activity, which stimulates adrenocorticotropic hormone release
and results in the release of corticosteroids from the adrenal gland13.
The neuropeptide CRH orchestrates neuroendocrine stress signaling
via two G protein-coupled receptor subtypes, CRH receptor subtype 1
(CRHR1) and CRH receptor subtype 2 (CRHR2), which are distributed
widely in the hypothalamus14,15. The hypothalamus is an important
metabolic center for “gut-brain” activity regulation and has been well
characterized in terms of its function in glucose metabolism2,12,16–19.
However, whether hypothalamic CRH signaling and which CRHR is
involved in regulating glucose metabolism remains enigmatic.

In this study, we investigated the time windows for adrenal-
dependent and adrenal-independent regulation of stress-induced
hyperglycemia. We then applied virus tracing and optogenetic
manipulations to reveal the neural pathway initiated from the PVNCRH

to the sympathetic nervous system, which is involved in regulating
glucose homeostasis during the stress response. Finally, we used
electrophysiology to explore the intracellular signaling pathway upon
CRH receptor activation in the ventromedial hypothalamus (VMH).

Results
CRH regulated both rapid and delayed glucose releases during
acute stress
When facing a stressor, CRH neurons in the PVN are activated, which
results in corticosterone release from the adrenal gland.We first asked
whether CRH neurons in the PVN regulate glucose levels. To avoid
feeding-induced variation of blood glucose, we fasted the testingmice
for 12 hours before experiments. First, we expressed excitatory
DREADDs, hM3Dq, in the PVNby injectingCre-recombinasedependent
AAV-(doublefloxed invertedopen reading frame)DIO-hM3Dq intoCrh-
Cre mice (Fig. 1a). Administration of the DREADD ligand clozapine-N-
oxide (CNO) significantly increased firing rate of CRHneurons (Fig. 1a),
and c-fos expression in CRH neurons (Supplementary Fig. 1a–c).
Intraperitoneally injecting CNO resulted in an increase in blood
glucose levels in the experimental group compared to the control
group, which expressed AAV-DIO-mCherry in CRH neurons (Fig. 1b).
To further confirm the results, we used an optogenetic approach by
expressing AAV-DIO-ChR2-GFP into the PVN region of Crh-Cre trans-
genicmice, intowhich opticalfibers hadbeen implanted (bilaterally) in
the PVN region (Fig. 1c, Supplementary Fig. 1d). As expected, in vitro
electrophysiological recordings in brain slices showed increased
activity of PVNCRH neurons when exposed to blue light (Fig. 1c, Sup-
plementary Fig. 1e). Consistent with the chemogenetic data, optical
stimulation of CRH neurons caused significant increases in blood
glucose levels, and corticosterone levels as well (Fig. 1d, Supplemen-
tary Fig. 1f, g), suggesting that activation of PVNCRH neuronswas indeed
able to regulate glucose levels.

If PVNCRH is involved in the regulation of glucose levels, the next
question is whether CRH is necessary to regulate glucose release
during stress response. Physical stressors (e.g., lipopolysaccharide,
LPS, injection, footshock, and tail clip) are commonly used in mouse
studies. To investigate the rapid and slow time windows of glucose
response during stress, we define the timepoint immediately after
stress as “fast glucose” and the timepoint of 30 min after stress as
“delayed glucose”. Considering that LPS did not induce hyperglycemia
within a rapid time window (Supplementary Fig. 1h, i), we used a

footshock stressor to determinewhether stress-induced glucose levels
are dependent on CRH activation. To do so, we expressed AAV-DIO-
eNpHR-GFP into the PVN region of Crh-Cre mice, and implanted
bilateral optic fibers at the same position (Fig. 1e, Supplementary
Fig. 1j). When exposed to 589 nM light, CRH neuronal activity was
decreased as expected (Fig. 1f). Suppression of CRH neuronal activity
inhibited footshock stress-induced hyperglycemia for both fast glu-
cose and delay glucose when compared to the control group, which
expressed AAV-DIO-EGFP in the CRH neurons (Fig. 1g). Our results
showed that PVNCRH activation is necessary for regulating glucose
levels at both early and later stages of acute stress.

CRH-initiated activation of the HPA axis is dependent on adrenal
activity. To test whether adrenal activity is necessary for glucose
release during acute stress, we performed adrenalectomy (ADX) to
remove the possible adrenal hormones release (Fig. 1h). As expected,
corticosterone (CORT) levels were not changed during footshock
stress in the ADX mice (Supplementary Fig. 1k, l). Footshock stress
increased fast blood glucose levels for both sham and ADX groups
when compared with baseline (Fig. 1i). Previous studies indicated that
ADXmay affect stress-induced glucose levels20,21, here we showed that
ADX did suppress glucose rising for delayed glucose (Fig. 1i), sug-
gesting that adrenal activity is required for stress-induced glucose at
later phase. Interestingly, when compared with the control group,
whichwerewithout stress, the early phase of glucose levels was higher
in both sham and ADX groups (Fig. 1i), suggesting that adrenal activity
is not necessary for fast glucose release.

Considering that many adrenal hormones will be release during
stress, we used corticosterone receptor-specific antagonist,
CORT108297, and mifepristone to specifically block the reaction of
CORT during stress. Again, we found that CORT108297 and mifepris-
tone can only suppress stress-induced delay glucose response but not
fast glucose levels (Fig. 1j, k, Supplementary Fig. 1m, n). Thus, our data
suggested that beyond the HPA axis-dependent glucose response,
there may be an alternative pathway that mediates rapid glucose
release during the stress response independent of adrenal activity.

PVNCRH-VMH projection is required for rapid glucose release
during stress
To explore the possible downstream targets of CRH neurons, we
chemogenetically activated PVNCRH neurons and performed immu-
nostaining for c-Fos, a neuronal activity marker (Fig. 2a). As showed
above, stimulation of PVNCRH neurons significantly increased c-Fos-
positive cell numbers in PVNCRH neurons (Supplementary Fig. 1a–c).
Interestingly, we also found increased c-Fos expression in the VMH
(Fig. 2b, c). Steroidogenic factor 1 (SF-1) is an orphan nuclear hormone
receptor that is expressed specifically in the VMH. To further test
whether VMH neurons were involved in the stress response, we
expressed Cre-dependent GCaMP6 in VMHSF-1 neurons by the stress
response, we expressedCre-dependent GCaMP6 in VMHSF-1 neurons by
injecting AAV-DIO-GCaMP6 into Sf-1-Cremice (Fig. 2d). In response to
acute physical stress, including footshock,water spray, and tail clip, we
found overall >20% changes in bulk Ca2+ signals (indicated by ΔF/F)
(Fig. 2e, Supplementary Fig. 2a–c). This suggests that VMHSF-1 neurons
are indeed involved in the stress response.

If VMH neurons respond to both stress and stimulation of
PVNCRH neurons, we asked whether VMH neurons receive afferents
from PVNCRH neurons. To test this hypothesis, we first injected the
anterograde tracing virus AAV-DIO-synaptophysin-mGFP into the
PVNofCrh-Cremice, and densely labeled terminals were found in the
VMH region (Fig. 2f, g). To test whether PVNCRH formed mono-
synaptic connections with VMH neurons, we expressed AAV-DIO-
ChR2 in the CRH neurons. When exposure to blue light, time-locked
post synaptic excitatory currents were found in VMHneurons, which
can be blocked by pre-synaptic blocker TTX and recovered by
TTX + 4-AP, indicating a monosynaptic connection between PVNCRH
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and VMH neurons (Fig. 2h, i). To further confirm this pathway, we
used a modified rabies virus SADΔG-EGFP (EnvA- SADΔG-EGFP) in
combination with Cre-dependent AAV-TVA (receptor for the avian
sarcoma leucosis virus glycoprotein EnvA; AAV-DIO-mCherry-TVA)
and RG (rabies envelope glycoprotein; AAV-DIO-RV-G) injected into
Sf-1-Cre::Crh-Flpo double transgenic mice. Three weeks prior to
SADΔG-EGFP injection, the Flpo-dependent expression of mCherry
AAV (AAV-fDIO-mCherry) was injected into the PVN to label CRH-
expressing neurons (Fig. 2j). Flpo-dependent expression of mCherry
nicely colocalized with CRH antibody staining (Supplementary
Fig. 2d–f), indicating the virus specifically expressed in the CRH
neurons. GFP-positive cells projecting to VMHSF-1 neurons were

found in the PVN area, and ~42% of themwere alsomCherry positive,
indicating the expression of CRH-Flpo recombinase (Fig. 2k, l). Thus,
we provided strong evidence to show the structural connection
between PVNCRH and VMHSF-1 neurons.

If VMHSF-1 neurons receive projections from the PVNCRH, we next
asked whether the PVNCRH- VMHSF-1 pathway mediates glucose levels.
To do so, we implanted optical fibers (bilaterally) in the VMH region
of Crh-Cre::Ai32 mice (expressing ChR2 in CRH neurons) (Fig. 2m,
Supplementary Fig. 2g). Optical stimulation of CRH nerve terminals
in the VMH caused a significant increase in blood glucose (Fig. 2n).
This result supports that optogenetic activation of PVNCRH to VMH
projection functions directly in increasing blood glucose levels.
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neurons increased after treatment with 10 μMCNO (down). b Activation of PVNCRH

neurons significantly increased glucose levels (n = 7 per group). *p =0.039.
c Experimental paradigm for optogenetic stimulation of PVNCRH in Crh-Cre mice
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Stimulation of CRH terminal in the VMHdid not cause any changes of
CORT levels (Supplementary Fig. 2h), suggesting that the increased
glucose levels by stimulating of PVN-VMHwas not mediate by CORT.
To investigate whether the PVNCRH to VMH neural circuit is necessary
to mediate stress-induced glucose levels, we expressed light-
sensitive natronomonas halorhodopsin (NpHR) in CRH neurons by
injecting AAV-DIO-eNpHR-GFP into the PVN of Crh-Cremice (Fig. 2o,
Supplementary Fig. 2i). As expected, footshock-induced an increase

in blood glucose levels in the control group, which expressed AAV-
DIO-GFP in the PVN (Fig. 2p). Optogenetic inhibition of the PVNCRH to
VMHblocked the footshock-induced hyperglycemic for fast glucose,
but not for delay glucose (Fig. 2p). Photo-inhibition of PVNCRH to
VMH pathway didn’t effect on CORT levels (Supplementary Fig. 2j),
indicating the suppression of fast glucose level was not mediated by
CORT. Inhibition of PVNCRH-VMH under no-stress condition did not
change glucose levels (Supplementary Fig. 2k, l). Interestingly, when
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we infused the nonselective CRH receptor antagonist Astressin into
the VMH via a bilateral guide cannula (Fig. 2q, Supplementary
Fig. 2m), the footshock-induced increase in fast glucose levels was
significantly suppressed, but not in delay glucose levels, when
compared to the vehicle group (Fig. 2r). These results indicated that
the PVNCRH to VMH projection is necessary to regulate rapid glucose
release during stress, which is likely mediated by CRH receptor
activation in the VMH.

CRH-initiated rapid glucose release is mediated by VMHCRHR2

during stress
Above, we provide evidence that CRH receptor activation is necessary
to regulate stress-induced hyperglycemia. Both CRHR1 and CRHR2 are
widely distributed in the brain, while the majority of the CRH receptor
subtype in the VMH is CRHR215. To study whether CRHR2 is respon-
sible for glucose modulation during the stress response, we infused
different CRH receptor antagonists into the VMH and measured the
blood glucose changes (Fig. 3a, Supplementary Fig. 3a, b). Application
of the CRHR1 antagonist R121919 showed a modest change in blood
glucose levels (Supplementary Fig. 3c), while the CRHR2 antagonist
Astressin2B blocked the fast glucose increase (Fig. 3b) when compared
to the vehicle group during footshock stress. Similarly, Astressin2B
blocked the fast glucose elevation but not in the delay phase when
facing other stressors, including water spray, tail clamp, and looming
(Supplementary Fig. 3d-g), which confirmed that CRH signal-mediated
hyperglycemia during the stress response is mainly mediated by acti-
vation of CRHR2 in the VMH. When we labeled VMH neurons by
injecting AAV-DIO-GFP into Sf-1-Cremice and probedCrhr2mRNAwith
specific antisense oligonucleotides, we found abundant Crhr2 mRNA
expressed in the dorsomedial VMH (Fig. 3c, d).

To further confirm that CRHR2 activation is necessary for stress-
induced hyperglycemia, we crossed Sf-1-Cre mice with Crhr1flox and
Crhr2flox mice to generate Sf-1Crhr1−/− and Sf-1Crhr2−/− mice, respectively
(Fig. 3e and Supplementary Fig. 3i). RNAScope results showed that
Crhr2 mRNA expression was completely diminished in SF-1-positive
cells (Fig. 3f), but not in the littermate (control) mice (Supplementary
Fig. 3h). Consistently, Crhr2 knockoutmice showed blunted fast blood
glucose increases in response to footshockwater spray, tail clamp and
looming when compared to the control animals (Fig. 3g, h, Supple-
mentary Fig. 4a–d). While Crhr2 knockout mice with ADX completely
blocked footshock stress-inducedhyperglycemia (Fig. 3h). As a control
experiment, we did not observe a significant change in the Crhr1
knockout group (Supplementary Fig. 3j). This result indicated that
CRHR2 activation in the VMH is necessary to regulate stress-induced
hyperglycemia, at least at the early stage of the stress response.

To further investigate whether VMHCRHR2 and HPA axis activity
mediate different stages of glucose release during stress, we injected
the CRHR2 antagonist Astressin2B into the VMH following bilateral
removal of the adrenal glands from WT mice (Fig. 3i, Supplementary
Fig. 4e, f). Consistent with Fig. 1j, an increase in fast blood glucose was
observed post-footshock stimulation in adrenalectomizedmice, which
was completely diminished by infusion of Astressin2B through a
bilateral guide cannula in the VMH (Fig. 3j). These data suggested that
the VMH CRH signal responds to the early stage of stress-induced
hyperglycemia, while the release of adrenal hormones responds to the
delayed stage of stress. To further confirm our results, we injected
CORT receptors antagonistCORT108297 andmifepristone, combining
with VMH infusion of Astressin2B (Fig. 3k, Supplementary Fig. 4g).
When compared to vehicle group, CORT108297 and mifepristone
blocked delay glucose levels after stress, but not for the fast glucose
levels (Fig. 3l, Supplementary Fig. 4h).While COR108297/mifepristone+
Astressin2B completely blocked stress-induced hyperglycemia (Fig. 3l,
Supplementary Fig. 4h). Thus, we provided the evidence that activation
of CRHR2 in the VMH is necessary for fast glucose response during
acute stress.

CRH suppresses inhibitory synaptic transmission via the β3
GABAA receptor subunit in the VMH
The above results showed that CRH receptor activation in the VMH is
required for regulating the stress-induced glucose response. The next
question is how the CRH regulates VMH neuronal activity. To address
this question, we injected AAV-DIO-GFP to label VMH neurons in Sf-1-
Cre mice and characterized spontaneous action potential firing prop-
erties with the current-clamp recording (Fig. 4a). An increased action
potential firing rate was observed with the application of 100 nM CRH
peptide (Fig. 4b, c), indicating that CRH can excite VMH neurons. As
expected, CRH-induced increases in the firing rate were completely
diminished when recording action potentials in Sf-1Crhr2−/− mice
(Fig. 4d, e) but not in Sf-1Crhr1−/− mice (Supplementary Fig. 5a–c), again
indicating that the CRH-induced excitatory effect is mediated
by CRHR2.

We showed that CRH excites VMH neuronal activity. However,
whether this excitatory effect is mediated by synaptic transmission is
unknown. To answer this question, we performed voltage clamp to
record the postsynaptic currents in VMHSF-1 neurons. Application of
CRH did not affect spontaneous excitatory postsynaptic currents
(sEPSCs) (Supplementary Fig. 5d–f). While perfusion with GABAA

receptor antagonist PTX blocked CRH effect on action potential firing
(Fig. 4f, g), indicating inhibitory currents may mediated CRH’s effect
on VMH neuronal activity. Indeed, CRH significantly decreased the
amplitude and frequency of spontaneous inhibitory postsynaptic
currents (sIPSCs) (Fig. 4h–j). Again, knocking out Crhr2 expression in
VMHSF-1 neurons completely diminished the CRH-induced inhibition of
sIPSC amplitude and frequency (Fig. 4k–m), while knocking out Crhr1
expression did not affect the inhibitory effect of CRH on sIPSCs in
VMHSF-1 neurons (Supplementary Fig. 5g–i). It suggested that CRHR2
activation suppressed inhibitory tone in SF-1 neurons.

We further determined whether the inhibitory effect of CRH on
IPSCs is a pre- or postsynaptic effect by blocking pre-synaptic effects
with perfusion of tetrodotoxin (TTX). The amplitude ofminiature
IPSCs (mIPSCs) was significantly suppressed by CRH (Fig. 5a, b),
while no significant difference was found inminiature EPSCs
(mEPSC) amplitude (Supplementary Fig. 6a, b). The frequencies of
both mIPSCs and mEPSCs were not changed by the application of
CRH (Supplementary Fig. 6c, d), suggesting that a postsynaptic
inhibitory tone is selectively targeted by CRH signaling within the
VMH. To exclude possible pre-synaptic effects, we analyzed the
paired-pulse ratio (PPR) and found no effect on PPR before and after
application of CRH (Fig. 5c–e), suggesting that a pre-synaptic
mechanism is unlikely to mediate CRH’s effect on IPSCs. Finally,
we performed evoked IPSC (eIPSC) recording in VMHSF-1 neurons by
local electric stimulation in the absence or presence of CRH. We
found dramatic decreases in amplitude (Fig. 5f, g), which provides
strong evidence that CRH suppresses inhibitory synaptic transmis-
sion postsynaptically, likely by attenuating the trafficking of GABAA

receptors (GABAARs) to the membrane22,23.
If our interpretation that CRH signaling attenuates GABAAR traf-

ficking is correct, we should be able to directly examine how changes
in signaling cascades downstream of CRH receptor activation affect
GABAAR trafficking to the plasma membrane. Most GABAA receptors
are composed of 2α, 2β and 1γ subunits24. To visualize the cell surface
dynamics of GABAARs, we expressed pHluorin (a pH-sensitive GFP
variant)-tagged GABAAR subunits (β3 and γ2) together with CRHR2 in
theN2a cell line tomeasure receptormobility in real time23.We found a
decrease inβ3GABAAR subunits (up to 10%change, presentedbyΔF/F)
in response to CRH (Fig. 5h, i), while no significant changewas found in
γ2 subunit-expressing cells (Supplementary Fig. 6e).

This result suggested that the β3-containing GABAAR subunit is
selectively targeted by the CRH intracellular signaling pathway. Pre-
vious studies have indicated that themembrane trafficking of GABAAR
subunits is likely mediated by phosphorylation of the intracellular
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domain, specifically, the Ser408/409 phosphorylation site for β3
subunits22. Since the phosphorylation of GABAARwas too low to detect
either in vivo or in vitro, we again used N2a cells to enrich β3 GABAAR
subunits by first immunoprecipitating (IP) utilizing a pH-sensitive form
of GFP tagging and performing western blotting using phosphoryla-
tion site-specific antibodies. Remarkably, we found that phosphoryla-
tion of S408/409 was drastically increased after CRH treatment
(Fig. 5j, k). These data strongly suggested that the Ser408/409

phosphorylation site on the β3 GABAAR subunit is a specific target of
CRH signaling in the VMH. If suppression of GABAAR membrane
recruitment mediated CRH’s effect on glucose levels, we should be
able to mimic this effect by blocking GABAAR in VMH. To test this, we
infused GABAAR antagonist bicuculline into the VMH via a guide can-
nula (Fig. 5l). We found an increase in blood glucose levels after
bicuculline administration, which suggested that VMH CRH effects on
glucose regulation were mediated by GABAA receptors (Fig. 5m).
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Hypothalamic CRH signal regulates rapid glucose release via the
HSL axis activity
Our previous study showed that VMH can control glucosemetabolism
through the sympathetic pathway19. We hypothesized that VMHCRHR2

regulates stress-induced glucose release can be mediated by sympa-
thetic afferent to the liver. To test this hypothesis, we constructed
Crhr2-Cre mice using the CRISPR-Cas9 system. Briefly, we replaced
exon 13 of Crhr2 by adding a P2A-Cre homologous arm (Fig. 6a). By
injecting Cre-dependent AAV-DIO-EGFP virus, we were able to label
CRHR2-positive neurons in the VMH, which were completely coloca-
lized with the Crhr2 mRNA probe (Fig. 6b), indicating that the Cre
recombinases are expressed specifically in CRHR2 neurons.

We next asked whether CRHR2-positive cells send projections to
the brain stem to mediate autonomic nervous activity. First, we
injected an anterograde tracer, AAV-DIO-Synaptophysin-mGFP, into
the VMH of Crhr2-Cre mice (Fig. 6c, Supplementary Fig. 7a). Dense
labeled terminals were found in brain stem regions, including, dorsal

motor nucleus of the vagus nerve (DMV), and raphe pallidus nucleus
(Rpa) and few fibers were found in the nucleus tractus solitarius (NTS)
(Fig. 6d, Supplementary Fig. 7b). We further examined these projec-
tions using optogenetic activation by injecting AAV-DIO-ChR2-GFP
into the VMH region of Crhr2-Cre mice. Although VMHCRHR2 afferents
were found in theDMVandNTS regions,whichmaymediate activation
of parasympathetic nerves, optical stimulation of the VMHCRHR2-DMV/
NTS circuit did not affect blood glucose levels (Supplementary
Fig. 7c–e). While optical stimulation of VMHCRHR2 to Rpa pathway sig-
nificantly increased blood glucose (Fig. 6e, f, Supplementary Fig. 7f, g).
To testwhether VMHCRHR2 formedmonosynaptic connections with Rpa
neurons, we expressed AAV-DIO-ChR2 in the CRHR2 neurons. When
exposed to blue light, time-locked post-synaptic excitatory currents
were found in Rpa neurons, which can be blocked by pre-synaptic
blocker TTX and recovered by TTX + 4-AP, indicating a monosynaptic
connection between VMHCRHR2 and Rpa neurons (Fig. 6g, h). We next
investigatedwhether the VMHCRHR2 to Rpa neural circuit is necessary to
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mediate stress-induced glucose levels, we injected AAV-DIO-eNpHR-
GFP into the VMHofCrhr2-Cremice (Fig. 6i, Supplementary Fig. 7h). As
expected, footshock induced an increase in blood glucose levels in the
control group, which expressed AAV-DIO-GFP in the VMH.

Optogenetic inhibition of the VMHCRHR2 to Rpa blocked the
footshock-induced hyperglycemia for fast glucose, but not for delay
glucose (Fig. 6j), suggesting thatVMH toRpa projection is necessary to
control fast glucose response during stress.

Previous studies have shown that the Rpa receives hypothalamic
projections and regulates energymetabolism through the sympathetic
nervous system25,26. This pathway is likely mediated by stimulation of
intermediolateral nucleus (IML) because hypothalamic neurons pro-
mote hepatic glucose production by stimulating IML-mediated sym-
pathetic nervous activity27. Thus, we hypothesized that the CRH signal
in VMH-induced hyperglycemia can be mediated by activation of the
VMHCRHR2-Rpa-IML connection. To do so, we injected Cre-dependent
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AAV-DIO-ChR2-GFP and retro-AAV-mCherry into the VMH and IML,
respectively, of Crhr2-Cre transgenic mice. IML-projecting cells were
found in the Rpa, which is surrounded by ChR2 fibers (Fig. 6k, l),
indicating a possible synaptic connection between VMHCRHR2 and IML-
projecting Rpa neurons. To further confirm our hypothesis, we per-
formed brain stem brain slice recordings by photostimulating the
CRHR2+ neuronal terminal in the Rpa (Fig. 6m). We found that blue
light-evoked EPSCs were detected in IML-projecting Rpa neurons
(Fig. 6n, o), suggesting that VMH CRHR2+ neurons formed excitatory
synapses with IML-projecting cells within the Rpa.

Considering the liver is the main source of endogenous glucose
production, we next investigatedwhether the sympathetic innervation
of liver is necessary tomediateCRH’s effect onglucose levels. Todo so,
we utilized phenol-based hepatic sympathetic nerve denervation to
reduce the sympathetic nerve activity of the liver as previously
described28. Indeed, denervation reduced liver norepinephrine (NE)
level about 50% (Supplementary Fig. 8a, b). Consistently, TH fluores-
cence intensity density was significantly decreased in the liver when
comparing with sham group (Supplementary Fig. 8c, d), but not in the
pancreas and colon, indicating the denervation was successful in the
liver (Supplementary Fig. 8e, f). As we showed in Fig. 2n, opto-
stimulation of PVNCRH to VMH increased blood glucose, while this
effect was diminished by blunt of sympathetic nerve of liver
(Fig. 6p, q). It suggested sympathetic activation is necessary for CRH
regulation on glucose levels. Next, we asked whether blunt of hepatic
sympathetic nerve should affect fast glucose levels during stress if
VMH CRH signal effect on stress-induced fast glucose response is
indeedmediated by sympathetic activity.When compared to the sham
group, the denervation caused significantly decrease on fast glucose
levels post footshock stress (Fig. 6r, s), but not for the delayed glucose
response. It suggested that sympathetic nerve activity is required for
rapid glucose release during acute stress. Previous studies suggest
liver sympathetic regulation of glucose output may involve
gluconeogenesis2,19. To investigate whether gluconeogenesis is
involved in the HSL axis-mediated glucose release, we measured the
activity of key enzymes involved in liver gluconeogenesis. After foot-
shock stress, the mice were immediately sacrificed, and harvest the
liver for enzymeactivitymeasurements. Twokey enzymes are involved
in gluconeogenesis: phosphoenolpyruvate carboxykinase (PEPCK) and
glucose-6-phosphatase (G6Pc). The activity of both PEPCK and G6Pc
were significantly increased after stress, indicating that a liver gluco-
neogenesis was indeed involved in the HSL axis-mediated fast glucose
release during acute stress (Supplementary Fig. 8g–i).

HSLaxis-mediated fast glucose release is required forpredatory-
evoked flight responses
To further confirm the direct connection between hypothalamic CRH
signal with liver, we injected AAV-DIO-mCherry in the VMH of Sf-1-Cre
mice and the trans-synaptic retrograde tracing agent, pseudorabies
virus (PRV) into the liver.We found frequent GFP+ neurons in the VMH,

which colocalized with SF-1 labeled by mCherry (Fig. 7a), suggesting a
VMH-liver connection. In the PVN, we also found colocalization of GFP-
labeled liver PRV and immunostaining of CRH (Fig. 7b), indicating a
PVNCRH-liver projection.

The activation of the sympathetic-adrenal-medullary axis by
releasing epinephrine and norepinephrine also results in blood glu-
cose elevation during stress response29. To isolate the possible time
window of SAM axis-mediated glucose release, we performed liver
denervation and combined CORT108297 infusion to block the activity
of HSL and HPA axes, respectively. By doing so, we found stress-
induced blood glucose increases between 3–13min after stress, but
not before 5min and after 15min when compared with baseline
(Supplementary Fig. 8j, k). To further establish the time course of
adrenal-dependent and independent glucose release during stress, we
continuously monitored the glucose levels after footshock stress.
Again, we found that liver denervation blocked stress-induced fast
glucose release at t =0,1 and 2min, while ADX-blocked glucose
increases in the later phase (>3min). The time course of ADX and liver
denervation groups intercrossed at around 3min after stress, indi-
cating that HSL axis-mediated time window of glucose increase is
between 0 and 3min, the adrenal activity-mediated time window of
delay phase is after 3min (Fig. 7c). Thus, we confirmed that HSL axis
activity is required for the early phase (0–3min) while the adrenal
activity is required for later phase (>3min) glucose release during
stress response.

Quick energy supply is crucial for animal survival when facing to
potential threats. We next asked whether the CRH signal in the VMH is
needed for the predatory cue-evoked flight responses. To test this
hypothesis, we injected the CRHR2 antagonist Astressin2B into the
VMH (Fig. 7d). In the presence of the expanding looming shadows to
mimic an approaching predator, the animals will initiate escape and
hide into the nest30. When blocking CRH signal in VMH by adminis-
tration of Astressin2B locally, we found that the latency fleeing to the
nest was increased, while the flight speed was decreased (Fig. 7e–g). It
suggested VMHCRHR2 is necessary for predatory cue-evoked flight
response. If the HSL axis activity is required for rapid glucose release
during stress, hepatic denervation should affect the stress response.
To test it, we again utilized the phenol-based hepatic sympathetic
nerve denervation to reduce the sympathetic nerve activity of liver
(Fig. 7h). To be consisted with administration of Astressin2B in VMH,
hepatic denervation caused delayed fleeing latency and decreased
flight speed (Fig. 7i–k). It indicated that sympathetic activity is indeed
required for flight response, which can be due to its function on rapid
glucose release during stress.

Discussion
In thepresent study,wedefined a hypothalamus-sympathetic-liver axis
which mediates rapid glucose release independent of adrenal activity
during the stress response. The stress signal is integrated into
the VMH, central control for glucose levels, via CRHR2-mediated

Fig. 6 | A descending control of VMH-sympathetic nerve-liver activitymediates
CRH effect on stress glucose in VMH. a Strategy for design of Crhr2-Cremice by
using CRISPR-Cas9 system. b Representative image of EGFP co-localiztion with
Crhr2 mRNA in the VMH. c, d Schematic of anterograde tracing virus injection (c)
and representative image showing CRHR2+ afferents in Rpa (d). e Paradigm for
photo-stimulation of CRHR2 terminals in the Rpa. f Glucose levels increased after
light stimulation of VMHCRHR2→Rpa, *p =0.043, control (n = 7) vs ChR2 (n = 7).
g Schematicofphoto-stimulation of VMHCRHR2→Rpa inbrain slices.h Example traces
for light-evoked time-locked EPSC in the Rpa neurons. i Paradigm for photo-
inhibition of VMHCRHR2→Rpaduring footshock. j Footshock-induced increases in fast
glucose levels in the control group ($$p =0.002), which is blunt by photo-inhibition
of CRHR2 terminal in the Rpa (*p =0.015),n = 6per group.k Paradigm for tracing of
VMHCRHR2+→Rpa→IML. l Representative image showing IML-projecting neurons
(red) in Rpa, which is surrounded by CRHR2+ afferents (green) from VMH.

m Schematic of identifying the connection between VMHCRHR2+ neurons and IML-
projecting neurons in Rpa. n Photo-stimulation evoked synaptic currents in IML-
projecting neurons of Rpa (in 100 µM PTX), indicating an excite projection from
VMHCRHR2 to RpaIML-projecting. o Statistics of total responding cells showing that over
38% IML-projecting neurons receiveddirectprojection fromVMHCRHR2.p Schematic
of opto-stimulation of PVNCRH→VMH after liver denervation. qDenervation of liver
diminished activation of PVN-VMH induced increases on blood glucose levels.
rSchematic of footshock stress after liverdenervation. s Stress-induced increaseon
fast glucose levels in the sham group ($$p =0.002, compared to baseline), which
can be suppressed by liver denervation, *p =0.02, sham (n = 7) vs denervation
(n = 6).Multi-time point data were analyzed by two-way repeated-measures ANOVA
with LSD post hoc comparison, otherwise use two-sided t test. All data shown as
means ± SEM. Source data are provided as a Source Date file.
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suppression of inhibitory tone through β3 GABAA receptor membrane
recruitment (Fig. 8a, b).

During acute stress, the primary outcome of body reaction is
releasing glucose to maintain sufficient energy pool. In nature, quick
release of glucose is vital for survival when facing potential threats,
such as a predator. Tremendous amounts of studies indicated that
the HPA and SAM axes are involved in the stress-induced
hyperglycemia1,7–9,20,31–33, yet both of these two pathways mediated
hyperglycemia cannot satisfy the timecourseof fast glucose release, as
we showed the time window of SAM and HPA axes from couple

ofminutes to half hours. As one of the major components of the
HPA axis, corticosterone promotes gluconeogenesis in the liver
and central nervous system1,2, which takes ~15min to mediate
corticosterone-dependent regulation of stress-induced hyperglyce-
mia. Norepinephrine processes a slow effect on glucose levels34,35, and
epinephrine mediates a relatively quick release of glucose, yet it takes
couple ofminutes to induce a blood glucose increase by administrat-
ing epinephrine intravenously9–11. While, the activity of HSL axis was
consistently showed to be required for the fast stage of glucose
release withinminutes. Thus, we define that the acute stress-induced
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Fig. 7 | HSL axismediated fast glucose release is required for predatory evoked
flight responses. a Representative image showing PRV from liver colocalized with
SF-1 in the VMH, around 11% SF-1 neurons (red) expressed PRV signal (green). n = 3
mice. b Representative image showing PRV from liver colocalized with CRH in the
PVN, around 20% CRH neurons (red) expressed PRV signal (green). n = 3 mice.
c There is significant difference between the three groups (p =0.031, repeat mea-
surements). Post hoc analysis showed: sham vs denervation group, p =0.003,
0.005 and 0.017 at t =0, 1, 2min; sham vs ADX group, p =0.037, 0.004, 0.009,
0.006, 0.015, 0.024 and 0.02when t = 5, 7, 9, 11, 13, 15, 30min; denervation vs ADX,
p =0.039 when t =0min, n = 7 per group. d Experimental paradigm for looming
stimulus in a nest-containing open field apparatus with Astressin2B infusion in the
VMH. e Blocking CRH signal in VMH increased the latency towards the nest.
p =0.039, veh (n = 7) vs astressin2B (n = 6). f Representative trace showing instant

speed evoked by looming stimulus in vehicle and Astressin2B administration
groups. g Blocking CRH signal in VMH caused a decrease in flight speed after
looming stimulus when compared to vehicle group. p =0.04, veh (n = 7) vs
astressin2B (n = 6). h Experimental paradigm for looming stimulus after liver
denervation. i Liver denervation caused an increase of the latency and decrease in
flight speed. p =0.044, sham (n = 6) vs denervation (n = 7). j Representative trace
showing instant speed evoked by looming stimulus in sham and liver denervation
groups. k Liver denervation caused a decrease in flight speed after looming sti-
mulus when compared to sham group. p =0.041, sham (n = 6) vs denervation
(n = 7). Two-way repeated-measures ANOVA with LSD post hoc comparison in (c)
and two-sided unpaired t test in (e,g, i,k). All data shown asmeans ± SEM. *p <0.05.
Source data are provided as a Source Date file.
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hyperglycemia including at least two different stages: the fast stage
(within 3min), is mediated by HSL axis; the delay stage from 3 to
30min, is mediated by adrenal activity, including a median stage
(within 15min) mediated by SAM axis and a later stage (after 15min)
mediated by HPA axis.

VMH is a glucose metabolism control center, which triggers
counterregulatory hormone release16,36. Interestingly, VMH-SF 1 neu-
rons are also well-known to be implicated in fight-or-flight responses
and are activated by various acute stressful stimuli including water
spray, tail clamp (Supplementary Fig. 2) and predators37–39. Thus, the
stress signals are likely integrated in the VMHand further regulates the
glucose homeostasis to cope the potential threats. Indeed, when
blocking CRH signal in the VMH caused significant impairment of
predatory evoked flight responses. Our results also showed that dif-
ferent stressors consistently induced fast glucose release, indicating
that rapid energy supply is required for all the acute stress responses.
Interestingly, blocking the CRH signal in the VMH suppressed this
quick glucose response in different stressors, which suggests that the
different stressors induced quick glucose releasemay share the similar
pathway mediated by CRH signal in the VMH.

Our previous study showed that endogenous glucose production
in the liver can be controlled by VMH neuronal activity through the
sympathetic pathway19. Sympathoexcitatory pathways descending
from the hypothalamusmust include synapses with premotor neurons
at supraspinal levels, which are located within the brain stem40.
We found that CRHR2-positive cells in the VMH did project to
the raphe pallidus, a potential harbor for controlling sympathetic
activity. Previous studies have shown that the raphe pallidus receives
hypothalamic projections and regulates energy metabolism through
the sympathetic nervous system25,26,41,42. Indeed, opto-stimulation of
VMHCRHR2-Rpa increased blood glucose while opto-inhibition blocked
the fast glucose response during acute stress. Furtherly, if hepatic
sympathetic innervation was blunted, the stress-induced fast glucose
response was partially diminished. In the liver, two key enzymes are
involved in gluconeogenesis: PEPCK and G6Pc. PEPCK is the rate-
limiting enzyme required to generate glucose-6-phosphate, whereas
G6Pc is the enzyme that cleaves the phosphate allowing for glucose
release into the circulation1. Footshock stress immediately increased
both PEPCK and G6Pc activity, suggesting the HSL axis activation
induced glucose release is mediated by hepatic gluconeogenesis.
Taken together, we provide strong evidence that VMHCRHR2 controlled
downstream sympathetic flow to regulate early phase of stress-
induced hyperglycemia.

Activating CRH receptors induce divergent effects on neural
activity dependent on their diverse distribution within the brain14. For
example, activation of CRHR1 in the bed nuclei of the stria teminalis
caused the phosphorylation of GluR1 AMPAR subunits, indicating a
pre-synaptic function43. Activation of CRHR2 in the central amygdala
increased mEPSC amplitude and frequency44, indicating both pre-
synaptic and postsynaptic function. Acute CRH treatment increases
synaptic input and synaptic reliability in mouse CA1 neurons45. The
VMH is a key central control of energy metabolism16,17,19 and receives
both excitatory and inhibitory afferents46,47. Our results support that
CRH suppresses the inhibitory tone of VMHneurons via a postsynaptic
pathway, which is likely mediated by blocking GABAA receptor mem-
brane trafficking. With respect to GABAA trafficking, S408/409 phos-
phorylation in the β3 GABAA receptor subunit has been suggested to
be crucial for the recruitment of receptors to the membrane23,24.
Although phosphorylation of the β3 subunits can mediate both inhi-
bitory and excitatory effects of GABAA receptors depending on facil-
itation by the PKA or PKC pathway23,24, the increases in S408/409
phosphorylation mediated the suppressive effect of GABAA receptor
membrane recruitment in the present study. Collectively, we eluci-
dated the CRH-signaling pathway in the VMH, which includes S408/
409 phosphorylation in the β3 GABAA receptor subunit, followed
by attenuation of GABAA subunit membrane recruitment and sup-
pression of inhibitory postsynaptic currents, resulting in excitation of
VMH neurons.

In summary, we revealed that the stress peptide CRH initiated
glucose release composed of rapid and delayed stages, which is
regulated by HSL and the adrenal hormones, respectively. The early
phase mediated by PVN-VMH-Rpa-sympathetic pathway is necessary
to maintain the rapid glucose supply during acute stress—critical for
animal survival in event of facing stressors.

Methods
Mice
All experiments involvingmice were approved by the Animal Care and
Use Committee of the University of Science and Technology of China
(USTC) (USTCACUC25120124016). In this study, adult male mice were
used at 2–3 months unless otherwise stated. All mice were offered
water and food ad libitum, housed (maximum five mice per cage) in a
12 h:12 h light–dark cycle (light from 8:00 A.M. to 8:00 P.M.) with a
comfortable temperature (22–25 °C) and 35–55% humidity. For all
experiments, mice were randomly allocated into control and treat-
ment groups. WT C57BL/6J, Crhr1-flox (#T005812), and Crhr2-flox
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Fig. 8 | Crosstalk between VMH CRH signal and liver mediates rapid glucose
release during stress. a The descending controls of PVNCRH-VMHCRHR2-Rpa-IML-
liver activity regulate the early stage of stress-induced hyperglycemia in a corti-
costerone independent manner, while adrenal activation mediates the delayed

stage of glucose release. b CRH binding to CRHR2 in VMH increases phosphor-
ylation of S408/409 of β3 GABAA receptor subunit, followed by suppression of
GABAA receptor membrane trafficking, inducing a postsynaptic inhibition of
GABAergic tone.
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(#T005813) mice were purchased from GemPharmatech (Nanjing,
China). Crh-Cre (stock number: 012704), Ai32 (stock number: 012569),
Sf-1-Cre (stock number: 012462), and Crh-Flpo (stock number: 031559)
were purchased from The Jackson Laboratory. Crh-Cre::Ai32mice were
generated by crossing Crh-Cre and Ai32 genotypes. Sf-1-Cre::Crh-Flpo
mice were generated by crossing Sf-1-Cre and Crh-Flpo genotypes. Sf-
1Crhr1−/− mice were generated by crossing Crhr1-flox and Sf-1-Cre geno-
types.Sf-1Crhr2−/−miceweregeneratedby crossingCrhr2-flox and Sf-1-Cre
genotypes. For generating Crhr2-Cremice, the sgRNA targeted the site
located at exon #13, and DNA fragments containing homology arms
and the 2A-Cre region were constructed. Mixtures of CRHR2-sgRNA
(20 ng/μl), Cas9 mRNA (20 ng/μl), and dsDNAs (5 ng/μl) were injected
into the nuclei of pronuclear stage mouse embryos. Founders were
confirmed by PCR and Sanger sequencing. Genotyping primers for the
Crhr2-Cre allele were as follows: F1: 5′-GCCATCCCAGACAACCTTAA
CTT-3′; R1: 5′-TTGGTAAAGGGCTGGTCATCTCT-3′.

Cell culture and transfection
PHluorin-tagged GABAA receptor subunit γ2 (Gabrg2se, Cat. 49170),
andβ3 (Gabrb3se, Cat. 49171) plasmidswerepurchased fromAddgene.
Untagged GABAA receptor subunit α1 (Gabra1), γ2 (Gabrg2), and β3
(Gabrb3) were provided as a gift from Dr. Wei Xiong (University of
Science and Technology of China). CRHR2 (Cat. 66257) plasmid was
purchased from Addgene.

Neuro 2A (N2a, Cat. CCL-131) cell line used for expressing GABAA

receptor subunits and CRHR2 was purchased from ATCC. The N2A
cells were cultured using normal DMEM containing 10% fetal bovine
serum (Cat. FSP500, Excell Bio) and 1% penicillin/streptomycin solu-
tion (Cat. B540732, Sangon, Shanghai, China). Cells were kept in an
incubator with 5% CO2 at 37 °C. Cells were expected to be 70%-90%
confluent before transfection. For GABAA receptor imaging, transfec-
tion was performed in 3.5 cm dishes. The ratio of Gabra1, Gabrg2,
Gabrb3se, and CRHR2 plasmids was 1:1:1:1.5. All of the N2a cell trans-
fections were performed using Lipo8000 (Cat. C0533, Beyotime,
Shanghai, China). The cells were dissociated with 0.05% trypsin and
plated on confocal dishes. Before imaging, the culture medium was
replaced with bath solution (144mM NaCl, 10mM KCl, 1mM MgCl2,
2mM CaCl2, 10mM HEPES, and 10mM D-glucose, pH 7.4, Osm 315).

Stereotaxic surgery and virus injection
Micewere anesthetized rapidlywith 5% isoflurane and thenplacedon a
stereotaxic apparatus (RWD Life Science, Shenzhen, China). During
surgery, erythromycin eye ointment was applied to avoid corneal
drying, and a heating pad was used tomaintain the body temperature.
A knife was used to slit the mid-scalp, and a dental drill (B67275,
Meisinger, Germany) was used to open a small craniotomy. A 10μL
microsyringe (701 N, HAMILTON, USA) with a calibrated glass micro-
electrode (1B 100-3,WPI, USA)was used to inject the virus at a speedof
40 nl/min under a microsyringe pump (UMP3, WPI, USA). After each
injection, the microelectrode was left in the site for approximately
5minutes and moved slowly tominimize virus leakage. Unless other-
wise stated, all viruses used in this article were purchased from
BrainVTA (Wuhan, China).

For PVNCRH anterograde tracing, 100 nl of AAV-hSyn-DIO-Synap-
tophysin-mGFP was delivered bilaterally to the PVN (A/P, −0.78mm
from the bregma; M/L, ± 0.26mm from the midline; D/V, −4.57mm
from the dura) of Crh-Cre mice. For VMHCRHR2 anterograde tracing,
100 nl of AAV-hSyn-DIO-Synaptophysin-mGFPwasdeliveredbilaterally
to the VMH (A/P, −1.46mm from the bregma; M/L, ±0.45mm from the
midline; D/V, −5.25mm from the dura) of Crhr2-Cre mice.

To study the specific projection from PVNCRH neurons to VMHSF-1

neurons, we used a modified rabies virus SADΔG–EGFP(RV-EnvA-ΔG-
EGFP) in combination with Cre-dependent helper AAVs expressing
TVA (receptor for the avian sarcoma leucosis virus envelope protein
EnvA; AAV-ef1α-DIO-mCherry-F2A-TVA) and RG (rabies envelope

glycoprotein; AAV-ef1α-DIO-RVG). Sf-1-Cre::Crh-Flpo double trans-
genic mice were used in this experiment. AAV-DIO-TVA-mCherry and
AAV-DIO-RVG (each 100 nl) were injected into the VMH, allowing
rabies infection of SF-1 neurons and subsequent retrograde trans-
monosynaptic spread. At the same time, the Flpo-dependent
mCherry (AAV-ef1α-fDIO-mCherry) (Taitool Bioscience, Shanghai,
China) virus was injected into the PVN to label CRH-expressing neu-
rons. Three weeks post-AAV transduction, we injected SADΔG–EGFP
into the VMH.

For chemogenetic manipulation of CRH neurons in the PVN,
200nl of AAV-hSyn-DIO-hM3Dq-mCherry (Taitool Bioscience, Shang-
hai, China) or AAV-hSyn-DIO-mCherry was delivered bilaterally to the
PVN of Crh-Cre mice.

For optogenetic manipulation of CRH neurons in the PVN, 200 nl
of AAV-ef1α-DIO-ChR2 (H134R)-EGFP/ AAV-ef1α-DIO-eNphR3.0-EGFP
were delivered bilaterally to the PVNofCrh-Cremice, and optical fibers
were implanted bilaterally in the PVN region.

To activate PVNCRH neuron axon terminals in the VMH, optical
fibers were implanted bilaterally in the VMH region of Crh-Cre::Ai32
mice. To inhibit PVNCRH neuron axon terminals in the VMH, 200nl of
AAV-ef1α-DIO-eNphR3.0-EGFPwas first delivered bilaterally to the PVN
of Crh-Cremice, and then optic fibers were implanted bilaterally in the
VMH region.

To activate VMHCRHR2 neuron axon terminals in the Rpa, 100 nl of
AAV-ef1α-DIO-ChR2 (H134R)-EGFPwas deliveredbilaterally to the VMH
of Crhr2-Cremice, and an optical fiber was implanted in the Rpa region
(A/P, -6.15mm from the bregma; M/L, ±0.00mm from the midline;
D/V, −4.85mm from the dura).

To confirm synaptic connection between VMHCRHR2 and IML-
projection RPa neurons, 100 nl of AAV-ef1α-DIO-ChR2 (H134R)-EGFP
wasdelivered bilaterally to the VMHofCrhr2-Cremice, andAAV2-hsyn-
retro-mcherry was injected into IML (AP, T8-T11 of spinal cord; ML,
±0.35 mm; DV, −0.5 mm).

To record the response of SF-1 neurons to stress, 200nl of AAV-
ef1α-DIO-Gcamp6 was unilaterally injected into the VMH of Sf-1-Cre
mice, and optic fibers were implanted unilaterally in the same region.

For pharmacological studies, bilateral guide cannulas (outside
diameter 0.48 mm, RWD, Shenzhen, China) were implanted in the
VMH of C57/BL6J mice.

The accuracy of the virus injection site, optic fiber or cannula
implantation position were examined on the brain slices post sacrifice.
Only the mice with accurate sites were used for statistical analysis.

Adrenalectomy
Mice were deeply anesthetized with sodium pentobarbital (80mg/kg,
i.p.). A 1.5–2 cm dorsal midline incision was made, and the muscles on
both sides were incised longitudinally. Then, a curved forceps was
used to remove the adrenal glands bilaterally. Postsurgery, mice were
placed on a heating pad to recover before returning to their home
cages and were supplied with drinking water containing 30mg/kg
ibuprofen for seven days with 0.9% sodium chloride ad libitum. Sham-
operatedmice underwent the same procedure except that the adrenal
glands were not removed. Mice were allowed to recover two weeks
from the surgery before starting experiments.

Hepatic sympathetic nerve denervation
After an abdominal midline incision, the hepatic ligaments were loo-
sened, and the portal vein, common duct, and hepatic artery were
dissected. A 10% phenol—ethanol solution was applied to these struc-
tures with small cotton swabs. Attention was taken to wash the
abdominal cavity with saline after the denervation to remove excess
phenol and to prevent adhesions. Sham-operated animals were sub-
mitted to the same surgical procedures, with the application of 0.9%
NaCl solution onto the structures, in substitution for phenol. Post-
surgery,micewereplacedon aheatingpad to recoverbefore returning
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to their home cages. Mice were allowed to recover 1 weeks from the
surgery before starting experiments.

Immunohistochemistry
Themice were transcardially perfused with 0.9% saline followed by 4%
paraformaldehyde in 0.01M phosphate-buffered saline (PBS), pH 7.4.
The brain, liver, pancreas, and colon were collected and postfixedwith
4% paraformaldehyde overnight at 4 °C and then transferred into 30%
sucrose. Coronal brain slices (40μm), liver slices (30μm), gut slices
(30μm) or pancreas slices (30μm) were prepared by a freezing cryo-
stat (CM1860, Leica). For immunostaining, the sections were washed
3 × 10min with PBS. Blocking buffer contained 5% donkey serum and
0.4% Triton X-100 in PBS. Sections were then incubated in primary
antibodies with 5% donkey serum dissolved in PBS containing 0.4%
Triton X-100 overnight for 24 hours at 4 °C. The primary antibody was
rabbit anti-c-Fos (1:1000; Cat. sc-52, Santa Cruz), rabbit anti-Tyrosine
Hydroxylase (TH) (1:1000; Cat. AB152, Millipore), or rabbit anti-CRH
(1:2000; Cat. T4037, Peninsula Laboratories). Next, sections were
washed 3 × 5min with PBS and incubated with secondary antibodies
for 12 hours at 4 °C in the dark. The secondary antibody was Alexa
Fluor 488-conjugated donkey anti-rabbit (1:500; Cat. 711-545-152,
Jackson ImmunoResearch) or Alexa Fluor 594-conjugated donkey anti-
rabbit (1:500; Cat. 711-585-152, Jackson ImmunoResearch). Finally,
sections were washed 3 × 5min with PBS followed by mounting on
slides with 80% glycerol solution. Immunofluorescence images were
captured by using a Zeiss LSM980 confocal microscope (Germany).

Blood sample measurements
All the animals were handled for 5 days before experiments. For che-
mogenetic experiments, the mice were intraperitoneally injected with
0.9% saline for 3 days adaption to avoid the possible stress during
experiments. For optogenetic and cannula experiments, the fibers and
infusion needles were connected to the head of mice for additional
3 days adaption to avoid the possible stress during experiments.
To measure the blood glucose, a small incision of tail-tip was cut by a
surgical blade, and a small drop of blood (<5μl) was placed on the test
strip of the blood glucometer (Abbott, FreeStyle Freedom Lite). For
corticosteronemeasurements, micewere anesthetized rapidlywith 5%
isoflurane and about 100μl retro-orbital blood samples were collected
into EGTA-coated tubes. The blood samples were centrifuged for
15min at 1520 × g at 4 °C and serum samples were stored at −80 °C.
Each mouse received orbital blood only once per time point. Enzyme-
linked immunoassay kits were used to measure serum levels of corti-
costerone (Cat. D721183, BBI-life sciences).

Co-IP and Western blotting
Topurify thepHluorin-taggedGABAA receptor subunit, aGFP-Trap (Cat.
210611, Chromotek) was used. Briefly, cells were pretreated with either
vehicle (PBS) or CRH (100 nM) at 37 °C for 10min. Then, the cells were
collected and solubilized in lysis buffer (10mm Tris-HCl, 150mm NaCl,
0.5mm EDTA, 0.5% NP40, and protease/phosphatase inhibitors) for
30min at 4 °C. Next, the insoluble fractions were removed by cen-
trifugation at 17,000× g for 30min. Then, 40 µl GFP-Trap beads were
added to the samples and rotated overnight at 4 °C. Then, the beads
werewashed five timeswithwash buffer (10mmTris-HCl, 150mmNaCl,
0.5mm EDTA, 0.05% NP40, and protease inhibitors), boiled in SDS
sample buffer, and subjected to sodiumdodecyl sulfate‒polyacrylamide
gel electrophoresis (SDS‒PAGE).Monoclonal antibodies against GFP-tag
(Cat. ab183734, Abcam) and polyclonal antibodies against GABAA

receptor β3 Ser408/409 (GTX82680; GeneTex) were used in this study.

Enzyme activity assay
Briefly, the liver (0.1 g) were immediately isolated from mice after
footshook and homogenized in 1ml extraction buffer using tissue
homogenizer (JXFSTPRP-24, Shanghai Jingxin). Then the homogenates

were centrifuged at 4 °C and 12,000 × g for 10min, the supernatants
were collected and kept at 4 °C. The activity of PEPCK and G6Pc was
then determined by the PEPCK activity assay kit (KTB1126, Abbkine)
and G6Pc activity assay kit (KTB1014, Abbkine). Enzyme activity was
determined using continuous microplate readers (SpectraMax iD5) at
37 °C. The total protein concentration was measured by the BCA pro-
tein assay kit (PK10026, Proteintech).

Behavior experiments
Optogenetic experiments. The optogenetic manipulation experi-
mentswere performed three to fourweeks after viral expression. All the
animals were handled for 5 days before experiments, and the fibers
were connected to the heads of mice for an additional 3 days of adap-
tion to avoid possible stress during experiments. Optical fibers (1.25 OD
zirconium ferrule, 200μm fiber core, NA=0.22; (Newdoon, Hangzhou,
China) were connected to a rotary joint fiber patch cable (Newdoon,
Hangzhou, China) by amating sleeve (Newdoon, Hangzhou, China). For
optogenetic activation, the patch cable was connected to a 473nM
laser, and a stimulator (Master-8) was used to generate blue light pulses
(4ms pulse duration, 20Hz frequency, 10min on and 5min off; 2–5mw
continuous output power measured at 0.2mm from the fiber tip). For
optogenetic inhibition, the patch cable was connected to a 589nM
laser, the 589nM yellow light was administered for 30min con-
tinuously, and 5–8 mw continuous output power was measured
at 0.2mm from the fiber tip. The mice were subjected to footshock
(0.5mA, 2 s durationwith a 6 s interval, for 3min) stress treatments, and
fasting blood glucose was monitored at baseline, immediately after
stress, and 30min after footshock. The mice were fasted for 12 hours
before the experiment, and no food was provided during the blood
glucose measurement period. To measure the fasting blood glucose, a
small drop of tail-tip blood (<5μl) was placed on the test strip of the
blood glucometer (Abbott, FreeStyle Freedom Lite).

DREADD experiment
The chemogenetic manipulation experiments were performed three
weeks after viral expression. All the animals were handled for 5 days
before experiments and the mice were intraperitoneally injected with
0.9% saline for 3 days adaption to avoid the possible stress during
experiments. CNO (Cat. HY-17366,MedChemExpress) was dissolved in
dimethylsulfoxide (DMSO, 60mg/ml) as a stock solution anddiluted in
0.9% saline. The fasting glucose levels weremeasured 30min after the
intraperitoneal injection of CNO (1mg/kg bodyweight in saline, i.p.).

Fiber-photometry recording
The experiments were performed three weeks after viral expression.
All the animals were handled for 5 days before experiments and the
fibers were connected to the head of mice for additional 3 days
adaption to avoid the possible stress during experiments. Optical
fibers (1.25 OD zirconium ferrule, 200μm fiber core, NA =0.37;
Newdoon, Hangzhou, China)) were connected to a rotary joint
fiber patch cable (ThinkerTech, Nanjing, China) by a mating sleeve
(Newdoon, Hangzhou, China). The patch cable was connected to a
fiber-photometry setup (ThinkerTech, Nanjing, China). The emission
light was generated by a 480 nM LED, reflected with a dichroic mirror,
and delivered to the brain to excite GCaMP6. The emission light was
passed through another bandpass filter into a CMOS (complementary
metal-oxide semiconductor) detector (Thorlabs Inc.; DCC3240M) and
finally recorded by a LabVIEW program (TDMSViewer, ThinkerTech).
Mice were recorded for 10min, and water spray, footshock or tail clips
were produced at 5, 6 and 7min, respectively.

Fiber-photometry signals were processed with custom-written
MATLAB software, which is available at https://zenodo.org/record/
6456623#. YlaF_8hByUk (Zenodo ID: 6456623; Zenodo https://doi.org/
10.5281/zenodo.6456623; ThinkerTech Nanjing Bioscience, 2020).
Data are presented as the relative change in fluorescence (ΔF/F).
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Cannula infusion
The experiments were performed one weeks after surgery. All the ani-
mals were handled for 5 days before experiments and infusion needles
were connected to the head of mice for additional 3 days adaption to
avoid the possible stress during experiments. To block CRH signaling in
the VMH, PBS (1μl) or Astresssin (3.3 ng in 1μl PBS; Cat. HY-P0257,
MedChemExpress) was injected into the VMH, and the mice were sub-
jected to footshock (0.5mA, 2-s duration with a 6-s interval, for 3min)
stress treatment. The fasting blood glucose was monitored at baseline,
immediately after stress and 30min after footshock.

To investigate the different roles of CRHR1 orCRHR2 in regulating
stress-induced hyperglycemia, we injected either vehicle (1μl of PBS),
Astresssin 2B (3.3 ng in 1μl PBS; Cat. 2391, Tocris), or R121919 (10 nM in
1μl PBS; Cat. HY-14127, MedChemExpress) into the VMH using a guide
cannula, and the mice were subjected to footshock (0.5mA, 2 s dura-
tion with a 6 s interval for 3min) stress treatment. The fasting blood
glucose was monitored at baseline, immediately after stress and
30min after footshock.

Systemic blockade of glucocorticoid receptor (GR)
To block the possible corticosterone effect through its receptor-GR,
mifepristone (RU486; Cat. HY-13683, MedChemExpress) was admi-
nistered intraperitoneally 30min before each footshock session at a
dose of 20mg/kg. Furthermore, the selective GR antagonist
CORT108297(30mg/kg; T15000, TargetMol) was administered intra-
peritoneally 60min before each footshock session.

Looming test
The looming test was performed in a closedbox (40 × 40 × 30 cm)with
a shelter in the corner. For looming stimulation, an LCD monitor was
placed on the ceiling to present multiple looming stimuli, which was a
black disc expanding from a visual angle of 2° to 20° in 0.5 s. The
expanding disc stimulus was repeated for 20 times in quick succession
and this together with a 0.066s pause between each repeat. Mice were
habituated for 10–15min in the looming box one day before testing.
During the looming test, mice were first allowed to freely explore for
3–5min. We have presented all speeds in relative percentage form
compared with baseline average speed. “Baseline” was defined as the
period 50 s before onset of the looming stimulation. The average
speed during the baseline period was set as 100%.

Electrophysiology
Briefly, animals were anesthetized using isoflurane and euthanized via
decapitation. The brain was quickly removed to an ice-cold dissection
solution (in mM, 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 2.5 D-
Glucose, 50 Sucrose, 0.625 CaCl2, 1.2 MgCl2, pH 7.3–7.4). Coronal slices
were cut in ice-cold dissection solution on a vibrating blade microtome
(Cat. VT-1200s, Leica). Slices were maintained for 1 hour at room tem-
perature in artificial cerebrospinal fluid (ACSF, in mM, 125 NaCl, 2.5 KCl,
1.25 NaH2PO4, 25 NaHCO3, 2.5 D-Glucose, 22.5 Sucrose, 2.5 CaCl2, 1.2
MgCl2, pH 7.3–7.4). Patch pipettes (5–7MΩ) were pulled from bor-
osilicate glass and filled with internal solution (in mM, 40 CsCl, 90 K-
gluconate, 10 HEPES, 0.05 EGTA, 1.8 NaCl, 3.5 KCl, 1.7 MgCl2, 2 Mg-ATP,
0.4 Na4-GTP, 10 Phosphocreatine and additional 5mm QX-314 for
evoked IPSCs). TheACSF anddissection solutionwerebubbledwith 95%
O2 and 5% CO2. The bathing solution was kept at room temperature and
constantly exchanged through a perfusion system with a flow rate of ~2
mL/min during the experiment. SF-1 neuronswere labeled by a previous
injection of AAV-DIO-GFP into the VMH of Sf-1-Cre mice. Whole-cell
patch-clamp recordings were performed using an Axon 700B amplifier.
Data were filtered at 2 kHz, digitized at 10 kHz and collected using
Clampex 10.2 (Molecular Devices). Series resistance was compensated
to 60–70%, and recordings with series resistances of >20 MΩ were
rejected. To record IPSCs, CNQX (10μM;Cat. C127, Sigma)was added to
block AMPA receptors. TTX (1μM; Cat. T-550, Alomone) was added to

block actionpotentials formIPSC recording. For evoked IPSC recording,
stimuliweredelivered to the slice via a concentric bipolar electrode (Cat.
CBBEB75, FHC). The data were analyzed using Clampfit 10.2.

Quantification and statistical analysis
Statistical analysis was performedusing SPSS Statistics 19.0 (IBM,USA)
or Microsoft Excel 2013. Two-way repeated-measures ANOVA with
post hoc comparison were used for all time-dependent experiments
(group number >2), otherwise use one-way ANOVA. When comparing
with the baseline (within group) using two-sided, paired t test was used
to analyze the significance. The cumulative frequency curve was ana-
lyzed by the Kolmogorov‒Smirnov test. Outliers are removed by using
the “Descriptive Statistics” functionof SPSS. Statistical significancewas
set at p <0.05. All the details of the experiments can be found in the
figure legends. All data values are presented as the means ± SEMs.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
There are no restrictions on data availability in the manuscript. The
data generated in this study are provided in the Source Data
file. Source data are provided with this paper.
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