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N E U R O S C I E N C E

Corticotropin-releasing hormone neurons control 
trigeminal neuralgia-induced anxiodepression via a 
hippocampus-to-prefrontal circuit
Su-Su Lv, Xue-Jing Lv, Ya-Qi Cai, Xin-Yu Hou, Zhi-Zhe Zhang, Guo-Hong Wang, Li-Qiang Chen,  
Ning Lv, Yu-Qiu Zhang*

Anxiety and depression are frequently observed in patients suffering from trigeminal neuralgia (TN), but neural 
circuits and mechanisms underlying this association are poorly understood. Here, we identified a dedicated neu-
ral circuit from the ventral hippocampus (vHPC) to the medial prefrontal cortex (mPFC) that mediates TN-related 
anxiodepression. We found that TN caused an increase in excitatory synaptic transmission from vHPCCaMK2A neu-
rons to mPFC inhibitory neurons marked by the expression of corticotropin-releasing hormone (CRH). Activation 
of CRH+ neurons subsequently led to feed-forward inhibition of layer V pyramidal neurons in the mPFC via activa-
tion of the CRH receptor 1 (CRHR1). Inhibition of the vHPCCaMK2A-mPFCCRH circuit ameliorated TN-induced anx-
iodepression, whereas activating this pathway sufficiently produced anxiodepressive-like behaviors. Thus, our 
studies identified a neural pathway driving pain-related anxiodepression and a molecular target for treating pain-
related psychiatric disorders.

INTRODUCTION
Mood disorders such as depression and anxiety are frequently 
observed in patients suffering from chronic pain, affecting quality of 
life and increasing the burden on health care services for patients 
(1). Among patients with chronic pain, the prevalence rates of major 
depression are reported to range from 18 to 85% (2, 3). In particular, 
this comorbidity may lead to a vicious cycle of pain and anxiode-
pression symptoms (4). Neuroimaging studies in humans and mod-
el animals of chronic pain have revealed changes in structural and 
functional connectivity of corticolimbic brain areas, including the 
medial prefrontal cortex (mPFC), orbitofrontal cortex, amygdala, 
and hippocampus (5–7). These nuclei are also relevant to neuropsy-
chiatric disorders, such as anxiety and depression (8, 9). Emerging 
evidence has demonstrated that both ventral hippocampus (vHPC) 
and mPFC, as well as their connectivity, are necessary for a variety 
of behavioral challenges including fear (10), anxiety (11, 12), and 
pain (13, 14). However, it is unclear whether and how the network 
activity between the vHPC and the mPFC mediates and modulates 
the pain-related anxiodepressive-like emotions.

The vHPC projections to the mPFC have been identified (15) 
and have been reported to be implicated in the expression and 
extinction of emotional memories such as fear memory (16, 17). In 
terms of learning and memory, chronic pain can be viewed as a state 
of continuous learning and a persistence of the memory of pain, in 
which negative emotional associations are continuously established 
with daily pain episodes (18). It has been previously demonstrated 
that the anxiodepressive-like consequences of neuropathic pain evolve 
in a time-dependent manner (19, 20). Our recent study has also demon-
strated that mechanical hypersensitivity occurs immediately following 
trigeminal neuralgia (TN), whereas anxiodepressive-like behaviors 

are observed 14 days (14d) later (21). The delayed development of 
anxiodepressive-like emotions may be attributed to the retrieval and 
consolidation of negative emotional memories related to pain episodes 
evoked by daily activities such as eating, drinking, and licking. Thus, 
we therefore postulate that the vHPC-mPFC projections may also be 
required for the development of anxiodepressive-like behaviors in 
TN mice.

Decreased activity of pyramidal output neurons in the mPFC has 
been implicated in the development of psychiatric disorders (22, 23). 
In this study, combining genetic and pharmacological approaches, we 
have now demonstrated that corticotropin-releasing hormone [CRH; 
also called corticotropin-releasing factor (CRF)] neurons, as a unique 
subtype of GABAergic inhibitory interneurons in the mPFC, directly 
receive excitatory projections from the vHPC and are required to 
drive chronic pain–induced anxiety and depression via feed-forward 
inhibition of the major output neurons in the mPFC. Our studies 
further suggested that the associated CRH–CRH receptor 1 (CRHR1) 
signaling could be a target for treating anxiodepressive consequences 
of chronic pain.

RESULTS
TN decreases activity of layer V mPFC pyramidal neurons in 
a time-dependent manner
We previously showed that TN mice exhibit obvious anxiodepressive-
like behaviors by 14 days but not 4 day after chronic constriction injury of 
the infraorbital nerve (CION), indicating that anxiodepressive-like 
behaviors caused by neuropathic pain were time dependent (21). In 
this study, we investigated whether TN altered the excitability and 
synaptic transmission of mPFC neurons accompanying the 
anxiodepressive-like behaviors. As layer V provides the main integrated 
output of the mPFC (24), we recorded neural activity of layer V 
pyramidal neurons in mPFC slices from sham, CION-4d, and CION-
14d mice (Fig. 1A). Action potentials (APs) were evoked by 10-pA step 
depolarizing current pulses ranging from 0 to 200 pA. The input-output 
curves appeared right-shifted with a more depolarized AP firing 
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threshold and more hyperpolarized rest membrane potential (RMP) at 
day 14 but not day 4 after CION (Fig. 1, B to F), indicating that the 
intrinsic excitability of layer V pyramidal neurons was decreased 
following TN development in a time-dependent manner. We further 
recorded spontaneous excitatory postsynaptic currents (sEPSCs) and 
spontaneous inhibitory postsynaptic currents (sIPSCs) in mPFC layer 
V pyramidal neurons. CION induced a notable increase in amplitude 
and an increasing trend in frequency of sIPSCs, whereas sEPSCs 
remained unchanged, indicating an enhanced inhibitory synaptic 
transmission of layer V pyramidal neurons (Fig. 1, G to L). To deter-
mine whether the decrease in excitability of layer V pyramidal neurons 
in CION mice depends on enhanced inhibitory inputs, we examined 
the effect of blocking γ-aminobutyric acid type A (GABAA) receptors on 

the excitability of layer V mPFC pyramidal neurons. A leftward shift in 
input-output curves of APs was observed after bath perfusion of GABAA 
receptor inhibitor bicuculline (BIC; 10 μM; fig. S1), suggesting that the 
increase in inhibitory inputs contributes to the decrease in excitability of 
layer V pyramidal neurons in TN mice. Thus, the decrease in neuronal 
activity of layer V pyramidal neuron following TN may be due to both a 
decrease intrinsic excitability and an increase in inhibitory inputs.

Enhanced neuronal activity in the vHPC drives feed-forward 
inhibition of layer V pyramidal neurons
We next explored the presynaptic source that drove enhanced inhibitory 
inputs onto layer V pyramidal neurons in the mPFC. mPFC received 
inputs from various brain regions, including the vHPC whose plasticity 

Fig. 1. TN decreases the excitability and increases inhibitory synaptic transmission of layer V mPFC pyramidal neurons. (A) Schematic showing chronic CION and 
mPFC slice image showing the location of the recorded neurons in layer V mPFC pyramidal neurons. Scale bar, 200 μm. (B) Examples of AP traces evoked by depolarizing 
current in layer V mPFC pyramidal neurons from sham, CION-4d, and CION-14d mice. (C) CION time dependently decreases firing frequency of APs evoked by depolarizing 
current steps in mPFC layer V pyramidal neurons. **P < 0.01, two-way repeated measure (RM) ANOVA. (D and E) CION-14d mice have more depolarized AP firing threshold 
(D) and more hyperpolarized RMP (E) in layer V mPFC pyramidal neurons, compared with sham and CION-4d ones. *P < 0.05, **P < 0.01, one-way ANOVA. (F) Phase plots 
of the APs evoked by brief current injections in mPFC layer V pyramidal neurons from sham, CION-4d, and CION-14d mice. (G to I) Patch clamp recording of sIPSCs showing 
an increased amplitude of sIPSCs and a right-shifted cumulative fraction in layer V mPFC pyramidal neurons from CION-14d mice. **P < 0.01, two-tailed Student’s t test. 
(J to L) Patch clamp recording of sEPSCs showing no difference in amplitude and frequency of sEPSCs in layer V mPFC pyramidal neurons. Two-tailed Student’s t test. Data 
are expressed as means ± SEM. Sample sizes are indicated in bars and parentheses. See also fig. S1.
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has been implicated in psychiatric disorders (12, 25). We first verified 
projections from the vHPC to the mPFC by injecting adeno-associated 
virus (AAV)–calcium/calmodulin-dependent protein kinase II alpha 
(CaMK2A)–channelrodopsin-2 (ChR2) into the CA1 region of the 
vHPC (Fig. 2, A and B). Then, we labeled mPFC-projecting vHPC 
CaMK2A+ neurons by injecting AAV-retro-mCherry into the mPFC 
and recorded the neuronal activity of these presynaptic neurons in vHPC 
slices (Fig. 2C). Corresponding to the time window of decreased excit-
atory activity of layer V mPFC pyramidal neurons and the development 
of anxiodepressive-like behaviors, the changes of intrinsic excitability 

and membrane properties of mPFC-projecting vHPC neurons were 
also observed on day 14 but not day 4 after CION. The input-output 
curves of APs in vHPC CaMK2A+ neurons appeared left-shifted with 
a more hyperpolarized AP firing threshold and a more depolarized 
RMP at day 14 after CION (Fig. 2, D to H), indicating that the excit-
ability of mPFC-projecting vHPC neurons was increased following 
TN development. We further used fiber photometry to measure 
anxiety state–induced changes in Ca2+ signals in vHPC CaMK2A+ 
neurons expressing the Ca2+ indicator green fluorescent protein fused to 
a calmodulin protein (GCaMP6s). Increased neuronal activity of vHPC 

Fig. 2. TN increases excitatory activity of mPFC-projecting CaMK2A+ vHPC pyramidal neurons. (A and B) Sagittal schematic showing AV-CaMK2A-ChR2-mCherry 
injection into the vHPC, and fluorescent signals were detected in the mPFC after intra-vHPC virus injection. Scale bars, 200 μm. (C) Sagittal schematic showing specific 
infection of mCherry on mPFC-projecting CaMK2A+ neurons in the vHPC and vHPC slice image showing the recorded CaMK2A+ neurons. Scale bar, 30 μm. (D) Examples 
of AP traces evoked by depolarizing current in vHPC CaMK2A+ neurons from sham, CION-4d, and CION-14d mice. (E) CION increases firing frequency of APs evoked by 
depolarizing current steps in vHPC CaMK2A+ neurons on day 14 but not on day 4. **P < 0.01, two-way RM ANOVA. (F and G) CION-14d mice have more hyperpolarized 
AP firing threshold (F) and more depolarized RMP (G) in vHPC CaMK2A+ neurons. *P < 0.05, **P < 0.01, one-way ANOVA. (H) Phase plots of the APs evoked by brief current 
injections in vHPC CaMK2A+ neurons from sham, CION-4d, and CION-14d mice. (I) Schematic and photomicrograph of coronal section showing the protocol for in vivo 
optical fiber photometry recording (top) and the sites of optical fiber implantation and CaMK2A-GCaMP6s expression in the vHPC (bottom). Scale bar, 1 mm. (J to 
L) Heatmap of fluorescence (J), mean fluorescence of Ca2+ transients (K), and area under curve of changes in Ca2+ transients (L) showing robustly increased neuronal 
activity of vHPC CaMK2A+ neurons when mice moved from closed arm to open arm in EPM on day 14 after CION. **P < 0.01, two-tailed Student’s t test. Data are expressed 
as means ± SEM. Sample sizes are indicated in bars and parentheses. See also fig. S2. DAPI, 4′,6-diamidino-2-phenylindole.
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CaMK2A+ neurons was observed when mice moved from the closed 
arm to the open arm in an elevated plus maze (EPM). The elevated Ca2+ 
activity in CION mice was greater than that of sham mice (Fig. 2, I to L). 
The sIPSCs and sEPSCs of vHPC CaMK2A+ neurons from sham and 
CION-14d mice were also recorded. CION-14d mice exhibited an in-
creased amplitude of sEPSCs, further supporting that TN enhanced the 
excitability of vHPC CaMK2A+ neurons on day 14 (fig. S2).

To determine whether the decreased activity of layer V mPFC pyra-
midal neurons is attributed to the increased vHPC excitatory inputs (via 
more dominant feed-forward activation of inhibitory neurons, see be-
low), we activated vHPC-mPFC projections and then measured the effect 
on the activity of layer V mPFC pyramidal neurons. Following optoge-
netic activation of vHPC CaMK2A+ presynaptic terminals in the mPFC, 
both optoactivated EPSC (oEPSC) and optoactivated IPSC (oIPSC) were 
recorded in mPFC layer V pyramidal neurons (Fig. 3, A and B). The oIPSC 
amplitude and ratio of oIPSC/oEPSC in CION-14d mice were signifi-
cantly higher than that in the sham controls (Fig. 3, C and D), indicating 
that CION shifted excitatory-inhibitory (E-I) balance of vHPCCaMK2A-
mPFC pathway toward inhibition in mPFC layer V pyramidal neurons. 
Consistent with increased inhibitory inputs, optogenetic activation of 
vHPC CaMK2A+ presynaptic terminals in the mPFC led to a rightward 
shift in the input-output curves of APs and significantly suppressed AP 
firing frequency of layer V pyramidal neurons evoked by ramp depolar-
izing current (Fig. 3, E to H). Bath perfusion of BIC (10 μM) blocked the 
effect of optogenetic activation of vHPC CaMK2A+ presynaptic termi-
nals on AP firing (Fig. 3, I and J). To determine direct or indirect inputs 
from vHPC to mPFC, we additionally performed voltage-clamp record-
ing from mPFC layer V pyramidal neurons, showing that both oEPSC 
and oIPSC were completely abolished by voltage-gated Na+ channel 
blocker tetrodotoxin (TTX; 1 μM), whereas only oEPSC, rather than 
oIPSC, could be rescued by voltage-gated K+ channel blocker 
4-aminopyridine (4-AP; 100 μM) in the presence of TTX, under which 
voltage-sensitive Ca2+ channel can gain the ability to drive depolarization 
and glutamate release (Fig. 3K) (26), indicating that the oEPSCs but not 
oIPSCs were elicited by direct synaptic connections between vHPC 
CaMK2A+ neurons and mPFC layer V pyramidal neurons. Moreover, 
both oEPSC and oIPSC were completely eliminated by AMPA receptor 
antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 μM; 
Fig. 3L). These results indicate that layer V mPFC pyramidal neurons 
receive direct excitatory inputs from vHPCCaMK2A neurons, but these 
inputs were dominantly inhibited via feed-forward activation of mPFC 
inhibitory interneurons, particularly under the TN condition (Fig. 3M).

Together with our previous study showing that TN mice devel-
oped anxiodepressive-like behaviors in 14 days but not 4 day after 
CION, we postulated that increased excitatory activity of vHPC 
CaMK2A+ neurons and the decreased excitatory activity of layer 
V mPFC pyramidal neurons on 14th day of CION may be associated 
with the development of anxiodepressive-like behaviors, and we 
subsequently conducted a series of studies to test this hypothesis 
(see below).

Anxiodepressive consequences of TN require 
vHPCCaMK2A-mPFCvGat projections
We next investigated the role of the vHPCCaMK2A-mPFC inputs in driv-
ing TN-associated anxiodepression. We injected the antegrade-tracing 
AAV2/1-hSyn-Cre virus into the vHPC and Cre-dependent AAV–
double-floxed inverse orientation (DIO)–enhanced green fluorescent 
protein (EGFP) virus into the mPFC (Fig. 4A and fig. S3A), such that 
AAV2/1-Cre from transduced presynaptic neurons can effectively and 

specifically drive Cre-dependent transgene expression in selected post-
synaptic neuronal targets (27). RNAscope fluorescence in situ hybridiza-
tion (FISH) identified vGat-positive postsynaptic neurons in the mPFC, 
confirming the direct projections from the vHPC to mPFC GABAergic 
neurons (Fig.  4B). Moreover, c-Fos immunohistochemical staining 
showed that following optogenetic activation of vHPCCaMK2A-mPFC 
projection terminals, more than 40% of vGat-positive mPFC neurons 
were activated (fig. S3, B and C), suggesting a functional connection be-
tween vHPC excitatory outputs and mPFC inhibitory interneurons. To 
determine the effects of vHPC-mPFCGABA pathway on CION-induced 
anxiodepressive-like behaviors, we injected AAV2/1-hsyn-Cre into the 
vHPC and AAV2/9-Gad67-DIO-hM4Di into the mPFC to inhibit post-
synaptic mPFC GABAergic inhibitory neurons receiving vHPC projec-
tions (Fig. 4, C and D, and fig. S3A). Intraperitoneal injection of CNO 
(5 mg/kg, 0.1 ml) was used specifically to inhibit hM4Di-expressing 
Gad67+ postsynaptic GABAergic neurons in the mPFC receiving vHPC 
projections. This silence of inhibitory neuron activity produced anti-
anxiodepressive–like effects, as indicated by an increase in open arm 
entries and open arm staying time in the EPM test, as well as by an in-
crease in center-traveling distance in the open field (OF) test, less im-
mobile time in the tail suspension (TS) test, and more sucrose 
consumption in the sucrose preference (SP) test (Fig. 4, E to K). Notably, 
inhibition of vHPC-mPFC postsynaptic Gad67+ neurons has no effect 
on CION-induced mechanical hypersensitivity in the vibrissa pad 
(Fig. 4L). These results imply that the feed-forward inhibition mediated 
by mPFC GABAergic inhibitory neurons receiving projections from the 
vHPC may be specifically involved in CION-induced anxiodepressive-
like behaviors.

To further confirm this conclusion, we also took an alternative 
optogenetic approach to inhibit vHPCCaMK2A-mPFC pathway. To do 
so, we performed intra-vHPC injection of AAV–encoding halorho-
dopsin (eNpHR)–enhanced yellow fluorescent protein (EYFP) virus 
driven by the CaMK2A promoter in CION mice (fig. S3D). Yellow 
light stimulation (583 nm, 10 mW, continuous) of the presynaptic 
terminals of vHPCCaMK2A neurons in the mPFC significantly alleviated 
TN-induced anxiodepressive-like behaviors (fig.  S3, E to K). The 
anti-anxiodepressive effect of inhibiting vHPC-mPFC postsynaptic 
vGat+ neurons or vHPCCaMK2A-mPFC terminals could also be 
mimicked by optogenetic soma inhibition of vHPC CaMK2A+ neu-
rons (fig. S4, A to G). Our previous study showed that inhibition of 
microglia in the ipsilateral but not the contralateral dorsal hippo-
campus (dHPC) blocked CION-induced anxiodepressive-like 
behaviors, suggesting an asymmetric role of dHPC (21). However, 
unlike manipulating dHPC microglia, there was no significant 
difference in the anti-anxiodepressive effects of silencing ipsilateral 
and contralateral vHPC CaMK2A+ neurons (fig. S4, A to G).

Considering that either inhibitory interneurons or excitatory 
pyramidal neurons receive direct excitatory inputs from vHPC-
CaMK2A neurons (as shown in Fig.  3M), we also examined the 
effects of vHPC-mPFC excitatory postsynaptic neurons on 
CION-induced anxiodepressive-like behaviors. RNAscope FISH 
and c-Fos immunohistochemical results showed a functional 
connection between vHPC excitatory outputs and mPFC excitatory 
neurons (fig.  S5, A to D). Optogenetic inhibition of vHPC-
mPFC CaMK2A+ excitatory postsynaptic neurons did not affect 
CION-induced anxiodepressive-like behaviors (fig.  S5, E to K). 
Collectively, the above data indicate that vHPC excitatory outputs to 
mPFC inhibitory neurons are necessary for the manifestation of 
TN-induced anxiodepressive-like behaviors.
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vHPC-mPFC postsynaptic CRH+ neurons mediate 
vHPC-driven feed-forward inhibition to layer V 
pyramidal neurons
We next investigated the identities of mPFC inhibitory neurons mod-
ulating anxiodepressive-like behaviors. A subset of GABAergic neu-
rons, CRH-positive GABAergic neurons, have been identified in the 

mPFC (28, 29). Consistent with previous findings, RNAscope FISH 
revealed that approximately 23% of vGat mRNA-positive GABAergic 
neurons are colabeled with Crh mRNA-positive signals in the mPFC, 
and no colabeled signals of vGlut1+ and Crh+ were observed in the 
mPFC (Fig.  5A). This proportion was also confirmed in CRH-
Cre::Ai14 mice (fig.  S6A). To determine whether mPFC CRH+ 

Fig. 3. vHPC excitatory inputs decrease neuronal activity of mPFC layer V pyramidal neurons through feed-forward inhibition. (A) Schematic showing AAV-
CaMK2A-ChR2-mCherry injection into the vHPC, optogenetic activation of vHPCCaMK2A-positive terminals and whole-cell recording of layer V pyramidal neurons in the 
mPFC. (B) Representative traces showing the oEPSC and oIPSC in layer V mPFC pyramidal neurons from sham and CION-14d mice following light activation of vHPC-
CaMK2A inputs. (C and D) CION increases oIPSC amplitude and IPSC/EPSC (I/E) ratio. **P < 0.01, two-tailed Student’s t test. (E and F) Optogenetic activation of vHPCCaMK2A-
positive terminals in the mPFC shows a rightward shift in input-output curves of APs in mPFC layer V pyramidal neurons. Two-way RM ANOVA. (G and H) Optogenetic 
activation of vHPCCaMK2A-positive terminals in the mPFC decreases AP firing evoked by a ramp current in layer V mPFC pyramidal neurons. **P < 0.01, paired t test. 
(I and J) In the presence of BIC (10 μM), optogenetic activation of vHPCCaMK2A-positive terminals in the mPFC fails to decrease AP firing evoked by a ramp current in 
layer V mPFC pyramidal neurons. Paired t test. (K) Optogenetic activation of vHPCCaMK2A-positive terminals evokes oEPSC and oIPSC in layer V mPFC pyramidal neu-
rons, which can be completely blocked by application of TTX (1 μM), and only oEPSC was reinduced by 4-AP (100 μM) in the presence of TTX, indicating that the 
oEPSCs are elicited by direct synaptic connections between mPFC-projecting vHPCCaMK2A neurons. (L) Both oEPSC and oIPSC are blocked by application of AMPA re-
ceptor antagonist CNQX (10 μM). (M) Schematic showing that mPFC inhibitory interneurons (IN) may mediate vHPCCaMK2A-driven feed-forward inhibition to mPFC 
layer V pyramidal neurons (PN). Data are expressed as means ± SEM. Sample sizes are indicated in bars and parentheses.
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neurons receive direct projections from vHPC neurons, we injected 
AAV2/1-hsyn-Flpo virus into the vHPC and Flp-dependent AAV2/9-
hEF1α-fDIO-EYFP into the mPFC of CRH-Cre::Ai14 mice. We de-
tected over 30% of tdTomato-labeled mPFC CRH+ neurons 
colocalized with EYFP (Fig. 5B), indicating that mPFC CRH+ neu-
rons receive axonal projections from vHPC neurons. Furthermore, 
we injected AAV-CaMK2A-ChR2 into the vHPC of CRH-Cre::Ai14 

mice and then performed opto-electrophysiological recording and 
tested whether optogenetic activation of vHPC CaMK2A+ presynap-
tic terminals in the mPFC is able to evoke EPSCs in mPFC CRH+ 
neurons (Fig. 5C). Patch clamp recording showed that, with blue light 
stimulation of the vHPCCaMK2A terminal in the mPFC, an oEPSC was 
evoked in 34 of 51 (66.7%) of recorded CRH+ neurons (Fig. 5D). The 
recorded oEPSCs could be completely blocked by TTX and rescued 

Fig. 4. The vHPC-mPFCGABA projections contribute to CION-induced anxiodepressive behaviors. (A) Sagittal schematic showing specific infection of EGFP on mPFC 
postsynaptic neurons receiving projections from the vHPC. (B) RNAscope FISH showing colocalization and proportion of vGat mRNA with mPFC postsynaptic EGFP+ 
neurons receiving projections from the vHPC. Scale bar, 50 μm. (C) Schematic and photomicrograph of coronal section showing specific infection of hM4Di or mCherry 
on mPFC postsynaptic Gad67+ interneurons receiving projections from the vHPC. Scale bar, 200 μm. (D) RNAscope FISH showing colocalization and proportion of vGat 
mRNA with mPFC postsynaptic Gad67-mCherry+ neurons receiving projections from the vHPC. Scale bar, 50 μm. (E) Schematic of the protocol in experiments (G) to (L). 
(F) Patch clamp recording in mPFC slice showing that APs are suppressed by bath CNO (500 nM) in mPFC postsynaptic Gad67+ GABAergic neuron expressing hM4Di. 
(G to K) Chemogenetic inhibition of mPFC postsynaptic GABAergic neurons receiving projections from the vHPC effectively ameliorates CION-induced anxiodepressive-
like behaviors in EPM [(G) and (H)], OF [(H) and (I)], TS (J), and SP (K) test. (H) Example track plots (top) and combined heatmap of two groups of animals (bottom) from 
mCherry- and hM4Di-injected mice in EPM (left) and OF (right) tests. *P < 0.05, **P < 0.01, two-tailed Student’s t test. (L) Chemogenetic inhibition of mPFC postsynaptic 
GABAergic neurons receiving projections from the vHPC has no effect on CION-induced mechanical allodynia. Two-way ANOVA. Data are expressed as means ± 
SEM. Sample sizes are indicated in bars. See also figs. S3 to S5.
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by TTX/4-AP, indicating that the oEPSCs were elicited by direct syn-
aptic connections between vHPCCaMK2A and mPFCCRH neurons 
(Fig. 5E). Furthermore, optogenetic activation of vHPCCaMK2A termi-
nals in the mPFC resulted in c-Fos expression in more than 60% of 
CRH-positive neurons, indicating a functional connection between 
vHPCCaMK2A and mPFCCRH neurons (fig. S6, B and C).

We next showed an increased excitatory input of the vHPCCaMK2A-
mPFCCRH pathway in CION mice. Optogenetic activation of vHPC 
CaMK2A+ presynaptic terminals in the mPFC evoked a larger oEPSC 
in CRH+ neurons of CION mice; the amplitude of oEPSCs induced 
by different intensities of blue light stimulation was robustly greater in 
CION mice than that of sham mice on day 14 (Fig. 5F). To confirm 
the presynaptic effects, we recorded oEPSCs evoked by paired pulse 
light stimulation of vHPCCaMK2A terminals in mPFC slices. Within 
50- to 150-ms intervals, paired-pulse ratios (PPRs) were reduced in 
CION mice as compared with controls (Fig. 5G). Because the PPR is 
inversely related to release probability, these results indicate that TN 
enhanced excitatory synaptic transmission from the vHPCCaMK2A to 
mPFCCRH by increasing presynaptic glutamate release. Furthermore, 
besides increased presynaptic inputs, CION also led to increased ex-
citability of CRH+ neurons, as indicated by a leftward shift in the 
input-output curve of APs evoked by step depolarizing current with a 
more hyperpolarized firing threshold in CION mice (Fig. 5, H and I, 
and fig. S6, D to I). Bath perfusion of the AMPA receptor antagonist 
CNQX (10 μM) and N-methyl-​d-aspartate receptor antagonist d,l-2-
amino-5-phosphonovaleric acid (50 μM) in mPFC slices from CION 
mice, a rightward shift in the input-output curve of APs evoked by 
step depolarizing current was observed in CRH+ neurons (fig. S5, J 
and K), suggesting that the increase in excitatory inputs may be in-
volved in the increase in excitability of CRH+ neurons in TN mice. 
Moreover, cell-attach recordings of mPFC CRH+ neurons showed 
that average spontaneous firing frequency was greatly increased after 
CION (Fig. 5J and fig. S6L).

We next investigated whether the vHPC-mPFCCRH projections pro-
vided the inhibitory inputs onto layer V pyramidal neurons of the 
mPFC. To do this, we used the Cre-Flpo double enzyme system to gen-
erate mPFC postsynaptic CRH+ neurons expressing ChR2 (Fig.  5K). 
Optogenetic activation of CRH+ neurons expressing ChR2 evoked 
oIPSCs in layer V pyramidal neurons in mPFC slices, which could be 
blocked with the GABAA receptor inhibitor BIC (Fig. 5L). The oIPSCs 
were also blocked by TTX and rescued by 4-AP, indicating that the 
CRH+ GABAergic neurons receiving vHPC projections mediated feed-
forward inhibition to layer V pyramidal neurons (Fig. 5M).

vHPC-mPFC postsynaptic CRH+ neurons contribute to 
CION-induced anxiodepressive behaviors
To determine the role of vHPC-mPFCCRH projections in driving 
CION-induced anxiodepression, we used a Cre-enabled optoge-
netic inhibition system by injecting AAV2/1-FLEX-Flpo into 
the vHPC and Flp-dependent eNpHR (fDIO-eNpHR-EYFP) 
into the mPFC of CRH-Cre mice (Fig.  6A). By this way, we 
achieved selective inhibition of postsynaptic mPFC CRH+ neu-
rons receiving vHPC projections by yellow light stimulation. We 
then found that inhibition of mPFC CRH+ neurons led to an 
attenuation of anti-anxiodepressive–like behaviors measured by 
the EPM, OF, and TS tests, without affecting mechanical hypersensitivity 
(Fig. 6, B to H). These results imply that the vHPC-mPFCCRH pathway 
contributes to CION-induced anxiodepressive-like behaviors. To 
further confirm this, we inhibited mPFC CRH+ neurons optogenetically 

with intra-mPFC injection of AAV-DIO-eNpHR-mCherry virus in 
CRH-Cre mice. The anti-anxiodepressive effect of inhibiting vHPC-
mPFCCRH postsynaptic CRH+ neurons could be mimicked by optoge-
netic inhibition of mPFC CRH+ neurons per se (fig.  S7). These data 
indicate that mPFC CRH+ neurons are necessary for the development of 
TN-induced anxiodepressive-like behaviors.

Considering CRH is coexpressed with vasoactive intestinal 
polypeptide (VIP) or somatostatin (SOM) but not parvalbumin in 
cortical neurons (28, 29), we also examined the effects of inhibiting 
the vHPC-mPFCVIP or vHPC-mPFCSOM pathway on CION-induced 
anxiodepressive-like behaviors. Similar to inhibition of the vHPC-
mPFCGABA and vHPC-mPFCCRH pathways, optogenetic inhibition 
of the vHPC-mPFCVIP pathway, but not the vHPC-mPFCSOM path-
way, significantly attenuated CION-induced anxiodepressive-like 
behaviors (fig. S8). Thus, the VIP-expressing subset of mPFC CRH+ 
neurons are crucial for TN to induce anxiodepressive-like behaviors.

CRH-CRHR1 signaling in the mPFC contributes to TN-induced 
anxiodepressive-like behaviors
We next examined whether the CRH-mediated signaling is crucial for 
driving anxiodepressive-like behaviors. We first observed an increase 
in Crh mRNA expression in mPFC vGat+ inhibitory neurons by 
RNAscope FISH on day 14 after CION (fig. S9A). We then found that 
for two CRH receptors, CRHR1 rather than CRHR2 is expressed 
prominently in the mPFC (fig. S9B), especially in excitatory pyrami-
dal neurons of the mPFC layer V (fig. S9, C and D). We next tested 
whether the CRH-CRHR1 signaling was involved in driving TN-
induced anxiodepression. First, gain-of-function studies showed that 
activation of CRHR1 via injection of the CRHR1 agonist stressin-1 
(200 ng/0.2 μl) bilaterally into the mPFC of naïve mice was sufficient 
to drive typical anxiodepressive-like behaviors, as indicated by less 
open arm time in the EPM test, more immobile time in the TS test, 
and less sucrose consumption in the SP test (Fig. 7, A to D). Second, 
we conducted loss-of-function studies and found that intra-mPFC 
injection of CRHR1 antagonist NBI27914 significantly improved 
CION-induced anxiodepressive-like behaviors (Fig. 7, E to I). More-
over, we used the Cre-Flpo double enzyme system to enabled vHPC-
mPFC postsynaptic CRH+ neurons expressing the Gq-coupled 
human muscarinic M3 designer (hM3D) receptor (Fig. 7, J and K). 
The efficacy of hM3Dq-mediated excitation was confirmed by patch 
clamp recordings in mPFC slices. AP firing was induced by CNO 
(500 nM) in mPFC CRH+ neurons expressing hM3Dq (Fig. 7L). 
Chemogenetic activation of mPFC CRH+ neurons receiving projections 
from the vHPC produced anxiodepressive-like behaviors, which 
could be blocked by the CRHR1 antagonist NBI27914 (Fig. 7, M to O).

Next, we determined whether activation of the CRHR1 signaling 
could modulate the activity of the layer V mPFC pyramidal neurons 
in response to the activation of mPFCCRH neurons. In response to 
bath perfusion of the CRHR1 antagonist NBI27914 (5 μM) in 
mPFC slices from CION mice, layer V mPFC pyramidal neurons 
showed increased excitability and decreased amplitude of sIPSCs 
(Fig. 8, A to G, and fig. S9, F to H). We also examined the effect of 
CRH on the activity of layer V mPFC pyramidal neurons in naive 
mice. It was known that CRH/CRHR1 mainly exert their physiolog-
ical functions by activating G protein–coupled receptor–associated 
cell signaling cascades (30). Upon ligand activation, signals are 
mainly coupled by Gαs, leading to increase in cyclic adenosine 
3′,5′-monophosphate (cAMP) and protein kinase A (PKA) (31). Thus, 
activation of CRHR1 generally promotes neuronal excitability. However, 
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Fig. 5. TN enhances vHPCCaMK2A excitatory inputs and the excitability of mPFC CRH+ neurons. (A) RNAscope FISH showing colocalization and proportion of vGlut1 or vGat 
mRNA with Crf mRNA in the mPFC. Scale bars, 50 μm. (B) Sagittal schematic and photomicrograph of coronal section showing mPFC postsynaptic CRH+ neurons receiving projec-
tions from the vHPC. Scale bar, 20 μm. Histogram showing the proportion of CRH+ neurons in the mPFC which receive input from the vHPC. (C) Sagittal schematic showing CaMK2A-
ChR2 injection into the vHPC of CRH-Cre::Ai14 mice and mPFC slice image showing a recording electrode in a CRH+ neuron. Scale bar, 20 μm. (D and E) Optogenetic activation of 
vHPCCaMK2A inputs evokes oEPSCs in mPFC CRH+ neurons, which can be completely blocked by application of CNQX (D) and TTX (E) and reinduced by 4-AP in the presence of TTX 
(E). (F and G) Optogenetic activation of vHPCCaMK2A inputs induces an increased amplitude of oEPSCs (F) and a decreased paired-pulse ratio (PPR; G) in mPFC postsynaptic CRH+ 
neurons from CION-14d mice. **P < 0.01, two-way RM ANOVA. (H and I) CION increases firing frequency of APs evoked by depolarizing current steps in mPFC CRH+ neurons on day 
14. **P < 0.01, two-way RM ANOVA. (J) CION increases spontaneous firing frequency in mPFC CRH+ neurons by cell-attach recording. *P < 0.05, two-tailed Student’s t test. (K) Sagit-
tal schematic showing the protocol of optogenetic manipulating mPFC postsynaptic CRH+ neurons and patch clamp recording mPFC layer V pyramidal neurons. (L and M) Optoge-
netic activation of mPFC postsynaptic CRH+ neurons evokes oIPSCs in mPFC layer V pyramidal neurons, which is completely blocked by application of BIC (L) or TTX, and 4-AP could 
rescue the oIPSCs in the presence of TTX (M). Data are expressed as means ± SEM. Sample sizes are indicated in bars and parentheses. See also fig. S6.
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bath perfusion of CRF (200 nM) mimicked CION-induced deactivation 
of layer V mPFC pyramidal neurons, including reduced AP firing fre-
quency, hyperpolarized RMP, and increased sIPSC amplitude (Fig. 8, H 
to N, and fig. S9, I to K). As a support, intra-mPFC injection of CRHR1 
agonist stressin-1 (200 ng//0.2 μl) failed to increase c-Fos expression in 
layer V mPFC neurons (fig. S10, A and B). Furthermore, we examined 
the effect of blocking CRH-CRHR1 signaling on GABA-evoked 
currents in layer V mPFC pyramidal neurons. Puff application of GABA 
(100 μM) at 0 mV evoked an outward current, and application of CRF 
potentiated the GABA currents, which could be blocked by the CRHR1 
antagonist NBI27914 (Fig. 8O). G protein inhibitor Guanosine-5'-O-(2-
thiodiphosphate) trilithium salt [(GDP-β-S) 1 μM] in the intracellular 
solution completely prevented CRF-induced potentiation of the GABA 
current (Fig.  8P). In addition, oIPSCs of layer V pyramidal neurons 
evoked by optogenetic activating vHPC-mPFC postsynaptic CRH+ 
neurons were partially attenuated by the CRHR1 antagonist NBI27914 
(Fig. 8Q). These results suggest that CRH-CRHR1 signaling may regu-
late the inhibitory synaptic transmission of layer V mPFC pyramidal 
neurons by enhancing the function of the postsynaptic GABAA 
receptor. Behaviorally, we observed the effect of blocking GABAA recep-
tors on CRH-mediated anxiodepressive-like behaviors. Chemoge-
netic activation of mPFC CRH+ neurons receiving projections from 

the vHPC produced anxiodepressive-like behaviors, which could be 
blocked by the GABAA receptor antagonist BIC (3 ng/0.2 μl; fig. S10, 
C to H). These results suggest that both the CRH and GABA signaling 
in the mPFC contribute to CION-induced anxiodepression.

DISCUSSION
We identified a vHPCCaMK2A-mPFCCRH circuit involving the anx-
iodepressive consequences of neuropathic pain. The CRH-CRHR1 
signaling operating within the vHPCCaMK2A-mPFCCRH circuit is re-
quired to induce anxidepressive-like consequences (Fig. 9).

Layer V pyramidal neurons provide the main integrated outputs 
of the mPFC (32), and persistent deactivation of layer V mPFC py-
ramidal neurons has been observed in rodent chronic pain models 
(33–36). Similarly, the activity of the dorsal lateral PFC (dlPFC) in 
humans (the homolog of rodent mPFC) is reduced in patients with 
persistent pain in rheumatoid arthritis (37) and ulcerative colitis 
(38). Stimulation of the dlPFC in humans and the mPFC in rats can 
effectively treat chronic pain and anxiodepressive behaviors (39, 
40). In this study, we have now provided insight into the mecha-
nisms leading to inactivation of layer V pyramidal neurons in mice 
with chronic TN. In TN mice, sustained trigeminal pain leads to 

Fig. 6. Inhibition of vHPC-mPFCCRH pathway and blockade CRHR1 improves CION-induced anxiodepressive behaviors. (A) Sagittal schematic and photomicro-
graph of coronal section showing specific infection of eNpHR or EYFP on mPFC postsynaptic CRH+ neurons receiving projections from the vHPC in CRH-Cre mice. Scale 
bar, 200 μm. (B) Schematic of the protocol in experiments (D) to (H). (C) Patch clamp recording in mPFC slice showing that APs are suppressed by yellow light stimulation 
in mPFC postsynaptic CRH+ neurons expressing eNpHR. (D to G) Optogenetic inhibition of mPFC postsynaptic CRH+ neurons improves CION-induced anxiodepressive-
like behaviors. *P < 0.05, **P < 0.01, two-tailed Student’s t test. (H) Optogenetic inhibition of mPFC postsynaptic CRH+ neurons does not affect CION-induced mechanical 
allodynia. Two-way ANOVA. Data are expressed as means ± SEM. Sample sizes are indicated in bars. See also figs. S7 and S8.
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Fig. 7. Activation of CRH-CRHR1 signaling in the mPFC is sufficient to induce anxiodepressive-like behaviors. (A) Sagittal schematic of intra-mPFC injection and the 
protocol of experiments (B) to (D). (B to D) Intra-mPFC injection of CRHR1 agonist stressin-1 induces anxiodepressive-like behaviors in naive mice. *P < 0.05, **P < 0.01, 
two-tailed Student’s t test. (E) Sagittal schematic and photomicrograph of coronal section showing the position of drug injection and cannula in the mPFC. Scale bar, 
1 mm. (F) Schematic of the protocol in experiments (G) to (I). (G to I) Intra-mPFC injection of CRHR1 antagonist NBI27914 (NBI) significantly alleviates CION-induced 
anxiodepressive-like behaviors in EPM (G), TS (H), and SP (I) tests. *P < 0.05, **P < 0.01, two-tailed Student’s t test. (J) Sagittal schematic and photomicrograph of coronal 
section showing specific infection of hM3Dq or mCherry on mPFC postsynaptic CRH+ neurons receiving projections from the vHPC and CRHR1 antagonist NBI27914 injec-
tion into the mPFC in CRH-Cre mice. Scale bar, 200 μm. (K) Schematic of the protocol in experiments (M) to (O). (L) In current clamp model, application of CNO (500 nM) 
evokes spontaneous APs in a mPFC postsynaptic CRH+ neuron expressing hM3Dq. (M to O) Chemogenetic activation of mPFC postsynaptic CRH+ neurons receiving 
projections from the vHPC produces anxiodepressive-like behaviors in naive mice, which is significantly improved by intra-mPFC injection of CRHR1 antagonist NBI27914 
in EPM (M), TS (N), and SP (O) tests. *P < 0.05, **P < 0.01, one-way ANOVA followed by post hoc Dunn’s test. Data are expressed as means ± SEM. Sample sizes are indi-
cated in bars. See also fig. S9.



Lv et al., Sci. Adv. 10, eadj4196 (2024)     19 January 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

11 of 17

Fig. 8. CRH-CRHR1 signaling modulates the activity of layer V mPFC pyramidal neurons through postsynaptic GABAA receptor. (A) Schematic showing the location of the 
recorded neurons in mPFC layer V pyramidal neurons in CION-14d mice. (B and C) Bath application of CRHR1 antagonist NBI27914 (5 μM) increases firing frequency of APs evoked 
by depolarizing current steps in layer V mPFC pyramidal neurons from CION-14d mice. **P < 0.01, two-way RM ANOVA. (D) The effect of CRHR1 antagonist NBI27914 on RMP of 
layer V mPFC pyramidal neurons from CION-14d mice. **P < 0.01, two-tailed Student’s t test. (E to G) Patch clamp recording of sIPSCs showing that CRHR1 antagonist NBI27914 
decreases the amplitude of sIPSCs. *P < 0.05, two-tailed Student’s t test. (H) Schematic showing the location of the recorded neurons in layer V mPFC pyramidal neurons in naive 
mice. (I to K) Bath application of CRF (200 nM) mimics CION-induced inhibitory effects on AP firing and RMP of layer V mPFC pyramidal neuron. **P < 0.01, two-way RM ANOVA for 
(J); *P < 0.05, two-tailed Student’s t test for (K). (L to N) Bath application of CRF (200 nM) significantly increases the amplitude of sIPSCs of layer V mPFC pyramidal neurons in naive 
mice. *P < 0.05, two-tailed Student’s t test. (O) Perfusion of CRF significantly enhances the amplitude of GABA currents in layer V mPFC pyramidal neurons, which is blocked by CRHR1 
antagonist NBI27914. **P < 0.01, paired t test. (P) GDP-β-S (1 μM) in the intracellular solution completely prevents CRF from increasing GABA currents. Paired t test. (Q) Optogenetic 
activation of mPFC postsynaptic CRH+ neurons evokes oIPSCs in layer V mPFC pyramidal neurons, which is significantly attenuated by bath application of CRHR1 antagonist 
NBI27914. **P < 0.01, paired t test. Data are expressed as means ± SEM. Sample sizes are indicated in bars and parentheses. See also figs. S9 and S10.
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enhanced activity of CaMK2A+ vHPC neurons, which in turn pro-
duced increased excitatory inputs to the CRH+ subset of GABAergic 
neurons in the mPFC, causing a feed-forward inhibition of layer V 
mPFC pyramidal neurons. Notably, this enhanced feed-forward in-
hibition occurs after 14 days of TN, coinciding with the time window 
of the development of anxiodepressive-like consequences (21). 
Consistently, inactivation and activation of the vHPCCaMK2A-mPFCCRH 
circuits can sufficiently suppress and produce anxiodepressive-like 
consequences in TN and naïve mice, respectively. However, a study 
from Zhou’s laboratory showed that inhibition or ablation of CRH 
neurons in the dorsal mPFC (dmPFC) facilitated social avoidance 
and depressive-like behaviors in a social defeat stress mouse model, 
while activation showed the opposite effect (29). This discrepancy 
implies the complexity of the CRH neuronal circuits and the speci-
ficity in etiology of depression. It has been implied that different 
etiologies of anxiety and depression (such as restraint stress and 
chronic pain) were encoded in different neurons and neural circuits 
(41, 42). Thus, it is reasonable that mPFCCRH neurons play different 
roles in different stress (social stress versus chronic pain) model ani-
mals. Alternatively, the discrepancy can be explained by the involve-
ment of different mPFC subdivision in different behavioral functions. 
Subregions of the mPFC include the dorsal and ventral subdivisions, 
termed prelimbic (PL) and infralimbic (IL), respectively. Accumulating 
evidence has shown that PL and IL project very differently through-
out the brain (43, 44) and play different or even opposite roles in 
certain behavioral regulation (22, 45). Because both PL-mPFCCRH 
and IL-mPFCCRH receiving projections from vHPCCaMK2A neurons, 
we manipulated CRH+ neurons in a broader region, including 

PL-mPFC and IL-mPFC. Differently, Chen et al.’s study (29) focused 
on dmPFC (PL-mPFC) subdivision, and their manipulation of CRH+ 
neurons was limited to the dmPFC.

As chronic pain progresses, daily life activity such as food chewing 
(in terms of the TN model) could become a conditioned stimulus 
predicting the presence of an unconditioned outcome: the pain 
experience. To survive, animals have to eat, and accordingly, exaggerate 
pain becomes inevitable experience. This may explain why anxiety 
and depression develop much faster for this pain model in compari-
son with limb neuropathic pain models, for example, spared nerve 
injury or sciatic nerve injury model (4, 20, 46), and why TN causes 
so much emotional suffering and depression in humans (47, 48). 
Previous studies demonstrated that vHPC excitatory neurons could 
regulate the activity of mPFC pyramidal neurons through GABAer-
gic interneurons, gating fear extinction and relapse (10, 16). Extinc-
tion deficits have been considered a mechanism for the persistence 
of pain and pain-related negative emotion (18). This may explain 
the involvement of the vHPCCaMK2A-mPFCCRH circuit in driving 
anxiety and depression in TN mice, which might result from pain-
related emotional learning (e.g., pain-related fear, anxiety, and aver-
sion) from the unconditioned persistent presence of pain or pain 
episodes evoked by unavoidable daily activity (49–51).

In addition, we found that CRH itself contributes to the inactivation 
of layer V mPFC output neurons and TN-induced anxiodepression 
through CRHR1. CRH is a 41–amino acid peptide that functions as a 
neuromodulator in the brain, regulating several behavioral stress re-
sponses (30, 52, 53). Besides its well-known action on the hypothalamic-
pituitary-adrenal axis, CRH also acts in other extrahypothalamic brain 
regions, such as mPFC, increasing anxiety-like responses and executive 
dysfunction induced by stress (31, 54). In postmortem levels, CRH im-
munoreactivity among depressed suicides is elevated in the PFC (55). In 
rodents, expression of Crh mRNA in the mPFC significantly increases 
after restraint stress (54, 56). We observed that TN, as an unavoidable 
physical stress, also up-regulated Crh mRNA in mouse mPFC. Activation 
of CRHR1 in the mPFC directly produced anxiodepressive-like behav-
iors in naive mice. Blockade of CRHR1 in the mPFC significantly im-
proved anxiodepressive-like behaviors caused by either TN or direct 
activation of vHPC-mPFCCRH pathway. In particular, TN-induced inac-
tivation of layer V mPFC pyramidal neurons was reversed by CRHR1 
antagonist. These data suggest that endogenous CRH in the mPFC is 
required by anxiodepressive-like consequences of TN. We further 
showed that extracellular application of CRF in the mPFC mimicked 
TN-induced inactivation of layer V pyramidal neurons and 
anxiodepressive-like behaviors. Together, our results imply that both 
CRH+ inhibitory neurons and their released CRF play crucial important 
roles in inactivating layer V mPFC output neurons and mediating 
anxiodepressive-like effect.

As mentioned above, CRH/CRHR1 signals are mainly coupled 
by Gαs, leading to neuronal excitability via increase in cAMP and 
PKA. However, our results showed that extracellular application of 
CRF inhibited neuronal excitability of layer V mPFC pyramidal 
neurons. One possible explanation is increased CRHR1 in GABAergic 
inhibitory neurons, which enhances the inhibitory input of layer V 
pyramidal neurons. What does not support this explanation is that 
our present results showed very few Crhr1 mRNA in mPFC vGat-
positive inhibitory neurons, with the vast majority in vGlut1-
positive excitatory neurons. Alternatively, CRF may up-regulate the 
function of GABA receptors expressed in layer V pyramidal neu-
rons through activating CRHR1-Gs-PKA signaling cascades. We 

Fig. 9. A schematic showing that vHPC-mPFC circuit and CRH-CRHR1 signaling 
contribute to anxiodepressive consequences of TN. CION enhances excitatory 
activity of vHPC CaMK2A+ pyramidal neurons and reinforces the excitatory inputs 
from vHPC to mPFCCRH neurons. CRH-CRHR1 signaling may regulate excitatory/in-
hibitory activity of mPFC layer V pyramidal neurons via modulating GABAA receptor 
(GABAAR), leading to anxiodepressive consequences of TN. Related to Discussion.
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showed that CRF enhanced postsynaptic GABA currents of layer V 
mPFC pyramidal neurons; and this effect was prevented by pretreat-
ment with CRHR1 antagonist or G protein inhibitor GDP-β-S. CRHR1 
antagonist also suppressed sIPSC amplitude but not frequency of layer V 
mPFC pyramidal neurons in TN mice, suggesting a postsynaptic effect. 
Evidence that CRH augments GABAergic transmission through a post-
synaptic action was also observed in the central amygdala (57) and bed 
nucleus of the stria terminalis (58). Moreover, in our observa-
tion, CRHR1 agonist did not increase c-Fos expression in mPFC 
neurons, implying the functional regulation of GABAA recep-
tors by CRHR1. Also, blocked of GABAA receptors can prevent 
anxiodepressive-like behaviors caused by activation of vHPC-
mPFCCRH pathway.

It is worth mentioning that our previous study showed that 
microglia and neuroinflammation in the ipsilateral but not the contra-
lateral dHPC were involved in CION-induced anxiodepressive-
like behaviors, suggesting an asymmetric role of dHPC (21). 
However, we did not find any difference in the anti-anxiodepressive 
effects produced by silent ipsilateral and contralateral vHPC 
neurons. As we know that the hippocampus is a heterogeneous 
structure with gradually segregated functional differences 
along the dorsal-ventral axis (59). The dHPC and vHPC ex-
hibit different gene expression and have different connectivity 
with other cortical and subcortical structures (60–62), which 
leads to functional differences and often leads to opposite 
reactions to the same stimulus. For example, contrary to the 
present results of TN enhancing the excitability of vPHC excit-
atory neurons, chronic pain has been reported to reduce the 
excitability of dHPC pyramidal neurons and glutamate level in 
rodents (63, 64). In addition, the activation of microglia and 
changes in neuronal activity induced by CION may also have 
quite different mechanisms. Thus, it is understandable that 
there is a difference in the laterality of the dHPC and vHPC.

Overall, we showed that inhibition of the vHPCCaMK2A-mPFCCRH 
pathway or blockade of CRH-CRHR1 signaling in the mPFC effec-
tively alleviated TN-induced anxiodepressive-like behaviors. Our 
studies will therefore help to develop therapeutic approaches for 
chronic pain–related anxiety and depression.

MATERIALS AND METHODS
Animals
Adult C57BL/6J mice (8 to 12 weeks old, 20 to 25 g; Shanghai 
Experimental Animal Center of Chinese Academy of Science) and 
transgenic strains CRH-ires-Cre (JAX#012704), Vip-ires-Cre 
(JAX#010908), SOM-ires-Cre (JAX#028864), Ai14 (JAX#007914), 
and R26R-EYFP (JAX#006148) were used in this study. All 
mice were maintained under standard housing conditions in a 
temperature (22° ± 1°C) and humidity controlled room with a 
12-hour/12-hour light-dark cycle and food and water ad libi-
tum. All experiments were approved by the Experimental Ani-
mal Ethics Committee of Shanghai Medical College and the 
Committee on the Use of Animal Experiments of Fudan Uni-
versity (permit SYXK2009-0082). The body weight and sex of 
animals were assigned to different treatment groups randomly. 
Behavioral testing, electrophysiological recording, and quanti-
fication of immunohistochemistry/FISH experiments were 
performed by researchers blinded to the treatments.

Chronic CION
The TN mouse model was established by chronic CION via an intra-
oral approach as described previously (65). Briefly, mice were anes-
thetized with sodium pentobarbital (50 mg/kg) by intraperitoneal 
injection, and the left infraorbital nerve was exposed proximal to 
the first molar along the left gingivocuccal margin. One ligature 
with 4-0 polyglycolic-co-lactic acid was tied loosely around the 
nerve. Sham-operated mice received nerve exposure without liga-
tion. All surgical procedures were performed aseptically.

Virus stereotactic injection
Under sodium pentobarbital anesthesia, mice were fixed on a mouse 
stereotaxic apparatus (51725D, Stoelting, USA), and the skull plane 
was adjusted to ensure that the bregma and lambda were at a hori-
zontal level. A small craniotomy hole was made using a dental drill, 
and a heating pad was used to maintain the body temperature at 
37°C during anesthesia. A volume of 200 to 300 nl of virus (depend-
ing on the expression strength and viral titer) was injected through 
a glass microelectrode connected to a microinjection pump (Nano-
liter 2010 injector, World Precision Instruments Inc., USA) at a rate 
of 30 nl/min. The stereotaxic coordinates for the vHPC were 3.2 mm 
anteroposterior (AP), ±3.7 mm mediolateral (ML), and −3.5 mm 
dorsoventral (DV); coordinates for the mPFC were +1.75 mm AP, 
±0.4 mm ML, and −2.45 mm DV. At the end of the infusion, the 
glass pipette remained in the injection place for 10 min to avoid 
virus overflow. AAV details are shown in table S1. AAV expression 
was permitted for at least 3 weeks before the experiments; mice with 
off-target mCherry or EGFP localization were excluded from 
the analysis.

Cannula infusion
Mice were anesthetized with sodium pentobarbital and a stainless 
steel guide cannula (62028, RWD Life Science, Shenzhen, China) 
with a stainless steel stylet plug (62128, RWD) was implanted above 
the injection site in the mPFC. Dental cement and biocompatible 
adhesive were used to fix the cannula. Mice were allowed to recover 
for 1 week before behavior tests. Microinjection was performed 
through an injector cannula (62228, RWD), which protrudes 1.3 mm 
beyond the guide cannula to reach the site of mPFC. CRHR1 antagonist 
NBI27914 was dissolved in sesame oil (in vivo) or ethanol (in vitro). 
CRF, CRHR1 agonist stressin-1, and GABAA antagonist BIC were 
dissolved in normal saline. The chemical details are shown in 
table S1. A total of 200 nl of vehicle or drugs was injected per side at 
the rate of 100 nl/min. The injector cannula was held for 2 min before 
withdrawal to minimize drug spread along the injection track. Behavior 
tests were conducted after 30 min.

Behavior assessment
von Frey test
Mice were handled and habituated in the experimenter’s hand for 
10 min, for at least 3 days before testing. Mechanical sensitivity was 
determined using a series of von Frey filaments with increasing forces 
(0.02 to 2 g) applied to skin within the infraorbital territory, near the 
center of the vibrissa pads. A brisk or active withdrawal of the head 
from the filament was considered a response. Each filament was 
applied 10 times at 10-s intervals, and the lowest force in grams that 
evoked a positive withdrawal response in >50% of the 10 consecu-
tive stimuli was defined as the withdrawal threshold.
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Open field
The open field test consisted of an open box (length by width by 
height: 40 cm by 40 cm by 30 cm) and a data acquisition and analysis 
system. The observation area was divided into the angle zone 
(10 cm by 10 cm at the four corners) and the center of the area (20 cm by 
20 cm). Mice were gently placed into the center of the arena at the 
beginning and allowed to explore freely for 5 min. Movement of the 
animals was recorded with a digital camera over the chamber. Video 
tracking software (Ethovision XT v11.5, Noldus BV) was used to 
analyze the distance traveled and time spent in each area.

Elevated plus maze
The EPM device consisted of two closed arms (length by width: 
30 cm by 6 cm), two open arms (length by width: 30 cm by 6 cm) and a 
central platform (length by width: 6 cm by 6 cm) elevated 50 cm 
above the floor. The two closed arms were enclosed with 20-cm-high 
walls crossing with two open arms. Mice were gently placed in the 
central platform of the maze facing an open arm and were allowed 
to explore freely for 5 min. Movement of the animals in the maze 
was recorded with a digital camera over the maze. Both open/closed 
arm entries and open arm time were analyzed with video tracking 
software (Ethovision XT v11.5, Noldus BV).

Tail suspension
The TS box was made of polyethylene with the dimensions 30 cm by 
30 cm by 30 cm. The mice were suspended in the middle of the box 
with the tape at 0.1 cm proximal to the tail tip, and the distance be-
tween the mouse’s nose and the box floor was approximately 2 cm in 
the rest state. Mice activity was recorded with a digital camera for 
6 min, and the immobility time in the last 4 min was counted.

Sucrose preference
The SP test was conducted as described previously (Sheng HY, 
JCI insight, 2020). The experimental procedure consisted of 6 days. 
On days 1 to 3 (from 17:00 on the first day to 17:00 on the third day), 
the mice were kept in a home cage with two bottles, one contain-
ing regular water and the other containing 1% fresh sucrose so-
lution, to adapt for 48 hours. On days 3 to 4 (from 17:00 on the 
third day to 17:00 on the fourth day), the mice were placed in a 
black polyethylene apparatus (length by width by height: 50 cm 
by 24  cm by 13 cm) with a transparent polyethylene cover to 
adapt to the SP test apparatus for 24 hours. Each mouse was 
provided with two tubes (1% sucrose solution and regular water) 
in each chamber. On days 4 to 5, baseline measurements were 
determined for 12 hours (from 21:00 on the fourth day to 9:00 
on the fifth day) in the SP test apparatus. After the baseline test, 
mice were deprived of food and water for 12 hours (from 9:00 to 
21:00 on the fifth day) in home cages and then moved to the SP 
test apparatus for 12 hours (from 21:00 on the fifth day to 9:00 
on the sixth day) to measure the SP rate. During this experi-
ment, positions of the water and sucrose were changed every day. 
The SP rate was determined as follows: (sucrose consumption/total 
consumption) × 100%.

Optogenetic manipulation
Two weeks after injection of optogenetic viruses, optical fibers 
(Ø200-μm core, 0.37 numerical aperture; Newdoon Technology 
Co. Ltd., Hangzhou, China) were implanted 0.2 mm above the 
virus injection site under anesthesia. Mice were allowed to recover 

for 1 week. Before optogenetic stimulation, the laser source was 
adjusted to the proper intensity and connected to the implanted 
optical fiber through a fiber cable. The EPM, OF, and TS tests 
were performed with yellow light stimulation (538 nm, 10 mW, 
continuous). In SP test, light stimulation was applied for 10 min 
before the test.

Chemogenetic manipulation
For chemogenetic inhibition, the designed CNO (5 mg/kg in 0.1 ml, 
ip) was administered 30 min before behavioral tests. For chemoge-
netic activation, CNO (3 mg/kg, ip) was injected 30 min before be-
havioral tests. For pharmacological and chemogenetic manipulation, 
CNO (3 mg/kg, ip) was injected immediately after NBI27914 (500 ng) 
or BIC (3 ng) intracerebral injection.

Slice preparation and electrophysiological recording
Mice were deeply anesthetized and transcardially perfused with ice-
cold cutting solution containing 92 mM N-methyl-​d-glucamine, 
2.5 mM KCl, 1.2 mM NaH2PO4, 20 mM Hepes, 30 mM NaHCO3, 
25 mM glucose, 5 mM Na ascorbate, 3 mM Na pyruvate, 2 mM thio-
urea, 10 mM MgSO4, and 0.5 mM CaCl2 (pH 7.3, 300 to 310 mOsm/
liter). The brains were immediately removed and submerged in pre-
oxygenated (95% O2, 5% CO2, v/v) cold cutting solution. Slices 
(300 μm) containing the vHPC or mPFC were cut using a vibrating mi-
crotome (VT1200S, Leica, Germany) and transferred to an oxygen-
ated chamber filled with recording artificial cerebrospinal fluid 
(recording ACSF) containing 119 mM NaCl, 2.3 mM KCl, 1 mM 
NaH2PO4, 26.2 mM NaHCO3, 12 mM glucose, 1.3 mM MgSO4, and 
2.5 mM CaCl2 (pH 7.3 when carbogenated with 95% O2 and 5% 
CO2, 300 to 310 mOsm/liter) for 30 min at 32°C. The incubated 
brain slices were transferred to the recording chamber and continu-
ously perfused with circulated well-oxygenated ACSF at a rate of 2 
to 3 ml/min at room temperature. A charge-coupled device imaging 
system was used to find the vHPC CA1 area or mPFC using the IR-
DIC mode with a low-power lens (×10) in an Olympus BX51WI 
upright microscope; a high-power lens (×60) was used to find the 
target neurons.

Whole-cell patch clamp recordings were performed with Axon 
700B amplifier with a Digidata 1550B digitizer (Molecular Devices, 
USA). Patch pipettes (3 to 8  megohm) were made of borosilicate 
glass on a micropipette puller (P-1000, Sutter Instruments, Novato, 
CA, USA). The signals were low-pass–filtered at 2 kHz, digitized at 
10 kHz, and analyzed with Clampfit 10.6 software (Molecular De-
vices). If the series resistance changed more than 20% during the 
recording, the recording was terminated. The current-evoked APs 
were recorded in current-clamp mode (I = 0 pA) and injected cur-
rent steps from −50 to 200 pA in 10-pA steps. The electrodes were 
filled with K-gluconate internal solution containing 125  mM K-
gluconate, 15 mM KCl, 0.5 mM EGTA, 10 mM Hepes, 10 mM phos-
phocreatine, 2 mM Mg–adenosine triphosphate (ATP), and 0.5 mM 
Na–guanosine triphosphate (GTP) (pH 7.3, 290 to 300 mOsm/liter).

The spontaneous firing activity was recorded in the cell-attached 
voltage-clamp mode. The pipette was filled with recording ACSF. The 
liquid junction potential was approximately zero. While approach-
ing the neuron, positive pressure was applied to the patch electrode. 
By applying slight suction to the electrode, a seal (10 to 100 meg-
ohm) was created between the cell membrane and the recording 
pipette. Spontaneous firing activity was then recorded for 10 min 
and analyzed 5 min after stabilization.
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For sEPSC and sIPSC recordings, electrodes were filled with 
Cs-methanesulfonate internal solution containing 127.5 mM Cs-
methanesulfonate, 7.5 mM CsCl, 2.5 mM MgCl2·6H2O, 0.6 mM 
EGTA, 10 mM Hepes, 10 mM phosphocreatine, 4 mM Na-ATP, and 
0.4 mM Na-GTP (pH 7.3, 290 to 300 mOsm/liter). After establishing 
the whole-cell configuration, neurons were held at −70 and 0 mV to 
record sEPSCs and sIPSCs, respectively. Bath application of AMPA 
receptor blocker CNQX (10 μM) or GABAA receptor blocker BIC 
(10 μM) blocked the sEPSCs or sIPSCs, respectively. Continuous 
bath perfusion of drugs or ACSF (control) is performed during the 
recording. Different slices from the same animal were randomly as-
signed to control and drug-treated groups. In general, one to two 
cells were recorded in each slice of the drug-treated group. Data 
were sampled at 10 kHz, filtered at 2 kHz, and analyzed with the 
Mini Analysis Program (Synaptosoft).

For light-evoked excitatory postsynaptic currents (oEPSCs) and 
inhibitory postsynaptic currents (oIPSCs) recordings, optical stimu-
lation (470 nm, light intensity 1 to 15 mW, 10 ms) was delivered by a 
light-emitting diode (LED; X-cite 110, USA), which was connected 
to the programmable pulse stimulator (Master-9, A.M.P. Instruments, 
Israel). oEPSCs or oIPSCs were recorded in voltage clamp mode 
(holding potential, −70 mV for oEPSCs and 0 mV for oIPSCs) with 
Cs-methanesulfonate internal solution. To record vHPCCaMK2A-
mPFCCRH synaptic transmission, light was delivered to vHPCCaMK2A-
positive terminals expressing ChR2 in the mPFC of CRH-Cre::Ai14 
mice. To analyze the PPR, paired optical stimuli (470 nm, 5 mW, 
10 ms, interpulse 50, 75, 100, and 150 ms) were applied, and the 
oEPSC2/oEPSC1 ratio was calculated. To record the synaptic trans-
mission between mPFC CRH+ neurons and layer V mPFC pyrami-
dal neurons, light was delivered to mPFC CRH+ neurons expressing 
ChR2 of CRH-Cre mice. To test whether the postsynaptic currents 
recorded in mPFC neurons were elicited by direct synaptic connec-
tions, 1 μM TTX and 100 μM 4-AP were added to ACSF. To obtain 
the GABA currents, the membrane potential was held at 0 mV, puffing 
GABA (100 μM) for 3 s.

Fiber photometry
AAV-CaMK2A-GCaMP6s virus was injected into the vHPC as de-
scribed above, and optical fiber (Ø200-μm core) was implanted af-
ter 3 weeks. In vivo recording of vHPC Ca2+ activity was conducted 
after 1 week using a fiber photometry system (FPS-MC-LED, 
Thinker Tech). For assessment of vHPC neuronal activity in re-
sponse to EPM exposure, mice were placed in the EPM, and movement 
of mice in the EPM and the Ca2+ signal of vHPC neurons were 
recorded simultaneously. Calcium-dependent fluorescent signals 
were recorded in GCaMP6s-expressing vHPC neurons using a 
470-nm laser. The laser power at the tip of the optical fiber was 
adjusted to 30 μW to decrease laser bleaching. The moment when 
the mouse entered the open arm from the closed arm was defined 
as onset of the event. The baseline was the average Ca2+ transient 
2 s before onset of the event. Z score (ΔF/σF) of the fluorescence 
change and area under the curve of changes in transient Ca2+ cor-
responding to events were analyzed. The heatmap and averaged 
Ca2+ traces were plotted using a MATLAB tool package.

Immunohistochemistry
Mice were deeply anesthetized and transcardially perfused with 0.9% 
saline followed by precold 4% paraformaldehyde (PFA) in 0.1 M 
phosphate buffer (PB) (pH 7.4). The brain was removed, postfixed in 

4% PFA for an additional 4 to 8 hours at 4°C, and dehydrated with a 
sucrose gradient (10 to 30%) in PB at 4°C. Fixed frozen tissues were 
sectioned (30 μm) on a cryostat microtome (CM 1950, Leica, Germany). 
Sections were blocked with 10% normal donkey serum with 0.3% Tri-
ton X-100 in 0.01 M phosphate-buffered saline (PBS) for 2 hours at 
room temperature and incubated overnight at 4°C with chicken anti-
GFP (1:1000, Aves labs), rabbit anti–red fluorescent protein (1:1000, 
Rockland), and rabbit anti c-Fos (1:2000, abcam) primary anti-
bodies. After rinsing with PBS, sections were then incubated for 
2 hours at room temperature with corresponding Alexa Fluor 
488/546/647–conjugated secondary antibodies (1:500, Invitrogen) 
or 4′,6-diamidino-2-phenylindole (1:10,000, Invitrogen). The anti-
body details are shown in table  S1. The stained sections were 
observed and analyzed with a confocal laser-scanning microscope 
(FV1000, Olympus, Japan).

Fluorescence in situ hybridization
FISH was performed using the RNAscope system [Advanced 
Cell Diagnostics (ACD)] according to the manufacturer’s in-
structions. Sections were pretreated with hydrogen peroxide, 
target retrieval reagents, and protease III and then treated for 
2 hours with targeted mRNA probes: vGlut1 (ACDBio, 416631), 
vGat (ACDBio, 319191), Crh (ACDBio, 316091), Crhr1 (ACD-
Bio, 418011), and Crhr2 (ACDBio, 423201), followed by AMP1, 
AMP2, and AMP3 successively for 15 to 30 min. The sections 
were further incubated in horseradish peroxidase-channel1/2/3 
(HRP-C1/2/3) for 15 min and Opal 520/570/690 (1:1500, PerkinElmer) 
for 30 min to fluorescently label the probe. Finally, HRP blocker 
was added for 15 min after fluorescent labeling of each channel. 
All hybridization and incubation steps were performed at 40°C 
in the hybridization oven; moisture was maintained with the use 
of a wet box. Immunohistochemical staining was continued after 
these procedures.

Quantification of c-Fos immunostaining
To quantify the influence of activation of the vHPC-mPFC path-
way on c-Fos expression in mPFC vGat+ and CRH+ neurons, 
eight vGat-Cre and eight CRH-Cre::R26R-EYFP mice were di-
vided into two groups. vGat-Cre mice received mPFC injection 
of DIO-mCherry and vHPC injection of AAV-CaMK2A-ChR2 
(n = 4) or AAV-CaMK2A-EYFP (n = 4); CRH-Cre::R26R-EYFP 
mice received vHPC injection of AAV-CaMK2A-ChR2 (n = 4) 
or AAV-CaMK2A-mCherry (n  =  4). An optical fiber was im-
planted in the mPFC. Before transcardiac perfusion, each mouse 
was placed in the test environment alone for at least 3 hours to 
eliminate background signal. Then, blue light stimulation (473 nm, 
5 mW, 10 ms, 20 Hz for 10 min) was delivered. After 90 min, the 
mice were anesthetized and perfused, and c-Fos immunohisto-
chemistry staining was performed. In each mouse, the number of 
vGat-mCherry– or CRH-EYFP–labeled cells and c-Fos/vGat-mCherry 
or c-Fos/CRH-EYFP double-labeled cells was counted from four to 
six randomly selected equivalent areas of the mPFC. The percentage 
of c-Fos/vGat-mCherry or c-Fos/CRH-EYFP double-labeled mPFC 
cells in vGat-mCherry– or CRH-EYFP–labeled cells was calculated 
for four animals in each group.

Statistical analysis
Data are presented as mean ± SEM. Data from different groups 
were verified for normality and homogeneity of variance using 



Lv et al., Sci. Adv. 10, eadj4196 (2024)     19 January 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

16 of 17

Shapiro-Wilk and Brown-Forsythe tests before analysis, where no 
data were transformed. No data were excluded from statistical 
analysis due to outlier status. Electrophysiological recording, FISH 
signals, and behavioral data were analyzed using the paired t test, 
Student’s t test, or Mann-Whitney U test (nonparametric data) 
when comparing two groups or one-way analysis of variance 
(ANOVA) followed by post hoc Sidak or Dunn’s test or two-way 
ANOVA followed by post hoc Sidak test or Kruskal-Wallis H test 
(nonparametric data) when comparing more than two groups. All 
analyses were two-tailed, and a P value less than 0.05 (P < 0.05) 
was considered statistically significant. Statistical analyses were 
performed using GraphPad Prism 8.0 software.

Supplementary Materials
This PDF file includes:
Figs. S1 to S10
Table S1
Legends for data files S1 and S2

Other Supplementary Material for this manuscript includes the following:
Data files S1 and S2
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