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Prefrontal parvalbumin interneurons mediate CRHR1-
dependent early-life stress-induced cognitive deficits in

adolescent male mice
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Cognitive impairment, a core symptom of psychiatric disorders, is frequently observed in adolescents exposed to early-life stress
(ES). However, the underlying neural mechanisms are unclear, and therapeutic efficacy is limited. Targeting parvalbumin-expressing
interneurons (PVIs) in the medial prefrontal cortex (mPFC), we report that ES reduces mPFC PVI activity, which causally mediated ES-
induced cognitive deficits in adolescent male mice through chemogenetic and optogenetic experiments. To understand the
possible causes of PVI activity reduction following ES, we then demonstrated that ES upregulated corticotropin-releasing hormone
(CRH) receptor 1 [CRHR1, mainly expressed in pyramidal neurons (PNs)] and reduced activity of local pyramidal neurons (PNs) and
their excitatory inputs to PVIs. The subsequent genetic manipulation experiments (CRHR1 knockout, CRH overexpression, and
chemogenetics) highlight that ES-induced PVI activity reduction may result from CRHR1 upregulation and PN activity
downregulation and that PVIs play indispensable roles in CRHR1- or PN-mediated cognitive deficits induced by ES. These results
suggest that ES-induced cognitive deficits could be attributed to the prefrontal CRHR1-PN-PVI pathway. Finally, treatment with
antalarmin (a CRHR1 antagonist) and environmental enrichment successfully restored the PVI activity and cognitive deficits induced
by ES. These findings reveal the neurobiological mechanisms underlying ES-induced cognitive deficits in adolescent male mice and

highlight the therapeutic potentials of PVIs in stress-related cognitive deficits in adolescent individuals.
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INTRODUCTION
The first episodes of several psychiatric disorders often occur in
adolescence, and this phenomenon is associated with various
genetic and environmental risk factors [1, 2]. One such risk factor
is early-life stress (ES). Meta-analyses have shown that exposure to
adverse life events increases the diagnosis of depression in
childhood or adolescence by approximately 2.5 times [3].
Cognitive impairment is one of the core symptoms of several
psychiatric disorders and is frequently observed in adolescents
exposed to ES [4]. However, the neural mechanisms underlying
cognitive impairment remain unclear and the efficacy of current
first-line therapeutic drugs for cognitive deficits is limited [5, 6].
Importantly, several recent studies have provided behavioral
evidence that ES can significantly impair cognition in adolescent
animals [7-9], paving the way for identifying potential neural
correlates for early and effective interventions.

The prefrontal cortex (PFC) plays crucial roles in cognitive
behaviors, is a late-developing neural structure, and is highly
vulnerable to ES [10, 11]. Within the PFC, parvalbumin-expressing

interneurons (PVIs) are the largest class of inhibitory neurons
(accounting for approximately 40% of interneurons) [12]. They
form perisomatic projections onto excitatory pyramidal neurons
(PNs), control neural network synchrony, and are crucial for
learning and memory [13-15]. Genetic manipulations to inactivate
[16, 17] or activate [18, 19] PVIs in the medial PFC (mPFC) have
supported the causal link between PVI activity and mPFC-
dependent cognitive abilities in adult animals. During adoles-
cence, PVIs undergo a protracted period of maturation and their
maturation contributes significantly to the stability of cortical
excitatory-inhibitory microcircuits [20] and the development of
PFC-dependent cognitive abilities [21, 22]. For instance, sustained
inhibition of the mPFC PVI activity in adolescent mice was found
to disrupt cognitive flexibility in adulthood [18]. To date, only a
few studies have examined the effects of ES on PVis in
adolescents, and largely focused on the number (density) of PVIs
[9, 23-25]. Whether and how ES would affect the activity of PFC
PVIs in adolescence and how this alteration is linked to ES-induced
cognitive deficits remain unknown. Moreover, several mechanisms

Peking University Sixth Hospital, Peking University Institute of Mental Health, NHC Key Laboratory of Mental Health (Peking University), National Clinical Research Center for
Mental Disorders (Peking University Sixth Hospital), Beijing, China. *Key Laboratory of Biomechanics and Mechanobiology (Beihang University), Ministry of Education, Beijing
Advanced Innovation Center for Biomedical Engineering, School of Engineering Medicine, Beihang University, Beijing, China. *Department of Neurobiology, Key Laboratory of
Medical Neurobiology of Ministry of Health of China, Zhejiang Province Key Laboratory of Neurobiology, Zhejiang University School of Medicine, Hangzhou, China. *Department
of Neurobiology, School of Basic Medical Sciences, Beijing Key Laboratory of Neural Regeneration and Repair, Advanced Innovation Center for Human Brain Protection, Capital
Medical University, Beijing, China. ®email: suyunai@bjmu.edu.cn; ljt_102124@163.com; si.tian-mei@163.com

Received: 7 November 2023 Revised: 4 November 2024 Accepted: 13 November 2024

Published online: 22 November 2024

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41380-024-02845-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41380-024-02845-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41380-024-02845-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41380-024-02845-6&domain=pdf
http://orcid.org/0000-0001-7730-3710
http://orcid.org/0000-0001-7730-3710
http://orcid.org/0000-0001-7730-3710
http://orcid.org/0000-0001-7730-3710
http://orcid.org/0000-0001-7730-3710
http://orcid.org/0000-0002-7940-8054
http://orcid.org/0000-0002-7940-8054
http://orcid.org/0000-0002-7940-8054
http://orcid.org/0000-0002-7940-8054
http://orcid.org/0000-0002-7940-8054
http://orcid.org/0000-0001-8445-9633
http://orcid.org/0000-0001-8445-9633
http://orcid.org/0000-0001-8445-9633
http://orcid.org/0000-0001-8445-9633
http://orcid.org/0000-0001-8445-9633
http://orcid.org/0000-0003-3160-9225
http://orcid.org/0000-0003-3160-9225
http://orcid.org/0000-0003-3160-9225
http://orcid.org/0000-0003-3160-9225
http://orcid.org/0000-0003-3160-9225
http://orcid.org/0000-0001-9823-2720
http://orcid.org/0000-0001-9823-2720
http://orcid.org/0000-0001-9823-2720
http://orcid.org/0000-0001-9823-2720
http://orcid.org/0000-0001-9823-2720
https://doi.org/10.1038/s41380-024-02845-6
mailto:suyunai@bjmu.edu.cn
mailto:ljt_102124@163.com
mailto:si.tian-mei@163.com
www.nature.com/mp

Y.-N. Ma et al.

2408

may contribute to the maturation of PVIs during adolescence, one
of which is increased glutamatergic inputs to PVIs [26]. Although
ES has been reported to impair the structure [27] and function [28]
of PNs in the adult mPFC, how ES affects PN activity and their
inputs to PVIs in the adolescent mPFC remains unclear.

Current pharmacological (e.g., first-line antidepressants or
antipsychotics) and nonpharmacological [e.g., repeated transcra-
nial magnetic stimulation (rTMS)] strategies for the treatment of
cognitive impairment have not yielded satisfactory results
[5, 29, 30]. Recent clinical and basic studies have highlighted the
association between PFC-dependent cognitive dysfunction and
corticotropin-releasing hormone (CRH) and its receptor 1 (CRHR1)
[31]. Genetic polymorphisms of the CRHR1 gene are associated
with cognitive functioning in both healthy adults and patients
with psychiatric disorders [32, 33]. In animal studies, down-
regulating the CRH-CRHR1 system using pharmacological (e.g.,
CRH antagonist D-Phe-CRF5; CRHR1 antagonist, antalarmin) or
genetic (e.g., prefrontal CRHR1 knockdown) methods could
reverse cognitive deficits [27, 34, 35]. However, whether CRHR1-
based interventions are effective for treating ES-induced cognitive
deficits and how the CRH-CRHR1 system interacts with PFC PVIs in
adolescent animals remain unknown. On the other hand,
environmental enrichment (EE) nonpharmacological intervention
has beneficial effects on stress-related negative outcomes [36],
and importantly on ES-induced cognitive impairments in adoles-
cent animals [37, 38]. However, the underlying mechanisms are
still unclear.

In this study, we systematically tested the involvement of mPFC
PVI activity in ES-induced cognitive deficits in adolescent male
mice. We adopted the well-established ES paradigm, the limited
nesting and bedding material (LBN), with which we have
previously observed deficits in mPFC-dependent cognitive func-
tions and pyramidal neuronal structural plasticity in adult male
mice [27]. Here we first evaluated the effects of ES on cognition
and mPFC PVI activity in adolescent male mice. We then
manipulated mPFC PVI activity through optogenetic and chemo-
genetic methods to examine the causal link between reduced
mPFC PVI activity and ES-induced cognitive deficits. We proposed
the following hypothesis to understand the possible causes of
reduced PVI activity following ES by, considering (1) the
interaction between PVIs and PNs, (2) the involvement of the
CRH-CRHR1 system in adverse effects of ES [27, 39-41], and (3) the
localization of CRHR1 in PNs [42], by performing genetic
manipulation (knockout, overexpression, chemogenetics) to reveal
the causal involvement of the PNs and CRHR1 in ES-induced
cognitive deficits and reduced PVI activity and to further test
whether PVI activity is required in PN and CRHR1 manipulation.
Finally, we tested the effects of pharmacological (the CRHR1
antagonist, antalarmin) and nonpharmacological (EE) treatment
on cognitive deficits and PVI activity in adolescent male mice.

RESULTS
Early-life stress specifically impaired cognition in adolescent
male mice
We first established an LBN model during the postnatal day (PND)
2-9 and then compared a series of stress-related physiological and
behavioral measures between stressed and control mice to
investigate the effects of early-life stress (ES) on cognition in
adolescent male mice (Fig. 1A, B and Fig. S1A). Immediately after
stress (PND9), stressed mice exhibited significantly less body
weight gain (Fig. S1B, left panel), and the effect persisted into
adolescence (Fig. S1B, right panel). Mice exposed to ES also
showed significant adrenal atrophy (Fig. S1C) and a tendency for
thymic atrophy (Fig. S1D) in adolescence.

Cognitive performance was assessed in four tasks. In the
temporal order memory task (TOM, Fig. 1C), stressed mice failed to
distinguish the “remote” object from the “recent” object and had a
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significantly lower discrimination index than control mice. In the
Y-maze spontaneous alternation test (Fig. 1D), stressed mice
showed lower spontaneous alternation rates and greater error
rates for returning to the same arm, indicating spatial working
memory deficits. In the novel object recognition test, stressed
mice did not distinguish the “novel” object from the “familiar”
object as the control mice did (Fig. 1E), despite of no group
differences in the discrimination index. Stressed mice also
exhibited spatial object recognition deficits, as in this task they
failed to discriminate between the “displaced” and “stationary”
objects, and showed a significantly lower discrimination index
than control mice (Fig. 1F). Motor and exploratory behaviors (i.e.,
total probe time and distance traveled during the test phase of
the recognition tasks or the total arm entries in the Y-maze) were
not affected by ES (Fig. S2A-D).

In addition to assessing cognitive behaviors, we also evaluated
anxiety-like, social approach, and depression-like behaviors. In the
three tasks of anxiety-like behavioral tests, no significant
differences were observed between the stressed and control
mice (Figs. 1G-I and S2E-G). Social approach was not affected by
ES (Figs. 1J and S2H). ES did not significantly affect depression-like
behaviors in the tail suspension test (Figs. 1K and S2I), sucrose
preference test (Figs. TM and S2K), or the latency to immobility in
the forced swimming test (Fig. S2J), but increased immobility was
observed in the stressed mice in the forced swimming test
(Fig. 1L).

Together, these behavioral and stress-related physiological
results indicate that the adverse effects of ES emerge as early as
in adolescent male mice, with cognitive behaviors being
particularly vulnerable.

Early-life stress reduced PVI (not SST-IN) activity in the mPFC
of adolescent male mice

To examine the involvement of mPFC PVI in the adverse effects of
ES during adolescence, we quantified the PVI density and activity
in the following three analyses. First, immunohistochemistry
revealed that ES significantly decreased the density of PVI in the
mPFC, irrespective of the subregion examined (Fig. S3A). The
density of somatostatin-expressing interneurons (SST-INs) was not
affected (Fig. S3B). Next, using immunostaining for the immediate
early gene c-fos (which reflects neural activation [43]) and by
performing a colocalization analysis, we found that stressed mice
showed a lower density (Fig. 2B) and percentage (Fig. S3C) of PVIs
that co-express c-fos in the mPFC, but not in the hippocampus
(Fig. S3E-G), during the TOM test. However, no effects of stress
were observed on the SST-INs (Figs. 2C and S3D). Finally, we
recorded the evoked and spontaneous action potentials in mPFC
PVIs in PV-Cre:Ai14 mice through whole-cell voltage clamping to
validate the effects of ES on mPFC PVI activity (Fig. 2D). Compared
with those of controls, the PVIs of stressed mice showed a
significantly lower frequency of evoked action potentials in
response to current injection (Fig. 2E) and ES-induced suppression
was mainly observed at currents greater than 200 pA. The
spontaneous action potentials were not altered by ES (Fig. 2F).
Together, these results indicate that ES specifically reduced the
PVI density and activity (not SST-INs) in the mPFC of adolescent
male mice.

How does ES reduce PVI activity in the mPFC? The functional
maturation of PVIs in the adolescent mPFC involves several
mechanisms [21, 26], such as increased glutamatergic inputs and
an increased density of perineuronal net (PNN) proteins. As PNs
form robust functional synapses on PVIs, reduced PVI activity may
result from reduced excitatory inputs to PVIs. We thus examined
the effects of ES on excitatory inputs from PNs to PVIs, using
optogenetics and electrophysiological recordings (Fig. 2G, H). We
first confirmed the presence of monosynaptic connections
between PNs and PVIs (Fig. S3H). We then compared the
optically-evoked excitatory postsynaptic current (0EPSC) in mPFC
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PVIs in two groups of PV-Cre mice after PN activation. The results
showed that ES significantly reduced the oEPSC frequency but not
the oEPSC amplitude (Fig. 2I), and increased paired-pulse ratio
(PPR) value (Fig. 2J), suggesting that ES indeed reduced the
excitatory inputs on PVIs following PN activation. Converging
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evidence was obtained when we quantified the expression levels
of vesicular glutamate transporter-1 (VGIuT1, responsible for
loading glutamate into synaptic vesicles for future release [44]
and involved in the regulation of excitatory neurotransmission
[45]) at different distances from the soma of PVIs (Fig. S4A-D). No
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Fig. 1 Early-life stress specifically impaired cognition in adolescent male mice. A Experimental timeline of ES, behavioral tests, and brain
tissue acquisition. B A schematic illustration of control (left panel) and ES (right panel) housing conditions. While the control mice lived in
cages with sufficient bedding/nesting conditions, the ES dam and pups lived in cages with limited nesting and bedding materials.
C-F Cognitive behavioral tests and results. The left panels in (C, E, and F) are representative maps showing the time spent in each location by
CT and ES mice; warm colors represent more time. C Temporal order memory test. Right panel, the percentage of time spent probing the
“remote” and “recent” object (one sample t-test between two objects: CT: t;; = 4.475, p=0.001; ES: t;; = 0.006, p = 0.996; unpaired t-test:
t,, =2.911, p = 0.008). D Y-maze spontaneous alternations. Left panel, representative motion path in the test; middle, spontaneous alternation
ratio (ty» = 2.676, p = 0.014, unpaired t-test). Right panel, erroneous alternations: alternative arm return (AAR: ty; = 1.549, p = 0.136, unpaired t-
test) and same arm return (SAR: t,, =2.381, p = 0.026, unpaired t-test). E Novel object recognition test. Right panel, the percentage of time
spent probing the “novel” object and “familiar” object (one sample t-test between two objects: CT: t;; = 4.839, p =0.001; ES: t;; = 2.003,
p =0.0704; unpaired t-test: t,, = 0.806, p = 0.008). F Spatial object recognition test. Right panel, the percentage of time spent probing the
“displaced” and “stationary” object (one sample t-test: CT: t;; =3.426, p =0.006; ES: t;; =0.358, p=0.727; unpaired t-test: t,, =2.819,
p =0.010). G-l Anxiety-like behavioral tests and results. G Open field test. Left panel, representative motion paths of CT and ES mice. Middle
panel, total distance traveled in 10 min (t,, = 1.073, p = 0.295, unpaired t-test). Right panel, time spent in center zone (t;,.73 = 2.095, p = 0.057,
unpaired t-test with Welch’s correction). H Light-dark box test. Left panel, representative motion paths in the light chamber for CT and ES
mice. Middle panel, time in the light chamber (t;; =1.051, p=0.308, unpaired t-test). Right panel, latency to reach the light chamber
(t;7 =0.482, p = 0.636, unpaired t-test). | Elevated plus maze test. Left panel, representative map showing the time spent in each location by
CT and ES mice; warm colors represent more time. Middle panel, time spent in the open arms (t;.17 = 1.184, p = 0.263, unpaired t-test with
Welch's correction). Right panel, latency to open arms (t;952 = 1.053, p = 0.316, unpaired t-test with Welch’s correction). J Social approach test.
Left panel, representative map showing the time spent in each location by CT and ES mice; warm colors represent more time. Right panel,
time spent interacting with stranger mice (t;; = 1.320, p = 0.201, unpaired t-test). K-M Depressive-like behavioral tests and results. K Tail
suspension test. Left panel, diagram of the test. Right, immobility time within 6 min (t;; =2.095, p=1.299, unpaired t-test). L Forced
swimming test. Left panel, diagram of the test; Right panel, immobility time within 6 min (t,, = 2.260, p = 0.035, unpaired t-test). M Sucrose
preference test. The percentage of sucrose preference (stress effect, F (1, 43y=0.001, p=0.976; time effect, F 5 3 =0.493, p=0.613;
stress x time interaction, F (5, 63y = 0.148, p = 0.863). Data are represented as mean * SEM. *p < 0.05 and **p < 0.01 for comparisons between the

CT and ES group; *#p <0.01 and *#*
SAR same arm return. See also Figs. S1-S2.

p < 0.001, one sample t-test. AAR alternative arm return, CT control, ES early-life stress, PND postnatal day,

significant group differences were detected for PNNs (Fig. S4E-G),
a component of the extracellular matrix that preferentially
surrounds PVIs and modulates their excitability [46]. These results
indicate that the ES-induced reduction in PVI activity may result
from reduced excitatory inputs from PNs in the mPFC.

Prefrontal PVI activity mediates early-life stress-induced
cognitive deficits in adolescent mice

Having shown that ES elicited both cognitive deficits and reduced
mPFC PVI activity in adolescent mice, in this section we examined
whether the reduced mPFC PVI activity causally mediates ES-
induced cognitive deficits in adolescent mice using chemogenetic
and optogenetic techniques. First, we performed the experiments
described below to mimic the ES-induced reduction in the PVI
density and activity in the mPFC and to evaluate the correspond-
ing behavioral consequences.

First, a loss-of-function experiment was performed to selectively
ablate mPFC PVIs in PV-Cre mice by injecting an adeno-associated
virus (AAV) expressing Cre-dependent Casp3 (a cell apoptosis
effector molecule) into the mPFC at PND22 (Fig. S5A, B). This
manipulation resulted in cognitive deficits, including lower
discrimination indices in the TOM test (Fig. S5C) and in the novel
object recognition test (Fig. S5E), and higher error rates for same
arm return (SAR) in the Y-maze spontaneous alternation test
(Fig. S5D). The performance on the spatial object recognition task
was not affected by mPFC PVI ablation (Fig. S5F). Anxiety-like
behaviors in the three tasks were also largely unaffected
(Fig. S5G-I), except for a reduced time spent in the light box in
the light-dark box test (Fig. S5H).

Second, we inhibited mPFC PVI activity via chemogenetic
manipulation of DREADDs, i.e., by bilateral injection of an AAV
vector carrying Cre-dependent hM4Di (Gi) into the mPFC of PV-Cre
mice (Figs. 3A, B and S6A). Immunofluorescence staining
combined with colocalization verified that the CNO group showed
significantly lower density (Fig. 3C) and percentage (Fig. S6B) of
virus-infected PVIs that co-expressed c-fos, than did the Veh
group, indicating that PVI activity was inhibited. This manipulation
again resulted in cognitive deficits in the TOM and Y-maze
spontaneous alternation tests. In the TOM task (Fig. 3D), mice in
the CNO group showed a lower reduced discrimination index than

SPRINGER NATURE

those in the Veh group and they were unable to discriminate
between the “remote” and “recent” objects. In the Y-maze
spontaneous alternation test (Fig. 3E), CNO-treated mice showed
higher error rates for SAR; no group differences were observed in
the SA or AAR test. The performance on the novel object
recognition (Fig. S6C) and spatial object recognition (Fig. S6D)
tasks was not significantly affected by CNO treatment. CNO
treatment did not affect anxiety-like behaviors in the open field
test (Fig. S6E, F), but reduced amount of the time spent in the light
box in the amount of light-dark box test (Fig. S6G) and the time
spent in the open arms in the elevated plus maze (Fig. S6H),
indicating of increased anxiety levels following PVI inhibition in
mPFC, which is consistent with previous findings [16].

Optogenetic manipulation was then performed to validate the
above-mentioned chemogenetic results (Figs. 3F-I and S7A, B). As
the previous two experiments support the consistent involvement
of mPFC PVIs in the performance of animals on the TOM and
Y-maze spontaneous alternation tests, these two behavioral tests
were conducted in the subsequent experiments. Optogenetic
inhibition of mPFC PVIs disrupted temporal order memory and
spatial working memory. In the TOM task (Fig. 3H), eNpHR3.0-
infected mice failed to discriminate between the “remote” and
“recent” objects and exhibited a lower discrimination index than
control mice. In the Y-maze spontaneous alternation test (Fig. 3l),
eNpHR3.0-infected mice displayed more errors of alternate arm
return than EGFP-infected mice; no group differences were found
for SA or SAR.

Finally, based on the three experiments above showing that PVI
inhibition reproduced ES-induced impairments in PFC-dependent
cognitive functions, we continued to investigate whether upre-
gulating mPFC PVI activity could reverse the cognition-impairing
effects of ES by bilaterally injecting an AAV vector carrying Cre-
dependent hM3Dq (Gq) into the mPFC in PV-Cre mice
(Figs. 3J, K and S8A). The efficiency and specificity of the DREADD
system were tested by detecting, c-fos immunoreactivity was
detected in mCherry-infected neurons and PVIs after a single CNO
injection. The density and percentage of mCherry-infected
neurons co-labeled with c-fos were significantly elevated by
DREADD:s (Fig. S8B, C). For the immunofluorescence staining for
c-fos and PV colabeling, two-way ANOVA revealed the main
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effects of CNO for PVI density (Fig. 3L) and a significant
stress x drug interaction for PVI percentage (Fig. S8D). Further
group comparisons revealed that c-fos expression in PVIls was
decreased by ES, which was reversed by DREADDs (Fig. S8D). In
terms of behavioral consequences, two-way ANOVA revealed a
significant stress x drug interaction for the TOM task (Fig. 3M).
Selective activation of mPFC PVis restored the ES-induced
impairment. No effects of stress or CNO were observed on the
total probe time or total distances traveled in the test phase
(Fig. S8E). For the Y-maze spontaneous alternation task (Figs. 3N
and Fig. S8F), two-way ANOVA revealed significant stress x CNO
interactions for SA and SAR. The negative stress effects induced by
ES were attenuated by the activation of mPFC PVIs. These results
indicate that increased mPFC PVI activity is sufficient to alleviate
ES-induced cognitive deficits in temporal order memory and
spatial working memory.

By selectively downregulating and upregulating mPFC PVI
activity, the four experiments described above provide causal

Molecular Psychiatry (2025) 30:2407 — 2426

evidence that mPFC PVI activity mediates ES-induced cognitive
deficits in adolescent male mice.

Prefrontal pyramidal neurons are involved in early-life stress-
induced cognitive deficits through PVIs

Based on our observation that ES reduced the excitatory inputs
from local PNs to PVIs (Fig. 21, J), we examined whether the reduced
excitatory inputs may result from reduced PN activity. We measured
mPFC PN activity during the TOM test using immunofluorescence
staining combined with the colocalization of c-fos and neurogranin
or Camklla (two excitatory neuron markers [47, 48]). Compared with
control mice, stressed mice showed reduced density and percen-
tage of neurons with the colabeling for c-fos and neurogranin
(Figs. 4A and S9A) or Camklla (Fig. S9B-D), indicative of ES-induced
inhibition of PN activity during the TOM test. Reduced PN activity
was confirmed by electrophysiological recordings: ES significantly
decreased the frequency of evoked action potentials in mPFC PN
activity, especially at currents greater than 400 pA (Fig. 4B). The
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Fig.2 Early-life stress reduced PVIs (not SST-INs) activity in the mPFC of adolescent male mice. A-C Quantification of the density of PVIs or
SST-INs that were c-fos-positive in CT and ES mice during the TOM test. A Experimental timeline of ES exposure, behavioral tests, and brain
tissue acquisition from C57BL/6 mice. B Top panel, representative images showing the co-expression of c-fos and PV in the mPFC of CT and ES
mice. Asterisks indicate neurons that co-express c-fos and PV; arrowheads indicate PV-expressing cells without detectable c-fos expression.
Scale bar, 100 pm or 20 pm. Bottom panel: the density of neurons showing PV and c-fos colocalization in the three subfields of mPFC in two
groups (Stress effect, F (1, 249=17.78, p < 0.001). C Top panel, representative images show the co-expression of c-fos and SST in the mPFC of CT
and ES mice. Asterisks indicate neurons that co-express c-fos and SST; arrowheads indicate SST-expressing cells without detectable c-fos
expression. Scale bar, 100 pm or 20 um. Bottom panel: the density of neurons showing SST and c-fos colocalization in the three subfields of the
mPFC in the two groups (Stress effect, F (1, 24y = 1.969, p = 0.170). D-F Effects of ES on the intrinsic excitability of PVIs in the mPFC. D The
experimental timeline of electrophysiological recordings in the mPFC in adolescent male PV::Ai14 mice. E Evoked action potentials. Left panel,
sample traces in response to a 500-pA current step of CT and ES mice. Right panel, ES reduced the frequency of evoked action potentials in
response to the current injection (=200 pA, all p <0.044, unpaired t-test). F Spontaneous action potentials. Left panel, sample traces of
spontaneous potential in CT and ES mice. Right panel, ES did not alter the frequency and amplitude of the spontaneous action potential of
PVIs. G-J Effects of ES on the excitatory transmission of PNs to PVIs. G The experimental timeline of electrophysiological recordings in the
mPFC of adolescent male PV-Cre mice. H Schematic of virus injection and the recording strategy in PVIs in acute slice. I, J oEPSCs in PVIs in
response to optical stimulation (473 nm, 10-ms pulse width at 100-ms interval) on PNs in the mPFC. | The frequency and amplitude of oEPSCs.
Left panel, representative traces of oEPSC of CT and ES groups. Right panel, quantification of oEPSC frequency (t,, = 6.723, p < 0.001, unpaired
t-test) and amplitude (t,, = 1.373, p = 0.184, unpaired t-test with Welch's correction) of PVIs. J PPR of oEPSCs. Left panel, representative traces
of PPR of CT and ES groups. Right panel, quantification of PPR (t;o = 5.908, p < 0.001, unpaired t-test). Data are represented as mean + SEM.
*p < 0.05, *p < 0.01 and ***p < 0.001, comparisons between CT and ES group; p < 0.05 and * * %p < 0.001 for the effect of stress in the two-way
ANOVA. Cg cingulate cortex, CT control, ES early-life stress, IL infralimbic cortex, mPFC medial prefrontal cortex, oEPSC optical-evoked
excitatory postsynaptic current, PN pyramidal neuron, PND postnatal day, PPR paired-pulse ratio, PrL prelimbic cortex, PVl parvalbumin-

expressing interneuron, SST-IN somatostatin-expressing interneuron, TOM temporal order memory. See also Figs. S3-54.

spontaneous action potentials were not affected (Fig. S9E). We
performed chemogenetic experiments to examine the causal
involvement of PNs in the adverse effects of ES on adolescent mice.

First, we tested whether inhibiting PN activity in adolescent
mice could reproduce the cognitive deficits caused by ES
(Fig. STOA-F). Specifically, we bilaterally injected an AAV vector
expressing Cre-dependent hM4Di (Gi) into the mPFC of Camklla-
Cre mice. Dual immunofluorescence staining for mCherry™ and
cfos™ (Fig. ST0B) showed that, compared with those in the Veh
group, the percentage of neurons co-expressing mCherry™ and
cfos™ in the CNO group was decreased. In terms of cognitive
performance, in the TOM task, CNO-treated mice failed to
discriminate between the “remote” and “recent” objects and
exhibited a lower discrimination index (Fig. S10C). In the Y-maze
test, CNO-treated mice showed lower SA and higher error rates of
alternate arm return compared with Veh-treated mice (Fig. STOE).
No significant group differences were observed in motor or
exploratory behaviors in the two tasks (Fig. S10D, F). Namely,
selective inhibition of mMPFC PNs reproduces ES-induced deficits in
temporal order memory and spatial working memory.

Second, we investigated whether activating PNs (Fig. 4C) could
reverse the ES-induced cognitive impairment. Chemogenetic
activation of mPFC PNs in C57 mice was found to increase the
density and percentage of PVIs that co-express c-fos in mPFC
during the TOM test (Fig. S11), indicating that local PNs are a
significant regulator of mPFC PVIs. Then, for the cognitive tests,
with selective activation of PNs in vivo (Figs. 4D-F and S12A), we
observed a significant stress x CNO interaction (Fig. 4G) in the
TOM task in that PN activation restored the decreased discrimina-
tion index in ES-treated mice. For the Y-maze spontaneous
alternation task (Fig. 4H), two-way ANOVA revealed significant
effects of stress x drug interactions on SA and SAR. The negative
effects of stress on these measures were attenuated by the
activation of the prefrontal PNs. No effects of stress or CNO were
observed on motor or exploratory behaviors in the two tasks
(Fig. S11B, Q). Thus, the selective activation of mPFC PNs reverses
ES-induced deficits in temporal order memory and spatial working
memory.

Based on the above-mentioned results showing that ES reduced
the functional activity of PNs and PVIs and the excitatory inputs
between them, we hypothesized that the cognition-improving
effects of PN activation may be mediated by the PVIs. To test this
hypothesis, we conducted a double chemogenetic manipulation
experiment to activate PNs and inhibit PVIs in the mPFC and
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examined whether PVI inhibition could block the effect of PN
activation on reversing ES-induced cognitive deficits. Double
chemogenetic manipulation was achieved by bilateral injection of
a mixture of two viruses (AAV-Camklla-Gg; Cre-dependent AAV-
DIO-Gi) into the mPFC of adolescent PV-Cre mice (Fig. 4l).
Immunofluorescence staining for mCherry, PV, and c-fos was
performed to examine the c-fos-positive neurons that were
mCherryt (non-PV™) or PV* for validation. For mCherry™ (non-
PV") and c-fos™ neurons (Figs. 4) and S13A), we observed both
the main effect of CNO and the effect of stress x CNO interaction.
Post hoc tests with Bonferroni's correction showed that PNs were
activated in both control and stressed mice. For PV and c-fos™
neurons (Figs. 4K and S13B), we also observed both a main effect
of CNO and an effect of the stress x CNO interaction. Namely, PVI
activity was inhibited in control mice after CNO administration and
was reduced in ES-exposed vehicle-treated mice; CNO did not
further decrease PVI activity in stressed mice. For cognitive effects,
in the TOM task (Fig. 4L), two-way ANOVA revealed a tendency
toward a main effect of CNO and an effect of the stress x CNO
interaction. Therefore, selective inhibition of mPFC PVIs blocked
the effect of PNs activation on reversing the TOM impairment
induced by ES. In addition, the double chemogenetic manipula-
tion significantly reduced the discrimination index in control mice,
which resembled previous results of PVI inhibition. For the Y-maze
test (Fig. 4M), two-way ANOVA revealed a significant main effect
of stress on SA, indicating the absence of reversal effects of PN
activation after PVI inhibition. The main effects of CNO were also
observed for AAR and SAR, as CNO significantly increased AAR and
decreased SAR. No effects of stress or CNO were observed on
motor or exploratory behaviors in the two tasks (Fig. S13C, D).
Together, these results indicate that inhibition of PVIs in the mPFC
could block the effect of PN activation on reversing ES-induced
cognitive deficits, supporting the indispensable role of PVIs in the
cognition-improving effects of PNs.

Finally, we performed another double chemogenetic manipula-
tion experiment, in which we inhibited PNs and activated PVIs in
the mPFC in adolescent mice exposed to ES to verify whether PVI
activation would still reverse ES-induced cognitive deficits when
PNs were inhibited (Fig. S14A). The results showed that the
activation of PVIs could still significantly ameliorate ES-induced
cognitive deficits in temporal order memory (Fig. S14B, C) and
spatial working memory (Fig. S14D, E), supporting the powerful
influence of mPFC PVIs on the ES-induced cognitive impairment in
adolescent male mice, regardless of PNs.

Molecular Psychiatry (2025) 30:2407 - 2426
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CRHR1 downregulation reverses early-life stress-induced
cognitive deficits in adolescent mice by restoring PVI activity
in the mPFC

We have previously established the involvement of the CRH-
CRHR1 system in ES-induced behavioral and neural abnormalities
[27,39-41, 49] in postnatal and adult mice. Here we extended this
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CRHR1 system interacts with PNs or PVIs. As CRHR1 is mainly
expressed in PNs in the cortex [42], we first confirmed that Crhr1
mRNA is indeed primarily expressed in pyramidal, not inhibitory,
neurons, in the mPFC (Fig. 5A) by quantifying the colocalization of
CrhrT mRNA with Slc17a7 (the mRNA encoding VGIuT1, an

Erroneou alrernation (%)
o 3 8 &
3
*
*
. *
*
oo %
*
® o * .
m
. o 12

Spontaneous alternation (%

SPRINGER NATURE

2413



Y.-N. Ma et al.

2414

Fig.3 Prefrontal PVI activity mediates early-life stress-induced cognitive deficits in adolescent male mice. A—-E Chemogenetic inhibition of
mPFC PVI activity impairs cognition. A Experimental timeline of the behavioral tests, CNO injection, and brain tissue acquisition after hM4D(Gi)
virus injection in adolescent PV-Cre mice. B Left panel, representative image showing region-specific expression of mCherry in the mPFC; right
panel, representative image showing that the majority of PVIs express hM4Di in the mPFC. Asterisks indicate neurons that co-express mCherry
and PV; arrowheads indicate PV-expressing cells without detectable mCherry expression. Scale bar, 500 pm or 20 pm. C Representative images
show the expression of c-fos and mCherry in the mPFC of Veh and CNO mice. Asterisks indicate neurons that co-express mCherry and c-fos,
while arrowheads indicate mCherry-expressing cells without detectable c-fos expression. Scale bar, 100 um or 20 ym. Immunostaining
analyses confirmed that Gi decreased in the expression of c-fos in PVIs in the mPFC (ty = 2.748, p = 0.023, unpaired t-test). Chemogenetic
inhibition of mMPFC PVI activity impaired (D) temporal order memory (Paired t-test: Veh: ty=2.617, p=0.028; CNO: t; = 1.495, p =0.169;
unpaired t-test: t;g = 3.010, p = 0.008) and E spatial working memory in the Y-maze spontaneous alternation test (SAR: t;5 = 2.135, p = 0.050,
unpaired t-test) in adolescent mice. F-1 Optogenetic inhibition of mPFC PVI activity impairs cognition. F Experimental timeline of the
behavioral tests, light stimulation, and brain tissue acquisition after eNpHR3.0 viral infection in adolescent PV-Cre mice. The light stimulation
protocol was 594 nm laser, 4-5 mW, OFF-ON-OFF-ON, 2 min/section. G Representative image showing the location of bilateral viral infection
and optic-fiber implantation in mPFC. Scale bar, 500 pm. Optogenetic inhibition of mPFC PVI activity impaired (H) temporal order memory
(Paired t-test: EGFP: t, =4.301, p =0.013; eNpHR3.0: t, = 1.542, p = 0.198; unpaired t-test: ts = 3.414, p = 0.009) and (l) increased AAR in the
Y-maze spontaneous alternation test (tg=2.709, p =0.027, unpaired t-test) in adolescent mice. J-N Chemogenetic activation of mPFC PVI
activity reverses ES-induced cognitive deficits. J The experimental timeline of the behavioral tests, CNO injection, and brain tissue acquisition
after hM3D(Gq) virus injection in adolescent PV-Cre mice. K Left panel, representative image showing region-specific expression of mCherry in
the mPFG; right panel, representative image showing that the majority of PVIs express hM3Dq in the mPFC. Asterisks indicate neurons that co-
express mCherry and PV; arrowheads indicate PV-expressing cells without detectable mCherry expression. Scale bar, 500 pm or 20 pm.
L Representative images showing the expression of c-fos and PV in the mPFC of the four groups of mice. Immunostaining analyses reveal that
the number of activated PVI neurons in the mPFC in the temporal order memory test was increased by CNO injection (CNO effect: F ;,
25 =30.32, p<0.001; two-way ANOVA). Asterisks indicate neurons that co-express PV and c-fos; arrowheads indicate PV-expressing cells
without detectable c-fos expression. Scale bar, 100 um or 20 um. M, N Activation of PVIs in the mPFC reverses the ES-induced deficits of
temporal order memory (M, CT-Veh vs. ES-Veh: p < 0.001, ES-Veh vs. ES-CNO: p < 0.001, Bonferroni’s test) and spatial working memory (N, SA:
CT-Veh vs. ES-Veh: p < 0.001, Bonferroni’s test; ES-Veh vs. ES-CNO: p = 0.001, unpaired t-test; SAR: CT-Veh vs. ES-Veh: p < 0.001, ES-Veh vs. ES-
CNO: p =0.002, Bonferroni’s test). Data are represented as mean * SEM. *p < 0.05, **p < 0.01 and ***p < 0.001, unpaired t-test or Bonferroni's
post hoc test; *p < 0.05, one sample t-test. AAR alternative arm return, CNO clozapine-N-oxide, CT control, ES early-life stress, mPFC medial
prefrontal cortex, PND postnatal day, PVI parvalbumin-expressing interneuron, SA spontaneous alternation, SAR same arm return, Veh vehicle.

See also Figs. S5-S8.
<

excitatory neuron marker) and Slc32al (the mRNA encoding the
GABA vesicular transporter, an inhibitory neuron marker) using
single-molecule fluorescence in situ hybridization (RNAscope ISH).
We then used RT-qPCR to directly test whether ES altered the
expression of the Crh and Crhr1 mRNAs in the mPFC of adolescent
male mice. The results showed that ES significantly increased the
expression of the Crhri mRNA (Fig. 5B) but not the Crh mRNA
(Fig. S15). Together with previous reports that ES increased the
number of CRH-immunoreactive cells in the adult hippocampus
[50] and that the administration of CRHR1 antagonists (e.g.,
antalarmin) could reverse the negative effects of ES [27, 49], these
results consistently show that ES leads to the upregulation of the
CRH-CRHR1 system in mice.

We overexpressed CRH in CRH-positive neurons of the mPFC
and investigated the effects of CRHR1 activation on the functional
activity of PNs, PVIs, and cognitive behaviors in adolescent male
mice to provide direct evidence that CRHR1 activation causes
decreased activity in mPFC PNs and subsequent effects (Fig. S16A).
We bilaterally injected a mixture of CRH-Cre and AAV vectors
carrying the Crh gene into the mouse mPFC at PND22 (Fig. S16B).
CRH overexpression in the mPFC was confirmed by western blot
analyses (Fig. S16C). Fluorescence staining revealed that CRH
overexpression decreased the percentage and density of PNs
(Fig. S16D) and PVIs (Fig. S16E) expressing c-fos in the mPFC.
Temporal order memory (Fig. S16F, G) and spatial working
memory (Fig. S16H, 1) in adolescent male mice were also
significantly impaired by CRH overexpression. This gain-of-
function experiment suggested that CRHR1 activation by CRH
from mPFC CRH-positive neurons mimics the detrimental effects
of ES on PN/PVI activity and cognition.

We then investigated whether blocking the mPFC CRH-CRHR1
system could reverse ES-induced deficits in PVIs and temporal
order memory. We constructed an AAV vector carrying sgRNA
targeting Crhr1 to achieve CRISPR-Cas9-mediated deletion of
CRHR1 (Fig. 5C). Five gRNAs were screened using in vitro cellular
assays and the sgRNA3 sequence with the most effective
transfection was chosen for packaging (Fig. S17A). Staining for
the HA tag confirmed that the virus was mainly present in the

SPRINGER NATURE

mPFC (Fig. S17B). For the TOM task, significant reversal effects
were observed: CRHR1 deletion restored the temporal order
memory impairment induced by ES (Figs. 5D and S17C). Two-way
ANOVA revealed a significant effect of the stress x virus interaction
on PVI activity in the mPFC (Figs. 5E, F, and S17D): CRHR1 deletion
reversed the ES-induced reduction in PVI activity. Furthermore, the
discrimination index in the TOM task significantly correlated with
PVI activity in the mPFC across all the animals (Fig. 5G). Together,
these results suggest that ES may first upregulate CRHR1 in
prefrontal PNs, which reduces the activity of local PNs and their
excitatory inputs to PVIs, and in turn, downregulates PVI activity
and leads to cognitive impairments.

Motivated by the recently established association between the
CRH-CRHR1 system and cognition in the literature [31], we next
performed two pharmacological intervention experiments using
the CRHR1 antagonist antalarmin. In the first experiment, antalarmin
was intraperitoneally injected daily during stress procedure (PND2-
8, Fig. 5H). The TOM task and PVI activity were then assessed in
adolescent mice. For TOM, two-way ANOVA revealed a significant
effect of the stress x drug interaction, as antalarmin reversed the ES-
induced reduction in the discrimination index (Fig. 51). No significant
group differences were observed in motor or exploratory behaviors
in the test stage (Fig. S17E). Regarding PVI activity in the mPFC,
immunofluorescence staining for c-fos and PV showed significant
main effects of stress and antalarmin, without a stress x drug
interaction (Figs. 5J, K and S17F). Namely, the density and
percentage of PVIs co-labeled with c-fos were significantly reduced
by ES and increased by antalarmin. Similar effects of ES and
antalarmin on the density of neurogranin® neurons co-labeled with
c-fos were observed (Fig. S17G, H). Furthermore, the discrimination
index in the TOM task significantly correlated with PVI (Fig. 5L) and
PN (Fig. S171) activity in the mPFC. In the second experiment, the
drug was administered to adolescent stressed and control
mice 30min prior to the TOM test to examine the acute
pharmacological effects of antalarmin (Fig. 5M). Similar stress x drug
interactions were observed for TOM and mPFC PVis. The acute
antalarmin injection blocked the ES-induced reductions in the
discrimination index (Figs. 5N and S171) and the mPFC PVis activity

Molecular Psychiatry (2025) 30:2407 - 2426
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(Figs. 50, P and S17J). A significant correlation between the
discrimination index and PVI activity in the mPFC was observed
(Fig. 5Q).

We conducted an experiment to examine the effects of PVI
inhibition on the therapeutic efficacy of acute antalarmin
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treatment to test the hypothesis that the cognition-improving
effects of antalarmin may be mediated by PVI activity in the mPFC
(Fig. 5R, S). For the assessment of PVI activity in the mPFC of
stressed mice receiving antalarmin treatment, immunofluores-
cence staining for c-fos and PV showed that the density (Fig. 5T)
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Fig.4 Prefrontal PN activity mediates early-life stress-induced cognitive deficits by enhancing PVI activity in adolescent male mice. A The
effects of ES on the mPFC PN activity. The left panels in (A) depict representative images showing the co-expression of c-fos and or
Neurogranin in the mPFC of CT and ES mice. Asterisks indicate co-expressing neurons; arrowheads indicate neurogranin-expressing cells
without detectable c-fos expression. Scale bar, 100 pm or 10 pm. Right panels show that ES reduces the density of c-fos- and neurogranin-co-
expressing neurons (ty = 2.668, p = 0.026, unpaired t-test) in the mPFC of adolescent mice during the TOM test. B The effects of ES on evoked
action potential of PNs. Left panel, sample traces in response to a 500-pA current step of CT and ES mice. Bottom panel, ES reduced the
frequency of evoked action potential in response to the current injection (2400 pA, all p <0.043, unpaired t-test). C-H Chemogenetic
activation of mPFC PN activity reverses ES-induced cognitive deficits. C Experimental timeline of the behavioral tests, CNO injection, and brain
tissue acquisition after Camklla-hM3D(Gq) virus injection in adolescent C57BL/6 mice. D Representative image showing the co-expression of
mCherry and Camklla in the mPFC. Scale bar, 10 um. E Representative images showing the expression of c-fos and mCherry in the mPFC of the
four groups of mice. Asterisks indicate neurons that co-express mCherry and c-fos; arrowheads indicate mCherry-expressing cells without
detectable c-fos expression. Scale bar, 100 pm or 20 ym. F Immunostaining analyses show that the density of mCherry-infected neurons co-
labeled with c-fos in the mPFC is significantly increased after the CNO injection (CNO effect: F ; 0= 17.57, p <0.001; two-way ANOVA).
G, H Activation of PNs in the mPFC reverses ES-induced deficits of temporal order memory (J, CT-Veh vs. ES-Veh: p = 0.003, ES-Veh vs. ES-CNO:
p = 0.038, Bonferroni’s test) and spatial working memory (K, SA: CT-Veh vs. ES-Veh: p = 0.002; ES-Veh vs. ES-CNO: p = 0.008, Bonferroni's test;
SAR: CT-Veh vs. ES-Veh: p =0.003, ES-Veh vs. ES-CNO: p =0.007, Bonferroni’s test). | Experimental timeline of the behavioral tests, CNO
injection, and brain tissue acquisition after Camklla-Gq and DIO-Gi viral infection in adolescent PV-Cre mice. J Representative images showing
the expression of mCherry and c-fos in the mPFC of the four groups of mice. CNO increases the number of activated PNs (co-expressing
mCherry and c-fos) in stressed (ES-Veh vs. ES-CNO, p < 0.001, Bonferroni’s test) mice. Asterisks indicate neurons that co-express mCherry and c-
fos; arrowheads indicate mCherry-expressing cells without detectable c-fos expression. Scale bar, 20 pm. K Representative images showing the
expression of PV and c-fos in the mPFC of the four groups of mice. PVI activity was inhibited in control mice after CNO administration and was
reduced in ES-exposed vehicle mice (CT-Veh vs. CT-CNO, p = 0.028; CT-Veh vs. ES-Veh, p < 0.023, Bonferroni’s test). Asterisks indicate neurons
that co-express PV and c-fos; arrowheads indicate PV-expressing cells without detectable c-fos expression. Scale bar, 20 um. L In the temporal
order memory test, the inhibition of mPFC PVIs blocked the effects of the activation of PNs (ES-Veh vs. ES-CNO: t;, = 0.048, p = 0.963, unpaired
t-test) on reversing the temporal order memory impairment induced by ES (CT-Veh vs. ES-Veh: t;3 = 4.556, p < 0.001, unpaired t-test). M In the
Y-maze spontaneous alternation test, a significant main effect of stress was observed on the SA (F ;, ,; =4.859, p =0.036), indicating the
absence of the reversal effects of PN activation after PVl inhibition. In addition, CNO significantly increased AAR (F 4, 7 = 11.72, p=0.002) and
decreased SAR (F | ,;=8.421, p=0.007). Data are represented as mean = SEM. *p <0.05, **p <0.01 and ***p <0.001, unpaired t-test or
Bonferroni's post hoc test; *p < 0.05, paired t-test. p < 0.05, stress effect of two-way ANOVA. **p < 0.01, ***p < 0.001, CNO effects in two-way
ANOVA. AAR alternative arm return, CNO clozapine-N-oxide, CT control, ES early-life stress, mPFC medial prefrontal cortex, PND postnatal day,
PVI parvalbumin-expressing interneuron, SA spontaneous alternation, SAR same arm return, Veh vehicle, VGIUuT1 vesicular glutamate
transporter-1. See also Figs. S9-514.

and percentage (S17M) of PVIs co-labeled with c-fos was
significantly reduced by DREADDs. In the TOM task, compared
with stressed mice that received antalarmin treatment and
exhibited intact temporal order memory, CNO mice could not
discriminate between the “remote” and “recent” objects and spent
a significantly lower percentage of time exploring the “remote”
object (Figs. 5U and S17L), indicating that the effect of antalarmin
on reversing the ES-induced TOM impairment (see Fig. 5N) was
blocked by mPFC PVI inhibition. Taken together, these pharma-
cological experiments indicate that CRHR1 blockade could
successfully reverse ES-induced temporal order memory deficits
by restoring mPFC PVI activity, supporting the therapeutic
potential of antalarmin for treating ES-related cognitive
impairments.

Environmental enrichment alleviates early-life stress-induced
cognitive deficits and PN/PVI activity reduction in
adolescent mice

In addition to pharmacological intervention, we also tested
whether EE, a commonly used nonpharmacological intervention
for animals exposed to ES, could reverse the negative effects of ES
on adolescent mice. Stressed and control mice were exposed to
enriched or standard housing environments for three weeks after
weaning (PND21-42) and were then subjected to the TOM task
(Figs. 6A, B and S18A, B). As shown in Fig. 6C, despite the lack of
significant main effects and interactions in the two-way ANOVA,
only the stressed mice housed in a standard environment failed to
distinguish the “remote” object from the “recent” object, while the
mice in the other three groups exhibited intact recognition
memory, which indicates that EE partially reversed the ES-induced
temporal order memory deficits.

We then investigated the neural correlates underlying
the cognition-improving effects of EE by measuring the activity
of PNs and PVIs in the mPFC. We found that significant effects of
the stress X environment interaction were observed on the
percentage and density of neurogranin® cells that were c-fos*
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(indicative of PN activity) in the mPFC (Figs. 6D, E, and S18C).
Specifically, ES significantly reduced neurogranin®™ neuron
activity, which was reversed by environmental enrichment.
Similar to the results for PNs, we also observed significant effects
of the stress x environment interaction on the density and
percentage of PVIs that were c-fost (Figs. 6G, H, and S18D). ES
significantly reduced PVI activity, and EE significantly upregulated
the activity of PVIs in stressed mice. Importantly, the discrimina-
tion indices in the temporal order memory test were significantly
correlated with both the density of activated PNs (Fig. 6F) and
PVIs (Fig. 6l) in the mPFC.

These data support the beneficial effects of EE on alleviating ES-
induced temporal order memory deficits and reducing the activity
of PNs and PVis.

DISCUSSION

In this study, we examined whether and how mPFC PVIs causally
mediate ES-induced cognitive deficits in adolescent mice. We first
showed that exposure to a resource-scarce environment early in
life led to a selective reduction in PVI activity in the mPFC in
adolescent male mice, along with cognitive deficits in temporal
order memory and spatial working memory. Ablating or inhibiting
PVIs in the mPFC in adolescent mice phenocopied the deficits
observed in ES-exposed mice, and activating PVIs rescued ES-
induced cognitive deficits, supporting the causal relationship
between PVI activity and cognitive deficits in mice exposed to ES.
To understand how ES reduces PVI activity, we demonstrated that
ES upregulated CRHR1 (mainly expressed in PNs) and reduced the
activity of local PNs and their excitatory inputs onto PVIs.
Importantly, genetic manipulation experiments revealed that
CRHR1 and PNs causally contributed to cognitive deficits, which
required the activation of PVIs. These results suggest that the
pathophysiological mechanisms underlying cognitive deficits
induced by ES may involve the prefrontal CRHR1-PN-PVI pathway
in adolescent male mice. Finally, our intervention experiments
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revealed the beneficial effects of pharmacological (antalarmin)
and nonpharmacological (EE) treatment on ES-induced cognitive
deficits and mPFC PVI activity, providing insights into the early
treatment and prevention of cognitive impairments in individuals
with stress-related psychiatric diseases.
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Although our group and other research groups have extensively
studied the effects of ES on cognition [4, 51], several recent studies
have begun to examine this issue in adolescent rodents. Studies
with maternal separation or deprivation models reported that ES
impaired spatial learning and memory in the Morris water maze
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Fig.5 CRHR1 downregulation reverses early-life stress-induced cognitive deficits in adolescent male mice by restoring PVI activity in the
medial prefrontal cortex. A Crhr1 expression in excitatory and inhibitory neurons in the mPFC of adolescent mice. Left panel, representative
(top, scale bar, 50 um) and magnified (bottom, scale bar, 10 um) images showing the mRNA expression of Crhr1, Slc32a1, and Slc17a7. Right
panel, numbers of neurons that co-express Crhr1 and Slc32a1, Crhr1 and Sic17a7, Slc32a1 and Sic17a7, and Crhr1, Slc32a1, and Slc17a7. Numbers
in parentheses indicate the total number of neurons expressing the corresponding mRNA. B ES upregulated CRHRT mRNA level in mPFC of
adolescent male mice (ty=2.489, p=0.035, unpaired t-test). C, H, and M Experimental timeline in the behavioral tests and brain tissue
acquisition after CRHR1 knockout in mPFC (C), antalarmin administration during ES exposure (H), or acute antalarmin treatment (M) in C57BL/
6 mice. D, I, and N ES-induced deficits of temporal order memory were reversed by mPFC CRHR1 deletion (D, CT-CV vs. ES-CV: p = 0.002, ES-CV
vs. ES-KD: p < 0.001, Bonferroni’s test), chronic antalarmin administration during PND2-8 (I, CT-Veh vs. ES-Veh: p = 0.003, ES-Veh vs. ES-Anta:
p = 0.042, Bonferroni’s test), and acute antalarmin treatment (N, CT-Veh vs. ES-Veh: p = 0.002, ES-Veh vs. ES-Anta: p = 0.002, Bonferroni’s test).
E, J, and O Representative images showing the expression of c-fos and PV in the mPFC of four groups. Asterisks indicate neurons that co-
express c-fos and PV; arrowheads indicate PV-expressing cells without detectable c-fos expression. Scale bar, 100 pm or 20 um. F, K, and P The
effects of CRHR1 blockade on the reduction in PVI activity reduction induced by ES. F, K The negative effects of ES were reversed by CRHR1
deletion in the mPFC (F, CT-CV vs. ES-CV: p = 0.029, ES-CV vs. ES-KD: p = 0.029; unpaired t-test) or acute antalarmin treatment (K, CT-Veh vs. ES-
Veh: p = 0.001; ES-Veh vs. ES-Anta: p = 0.007; Bonferroni’s test). P Chronic antalarmin administration during PND2-8 upregulated the density of
PVIs co-labeled with c-fos reduced by ES (F 1, 15 =17.82, p < 0.001, two-way ANOVA). G, L, and Q Correlations between mPFC PVI activity and
the discrimination index in the temporal order memory test across all animals in each experiment. R Experimental timeline of the behavioral
tests, CNO and antalarmin injection, and brain tissue acquisition after DIO-Gi viral infection in adolescent PV-Cre mice. S Left panel,
representative image showing region-specific expression of mCherry in the mPFC; right panel, representative the image showing that the
majority of PVIs express hM4Di in the mPFC. Asterisks indicate neurons that co-express mCherry and PV; arrowheads indicate PV-expressing
cells without detectable mCherry expression. Scale bar, 500 pm or 10 pm. U In temporal order memory test, the inhibition of mPFC PVIs
blocked the effects of an acute injection of antalarmin on reversing the temporal order memory impairment induced by ES (ES-Anta-Veh vs.
ES-Anta-CNO: t,g =2.464, p =0.024, unpaired t-test; ES-Anta-Veh: ty=3.122, p =0.012, ES-Anta-CNO: t; =0.242, p =0.815, paired t-test).
T Representative images showing the expression of PV and c-fos in the mPFC of the two groups of mice. PVl activity was inhibited in
stressed mice acutely injected with of antalarmin after CNO administration (ty = 4.898, p < 0.001, unpaired t-test). Asterisks indicate neurons
that co-express PV and c-fos; arrowheads indicate PV-expressing cells without detectable c-fos expression. Scale bar, 100 um or 20 pm.
Data are represented as mean * SEM. *p < 0.05, **p <0.01 and ***p < 0.001, Bonferroni's post hoc test; p < 0.05, %p < 0.01, for the effect of
stress from two-way ANOVA; $%°p <0.001, for the effect of the drug from two-way ANOVA. Anta antalarmin, Cg cingulate cortex, CNO
clozapine-N-oxide, CT control, CV control virus, ES early-life stress, KO knockout, mPFC medial prefrontal cortex, PND postnatal day, PrL

prelimbic cortex, PVI parvalbumin-expressing interneuron, Veh vehicle. See also Figs. S15-517.

test [37], novel object recognition memory test [52], and temporal
order memory test [53] in adolescent rodents. To our knowledge,
only one study has used the LBN paradigm and found that
exposure to LBN during PND4-11 impaired spatial object
recognition in adolescent male mice [7]. Extending these studies,
which usually adopted one cognitive task, we tested adolescent
mice exposed to LBN on a larger battery of cognitive tasks,
including temporal order memory, spatial working memory, novel
object recognition, and spatial object recognition. We found that
ES-induced cognitive impairments were already present in
adolescence. Intriguingly, unlike several studies showing both
cognitive and emotional deficits following ES [8, 28, 37] while
consistent with one previous study [54], here, we observed
cognitive deficits only, without significant alterations in anxiety-
like, depression-like, or social behaviors. Some LBN studies have
reported emotional alterations in adolescent animals, such as a
reduced sucrose preference [55], increased immobility time in the
FST [56, 57], and increased anxiety-like behaviors [58, 59]. The
inconsistency among these studies may be related to differences
in the species (mouse or rat), stress mode, and age of stress
exposure. Together, our observation of ES-induced cognitive
deficits in adolescent mice provides further evidence that the LBN
paradigm is a valid model for the early onset of cognitive
impairments, one of the core symptoms of psychiatric disorders,
and for studying the underlying neural mechanisms involved.
Considering the pivotal role of PVIs in mPFC-dependent
cognitive behaviors and their prolonged maturation during
adolescence, we hypothesized that PVIs may causally mediate
ES-induced cognitive deficits in adolescent mice. As mentioned in
the Introduction, previous studies have largely focused on the
effects of ES on the number (density) of PVIs or the expression of
PV mRNA or PV protein, some of which have reported down-
regulation in adolescent animals [9, 23-25]. To our knowledge,
direct evidence is still lacking regarding how ES affects the
functional activity of prefrontal PVIs. One recent study revealed
that ES (maternal separation and early weaning) decreased the
evoked action potentials of mPFC GABAergic neurons in adult
mice [60]; however, the types of interneurons that are affected
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and whether such effects emerge in adolescence remain unclear.
In this study, we reported for the first time that ES significantly
decreased mPFC PVI activity in adolescent male mice based on
our c-fos colocalization and electrophysiological findings. Com-
pared with that in the hippocampus, the ES-induced reduction in
PVI activity in the mPFC is relatively specific, which is consistent
with a previous report showing that maternal separation
significantly reduced PV protein levels in the mPFC but not in
the hippocampus of adolescent rats [9] and may be related to the
delayed maturation of prefrontal PVIs during adolescence [21].

Moreover, regarding the link between reduced mPFC PVI
activity and cognitive deficits in adolescent mice exposed to ES,
previous studies using adult animals (not adopting the ES models)
have provided supporting evidence. For example, the inactivation
of prefrontal PVIs impaired prefrontal-dependent cognitive
abilities, including spatial working memory, reversal learning
[61], and rule-shift learning [16, 17, 62], whereas enhancing the
activity of PVIs in the mPFC could alleviate these cognitive deficits
in various animal models [19, 63, 64]. Two recent studies using
adolescent animals also suggested the crucial involvement of
mPFC PVIs in cognitive behaviors. One study revealed that
sustained inhibition of prefrontal PVIs activity during adolescence
disrupted cognitive flexibility in adult mice [18]. Another study
reported that the selective activation of prefrontal PVIs during
adolescence rescued deficits in novel object recognition induced
by chronic MK801 treatment [65]. Here, by manipulating mPFC PVI
functional activity through chemogenetic and optogenetic
methods, we found that ablating or inhibiting PVIs in adolescent
mice mimicked the deficits observed in ES-exposed mice and that
activating PVIs rescued ES-induced cognitive deficits. These results
provide causal evidence that mPFC PVI activity mediates the
cognitive deficits induced by ES.

We targeted the CRH-CRHR1 system and PNs to understand the
mechanisms by which ES reduces the functional activity of PVis
during adolescence. The CRH-CRHR1 system plays a crucial role in
the adverse effects of ES, and recent clinical and animal studies
have highlighted its association with PFC-dependent cognitive
dysfunction [31, 35]. Numerous studies have reported that ES

Molecular Psychiatry (2025) 30:2407 - 2426
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Fig. 6 Environmental enrichment alleviates early-life stress-induced cognitive deficits through activation of prefrontal PNs and PVIs in
adolescent male mice. A Experimental timeline of EE exposure, behavioral tests, and brain tissue acquisition after ES. B A schematic
illustration (left panel) and a photograph (right panel) of the enriched housing environment. C EE partially reversed the ES-induced temporal
order memory deficits. Only the stressed mice in the standard housing environment failed to distinguish the “remote” object from the
“recent” object (ES-SE: tg = 0.396, p = 0.706, paired t-test), while the mice in the other three groups exhibited intact temporal order memory
(CT-SE: t; =4.818, p =0.002; CT-EE: tg=3.316, p=0.011; ES-EE: t; =3.609, p =0.015; paired t-test). D Representative images showing the
expression of c-fos and neurogranin in the mPFC of the four groups. Asterisks indicate neurons that co-express c-fos and neurogranin;
arrowheads indicate neurogranin-expressing cells without detectable c-fos expression. Scale bar, 100 um or 20 pm. E ES significantly reduced
neurogranin® neuron activity (p = 0.013, Bonferroni’s test), which was reversed by environmental enrichment (ts = 2.774, p = 0.024 unpaired t-
test). F The correlation between mPFC PN activity and the discrimination index in the temporal order memory test across all animals.
G Representative images showing the expression of c-fos and PV in the mPFC of the four groups. Asterisks indicate neurons that co-express c-
fos and PV, while arrowheads indicate PV-expressing cells without detectable c-fos expression. Scale bar, 100 pm or 20 um. H ES significantly
reduced PVI activity (p<0.001, Bonferroni’s test), which was reversed by environmental enrichment (p =0.017, Bonferroni’s test). | The
correlation between mPFC PVI activity and the discrimination index in the temporal order memory test across all animals. Data are
represented as mean + SEM. *p < 0.05, **p < 0.01 and ***p < 0.001, Bonferroni's post hoc test; *p < 0.05 and **p < 0.01, paired t-test. CT control,
ES early-life stress, EE environmental enrichment, mPFC medial prefrontal cortex, PND postnatal day, PVI parvalbumin-expressing interneuron,
SE standard environment. See also Fig. S18.

reduces the functional activity of PNs [60, 66] and impairs their
structural plasticity (e.g., dendritic retraction and spine loss
[27, 67]) in adult animals. Considering that CRHR1 is mainly
expressed in excitatory neurons rather than inhibitory neurons in
the mPFC ([42] and Fig. 5A), we speculate that ES may first act on
CRHR1 on PNs, reducing PN neuronal activity and excitatory inputs
to PVIs, leading to decreased activity of PVIs and ultimately
leading to cognitive impairment in adolescent mice. This
speculation was supported by the following results: (1) ES
upregulated CRHR1 expression, downregulated PN and PVI

Molecular Psychiatry (2025) 30:2407 — 2426

activity, and decreased excitatory inputs onto PVIs from local
PNs. (2) Overexpression in CRH and genetic knockout of CRHR1 in
the mPFC mimicked and restored the ES-induced cognitive
impairment and PVI activity reduction, respectively. (3) Inhibition
of mPFC PNs mimicked the ES-induced TOM deficits, and
activation of mPFC PNs reversed ES-induced cognitive impair-
ments. (4) The reversal effects of CRHR1 knockout and PN
activation could be blocked by inhibiting mPFC PVI activity,
indicating that PVIs play indispensable roles in CRHR1- or PN-
mediated cognitive deficits induced by ES. Together, our series of
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experiments demonstrate how ES reduces PVI activity in the mPFC
of adolescent male mice. Based on current results, we do not
know yet how PVI activity reduction mediates ES-induced
cognitive deficits. We carried out a chemogenetic experiment
(simultaneously activating PVIs and inhibiting PNs) to partly
address this question, showing that mPFC PVIs can improve
cognitive behaviors in ES-exposed mice when local PNs were
inhibited, which suggests that the improving effects of PVIs could
be independent of local PN activity. Current literature suggests
that the functions of PVIs go beyond basic PVI-PN microcircuits
and play a critical role in complex neuronal network modulation
[68, 69]. As our chemogenetic manipulation does not abolish PN
activity completely (see Fig. S10B), we speculate that PVIs may
interact with the PNs that were not inhibited or with other PVIs
[70], possibly at the neuronal network level, to improve cognition.

It is noteworthy that while our study focuses on the local
CRHR1-PN-PVI pathway in the mPFC, there are external CRH-
positive neurons projecting to the mPFC PNs and external
excitatory neurons projecting to the mPFC PVis. First, CRH-
positive neurons are widely distributed in cortical and subcortical
brain regions [71, 72]. Our data (via viral tracing) demonstrated
that the mPFC receives external projections from CRH-positive
neurons in multiple stress-related brain regions, such as baso-
lateral amygdala, anteromedial thalamic nucleus (Fig. S19). Intra-
mPFC CRH microinjection has been found to impair temporal
order memory in adult male mice [34], which links mPFC CRH
increases to cognitive deficits, but did not distinguish the various
sources of CRH. Our CRH overexpression experiment shows that
CRH released by the mPFC CRH-positive neurons is sufficient to
mimic the detrimental effects of ES on PN/PVI activity and
cognition. Future studies are warranted to examine whether CRH-
positive neurons in the brain regions projecting to the mPFC also
contribute to ES-induced cognitive deficits. Second, regarding the
excitatory inputs from PNs to PVls, recent whole-brain imaging
results reveal that PVIs in the mPFC not only receive projections
from local PNs (about 10%) but also receive a significant number
of projections from PNs outside the mPFC [73]. In this study, we
focused on the local PNs, because 10% of projections are from
local PNs, which still exceed projections from the majority of
individual brain regions (e.g., hippocampus, amygdala) and
constitute a significant regulator of mPFC PVI activity. Future
studies should carefully disentangle to what extent the mPFC PVI
activity reduction we observed could be attributed to CRH-
positive or excitatory neurons from brain areas outside the mPFC.

For the treatment of cognitive impairment in clinical practice,
the efficacy of current first-line therapeutic drugs and nonphar-
macological treatments such as psychotherapy and physical
therapy (e.g., rTMS) is limited [5], which warrants the development
of effective therapies for early intervention [30]. Here, by targeting
ES-induced cognitive deficits and reducing mPFC PVI activity, we
examined the efficacy of pharmacological (i.e, antalarmin, a
CRHR1 antagonist) and nonpharmacological (i.e., environmental
enrichment) interventions. Several clinical trials on drugs targeting
the CRH-CRHR1 system have been conducted; these trials have
largely focused on improving symptoms of depression and
anxiety, not cognition, and have ended in failure [74, 75]. Our
series of studies have consistently shown the cognition-improving
effects of antalarmin, such as PFC-dependent temporal order
memory and spatial working memory [27, 40], and hippocampus-
dependent memory functions [49, 76], in animal models of early-
life stress in adulthood. In this study, we found that either co-
administration or acute intraperitoneal injection of the CRHR1
antagonist antalarmin reversed the ES-induced cognitive impair-
ment and decrease in mPFC PVI activity in adolescent mice. These
results highlight the therapeutic potential of CRHR1 antagonism
on cognitive dysfunctions (compared with emotional symptoms)
in individuals with stress-related psychiatric disorders and support
its potential application in adolescent individuals.
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Compared with medications, nonpharmacological interventions
for psychiatric disorders have advantages in terms of fewer
adverse effects and better acceptability. EE is a commonly used
nonpharmacological intervention for animals exposed to ES and
has beneficial effects on ES-induced behavioral and neural
changes [36, 77]. Regarding cognitive impairment, two studies
using maternal separation have reported the beneficial effects of
EE during adolescence (i.e., reversal learning [37] and spatial
working memory [38]). Our study revealed that the cognitive
impairment caused by LBN can also be reversed by EE. We further
examined the underlying mechanisms of the effects of EE and
showed that EE significantly upregulated mPFC PN and PVI
activity. Inhibition of PVIs has been found to block the
improvement of cognitive deficits by EE [65, 78]. Together, these
results indicate that PVIs may mediate the effects of EE on ES-
induced cognitive deficits. Previous studies have shown that EE
significantly downregulates the expression of the Crh mRNA in the
hippocampus of a rat model of absence epilepsy [79] and
decreases the expression of the Crhr1 mRNA in the amygdala of
C57BL/6 mice [80]. Thus, the effects of EE we observed might be
related to the normalization of the ES-induced upregulation of the
CRH-CRHR1 system.

Importantly, some limitations of our study warrant considera-
tion. First, we tested only adolescent male mice in this study. In
adolescent female mice, we have recently revealed that ES
similarly impairs their cognitive functions, including NOR, SOR, and
TOM, similar to our current findings in adolescent male mice [81].
Acute administration of antalarmin was found to restore NOR and
SOR, but not TOM, impairments in adolescent female mice.
Unfortunately, we did not test mPFC PVI activity in that study.
Further research is needed to systematically investigate whether
the mPFC PVI mechanisms we observed in male mice could be
generalized to female mice. Second, although our c-fos experi-
mental results indicated that multiple interventions reversed ES-
induced cognitive deficits by restoring PVI activity, we did not
verify the PVI results with electrophysiological recordings in these
experiments, which should be pursued in future studies. Third, for
the involvement of CRH-CRHR1 signaling in the EE experiment, we
did not provide evidence of whether and how EE affects mPFC
CRH-CRHR1 signaling in ES-exposed mice. Future studies could
carry out genetic or pharmacological experiments to system-
atically examine whether the CRH-CRHR1 system causally med-
iates EE intervention on ES-induced cognitive deficits.

In summary, our study revealed the crucial role of prefrontal
PVIs, along with PNs and CRHR1, in mediating cognitive deficits
induced by early-life stress in adolescent male mice. Our findings
also highlight that prefrontal PVI activity could serve as a potential
treatment or intervention target to ameliorate the cognitive
impairments of individuals with stress-related psychiatric
disorders.

MATERIALS AND METHODS

Animals

Adult C57BL/6 (10-12 weeks old) male and female mice were purchased
from Vital River Laboratories (Beijing, China). The mice were transferred to
individually ventilated cages (IVC) and 3-4 mice were housed normally.
Pvalb™ (@A) (Py-Cre) mice express Cre recombinase in parvalbumin-
expressing interneurons (PVIs) [82]. Gt (ROSA)26Sor™!#(CAG-tdTomatoltize
(Ai14) mice exhibit robust tdTomato fluorescence following Cre-mediated
recombination [83]. Tg (Camk2a-cre)™*"*""/) (Camklila-Cre) mice express
Cre recombinase in pyramidal neurons (PNs) in the forebrain [84]. The
Crht™meZih;) (CRH-Cre) mice express Cre recombinase in CRH-positive
neurons. All transgenic mice were purchased from the Jackson Laboratory
(CA, USA) and maintained fully back-crossed onto C57BL/6 mice, and adult
male heterozygous mice were used. No statistical methods were used to
estimate the sample size. Sample sizes in each group were chosen based
on previous studies (n=6 for behavioral tests; n>=5 for genetic
manipulation tests; n = 4 for molecular tests).
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For breeding, male and female mice were mated at a 1:2 ratio for
2 weeks and separated. Pregnant females were monitored daily for pup
delivery, and the day of parturition was defined as postnatal day 0 (PNDO).
Only male offspring were used in subsequent experiments. All mice were
on under a 12-h light/dark cycle (lights on at 8:00 a.m.) at a constant
temperature (23 +1°C) with plenty of food and water. All experiments
were approved by the Peking University Committee on Animal Care, and
they were performed in compliance with the NIH's Guide for the Use and
Care of Laboratory Animals.

Early-life stress paradigm

The limited nesting and bedding paradigm was used as an early-life
stressor and was conducted as previously described [49]. The procedure
was as follows: At PND2, the number of pups per cage was adjusted to
ensure that each cage contained 6-8 pups with a male-to-female ratio of
1:1. The control dams received 500 ml of sawdust bedding and 4.8 g of
nesting material (2 squares of nestlets, Ancare, New York, USA), while in the
“stress” cages, the dams were provided with a fine-gauge aluminum mesh
platform (McNichols, Tampa, FL, USA) with 200 ml of corncob bedding on
the bottom to collect the droppings. A limited amount of nesting material
[1/2 square (1.2 g) of nestlets] was placed on top of the mesh. After one
week of stress treatment (PND2-9), all the mice were returned to the
standard environment. Male offspring were weaned at PND21 and housed
in groups of 3-4 per cage for further study. Siblings were split into groups
equally whenever possible, with 1-3 pups per dam in each group.

Behavioral assays

A battery of behavioral tests, including tests of cognitive behaviors,
anxiety-like behaviors, depression-like behaviors, and social approach,
were performed in adolescent male mice (PND35-42) between 09:00 and
15:00 as described previously [27, 85]. Mice were handled for at least
3 days prior to behavioral testing. Behavioral data in the open field,
elevated plus maze, and light-dark box tests were automatically analyzed
using ANY-maze 7.0 (Stoelting, Wood Dale, IL, USA). The results of the
remaining behavioral tests were scored by an experimenter who was
blinded to the experimental conditions. For object recognition tests, mice
showing the total probe time with two objects in either the acquisition or
test phase below 10s would be excluded from statistical analyses.

Temporal order memory test. The temporal order memory (TOM) test,
which relies on the medial prefrontal cortex (mPFC), was used to assess the
ability of the animals to differentiate between two familiar objects
presented at different time intervals [86]. The test was performed in an
open field arena illuminated at 10 lux and included 3 trials with a 1-h
intertrial interval (ITl). The first two trials were the acquisition trials in which
two identical triangular prisms or triangular pyramids were placed in the
arena and the animals were allowed to freely explore the arena for 10 min.
In the test phase, a triangular prism (the “remote” object) and a triangular
pyramid (the “recent” object) were placed in the arena. During the 10 min
test phase, the discrimination index was calculated as: 100% x time spent
probing the “remote” object /time spent probing both objects.

Novel object recognition test. The novel object recognition (NOR) task was
designed to assess recognition memory based on familiarity with the object
itself, which depends on several brain regions, including the perirhinal
cortex, the hippocampus, and mPFC [87]. The NOR test was also performed
in the open field arena, illuminated at 10 lux, and consisted of 2 trials
separated by an ITl of 1 h. During the acquisition phase, two identical cubes
were presented. In the test phase, one of the cubes (the “familiar” object) was
replaced with a hexagonal column (the “novel” object). During the 10 min
test phase, the discrimination index was calculated as: 100% X time spent
probing the “novel” object /time spent probing both objects.

Spatial object recognition test. The spatial object recognition (SOR) task
was designed to assess the animals’ ability to detect changes in the
location of familiar objects, which depends on the hippocampus [88]. The
test was conducted in the open field arena with a 10 lux illumination and
consisted of two acquisition trials and one test trial with 1-h ITI. During the
first two acquisition trials, two identical objects (cylinders) were placed
approximately 15cm apart. One hour later, one object was moved
diagonally (the “displaced” object), and the other object remained in its
original position (the “stationary” object). During the 10-min test phase, the
discrimination index was calculated as: 100% X time spent probing the
“displaced” object /time spent probing both objects.
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Y-maze spontaneous alternation test. The Y-maze spontaneous alternation
task was designed to assess spatial working memory [89]. The Y-maze
apparatus consisted of gray polyvinyl chloride with three symmetrical arms
(30x10x 15cm?>, 10 lux) and spatial cues surrounding the maze. Mice
were placed at the end of one arm and allowed to explore freely for 8 min.
The percentage of spontaneous alternations (SA: A—B—C(), alternative arm
returns (AAR: A—B—A), and same arm returns (SAR: A—A) were recorded
manually.

Open field test. The open field test was performed in a gray polyvinyl
chloride chamber (50 cm x 50 cm x 50 cm) with smooth interior walls and
evenly illuminated at 60 lux. During the test, the mice were placed in one
corner, facing the wall, and permitted to explore the environment freely for
10 min. The time spent in the center area of the open field (20cm in
diameter), the latency, and the number of entries to the center area were
measured to reflect the animals’ anxiety levels. The total distance traveled
was also quantified.

Elevated plus maze test. The elevated plus maze test was performed in an
elevated plus maze consisting of a central platform (5 x5 cm?) with two
opposing open arms (30 x 5% 0.5 cm?, 40 lux) and two opposing closed
arms (30 X 5 x 15 cm?, 10 lux) extending from it in a plus shape. The maze
was elevated 50 cm above the floor. Mice were individually placed in the
center with their heads facing a closed arm and allowed to explore for
5 min. Time spent in the open arms, latency, and number of entries into
the open arms were recorded.

Light-dark box test. The light-dark box test was performed in a plastic
box containing a dark chamber (15 x 20 x 25 cm?, 10 lux) and a brightly
illuminated chamber (30 x 20 x 25 cm?, 700 lux) connected by a 4-cm long
tunnel. Mice were placed in the dark chamber facing the other chamber.
The time spent in the light chamber during the 5 min test, the latency, and
the number of entries to the light chamber were measured.

Tail suspension test. The test was conducted in a plastic enclosure
(15cm x 17 cm % 50 cm). Mice were suspended by the tail at the distal end
for 6 min using a suspension hook. Mice were considered immobile when
they were passively suspended and completely immobile. The total time
spent immobile and the latency of immobilization were manually scored
for each animal.

Forced swimming test. Mice were individually placed in a transparent
cylinder (25 cm high, 10 cm diameter) filled with water to a depth of 18 cm
and maintained at 25 + 1 °C and tested for 6 min. After the test, the mouse
was wiped dry with a towel and returned to its home cage. Mice were
considered immobile if they did not make any active movements. The total
immobility time was recorded and analyzed.

Sucrose preference test. Four days prior to the test, the mice were
individually housed in their assigned cages with two bottles of tap water to
avoid place preference bias. On the fourth day, two bottles containing a
1% sucrose solution were provided. The test began at 20:00, during which
the mice were given one bottle containing a 1% sucrose solution and one
bottle of water, and the weight of each bottle was recorded. The positions
of the two bottles were changed every 12 h, and the bottle weights were
recorded 24, 48, and 72h later. Sucrose preference index
(%) = 100 X (sucrose solution consumption)/(sucrose solution consump-
tion + water consumption).

Social approach test. The social approach test was performed in a gray
polyvinyl chloride chamber (50 cm x 50 cm X 50 cm) illuminated at 10 lux.
Mice were acclimated to the chamber with an empty wire mesh cage in
the center for 10 min. One hour later, a stranger mouse of the same sex
and age (defined as a “tool” mouse) was placed in the empty wire mesh
cage, and then the test mouse was placed in one corner facing the wall
and allowed to explore freely for 10 min. The time spent interacting with
the “tool” mouse was measured manually.

Immunohistochemistry and image analysis

Mice were anesthetized with 2,2,2-Tribromoethanol (250 mg/kg, i.p.,
T48402, Sigma-Aldrich) and transcardially perfused with 0.9% saline
followed by 4% buffered paraformaldehyde. Then, mouse brains were
dissected, post-fixed for 10-12 h at 4 °C in 4% buffered paraformaldehyde,
and dehydrated in a 30% sucrose solution for 72 h at 4 °C. Using a cryostat
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(Leica, Wetzlar, Germany), serial coronal sections of the mPFC
(1.98 mm-1.54 mm from bregma) were obtained at 30-um by a 180-um
interval.

For immunofluorescence staining, the sections were washed with 0.1 M
PBS three times (10 min each time), and permeabilized with 0.3% Triton
X-100 in 0.1 M PB three times for 10 min each, followed by incubation in a
1% normal donkey serum blocking solution at room temperature for 1 h.
The following primary antibodies were used: goat anti-somatostatin (1:100,
sc-7819, Santa Cruz), goat anti-parvalbumin (1:2000, PVG-213, SWANT),
mouse anti-Camklla (1:1000, 22609, Abcam), mouse anti-parvalbumin
(1:2000, PV-235, SWANT), mouse anti-VGIuT1 (1:1000, 135511, Synaptic
Systems), rabbit anti-parvalbumin (1:2000, PV-25, SWANT), rabbit anti-c-fos
(1:1000, 2250S, Cell Signaling), rabbit anti-neurogranin (1:1000, 217672,
Abcam), pig anti-c-fos (1:1000, 226005, Synaptic Systems) and rabbit anti-
EGFP (1:1000, KO09757P). After three rinses with 0.1 M PB containing 0.3%
Triton X-100 (10 min each), the sections were incubated with secondary
antibodies (Alexa Fluor 488-, 594- and or 647-conjugated donkey) diluted
1:500 in 1% normal donkey serum blocking solution for 2h at room
temperature. After three rinses with 0.1 M PB (10 min each), sections were
mounted on slides and covered with Vectashield containing 4/,6-
diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA).

For immunohistochemistry, the sections were washed with 0.1 M PBS
three times (5 min each time) and treated with 3% hydrogen peroxide
(10 min), followed by 1% normal goat serum (1 h). They were labeled with
rabbit anti-parvalbumin (1:20000, PV-25, SWANT) or goat anti-somatostatin
(1:200, sc-7819, Santa Cruz) antibody at 4 °C (overnight). The next day, the
sections were rinsed and incubated with a biotinylated goat anti-rabbit or
rabbit anti-goat secondary antibody (Zhongshan Golden Bridge Biotech-
nology, Beijing, China) at room temperature (2 h). After rinsing, sections
were stained with the 3,3’-diaminobenzidine horseradish peroxidase color
development kit (Zhongshan Golden Bridge, ZLI-9019, Beijing, China),
transferred onto slides and coverslipped with mounting medium
(Zhongshan Golden Bridge, ZLI-9516, Beijing, China).

For image analysis, brain sections were assigned random numbers so
that investigators were blind to the experimental conditions. Images were
obtained from 3 sections per animal with a 10x objective using an
Olympus VS120-S6-W automated slide scanner (Olympus, Tokyo, Japan)
and three subregions of the mPFC (Cg, PrL and IL) were defined as ROIs
(Region of Interest) for analysis using NIH ImageJ software to determine
the numbers of PVIs and somatostatin-expressing interneurons (SST-INs) in
the mPFC. For the colocalization analysis, images of 3 brain sections from
each animal were captured with a 20x objective using an Olympus FV1000
laser-scanning confocal microscope (Olympus, Tokyo, Japan). Images were
acquired with a 20x objective from 3 sections per animal using an
Olympus FV3000 laser-scanning confocal microscope (Olympus, Tokyo,
Japan) to examine the optical density of VGIuT1 at different distances from
the soma of PVIs; for each group, 30-40 PVIs were chosen and Sholl
analysis was performed using NIH ImageJ software. We first drew a circle
(radius = 15 um) around the center of PVI soma and then obtained the
averaged optical density in the circle at different distances (step of
0.67 um). Images were obtained with 10x objective using an Olympus
VS200-S6-W automated slide scanner (Olympus, Tokyo, Japan) to validate
the virus-injected or optical fiber-targeted regions. Images were adjusted
for optimal brightness and contrast using FV10-ASW 4.2 software or OlyVIA
3.4.1 (Olympus, Tokyo, Japan).

Brain-slice preparation and electrophysiological recordings
Adolescent male PV::Ai14 mice (PND35-42) were rapidly anesthetized with
isoflurane and decapitated. Brain slices (200 um) containing the mPFC were
obtained using standard techniques and incubated in artificial cerebrospinal
fluid (ACSF)at room temperature (25 °C) for 1 h. The slices were then transferred
to a recording chamber at room temperature (25 °C) and continuously perfused
with an oxygenated-standard and ACSF heated at 30 °C that containing (in mM)
10 glucose, 125 NaCl, 5 KCl, 2 NaH,PO,, 2.6 CaCl,, 1.3 MgCl,, and 26 NaHCO;
(pH: 7.3-7.4, osmolarity: 300-310 mOsm/kg), at a rate of 2 mL/min. Target mPFC
PVIs were identified by tdTomato fluorescence using an Olympus BX51
microscope equipped with DIC optics, a water-immersion objective (x40 NA
1.1). Incremental current steps (0.5 s duration, 50 pA step size) were injected
through the recording pipette to measure the evoked firing of PVIs. Recordings
were obtained with an EPC-10 amplifier and Patchmaster software (HEKA
Elektronik, Lambrecht/Pfalz, Germany). The signals were analyzed with Clampfit
10.3 (Molecular Devices, Union City, CA, USA).

The mPFC of PV-Cre mice was injected with a Cre-dependent CMV-DIO-
mCherry virus, in addition to an AAV carrying the light-sensitive protein
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Camklla-ChR2-EGFP. Following a two-week period of expression, the mice
were decapitated and their brains were removed. Immediately following
the removal of the brain slices containing the mPFC were prepared with
vibratome slices and the cells labeled with GFP were sought (Olympus
BX51). The cells labeled with GFP were then manipulated for photo
stimulation (473 nm, 12mW, 10 ms pulses, 10 Hz, duration 3 min), with
whole-cell membrane clamp recordings synchronized on cells with
mCherry labels. The voltage of the mPFC cells was clamped at —70 mV,
and the oEPSC was recorded to ascertain whether the connections
between the PNs and PVIs in the mPFC were monosynaptic. Tetrodotoxin
(TTX, 1 uM) was added sequentially to the sodium channel blocker 4-AP
(1 mM), and changes in oEPSCs would suggest that the PN-PVI connection
was monosynaptic. The oEPSC frequency and amplitudes were measured.
To evaluate presynaptic release probability, paired pulses (duration of
10 ms) with an interval of 100 ms were delivered, and the paired-pulse
ratio (PPR) was calculated as the EPSC2/EPSC1 amplitude ratio. Recordings
were obtained with a Multiclamp 700B amplifier (Molecular Devices, USA)
and Axon (Axon Enterprise, Inc, USA). Signals were analyzed with Clampfit
10.2 (Molecular Devices, Union City, CA, USA) and Mini Analysis Program
(Synaptosoft).

Stereotaxic surgery and virus microinjection

Adolescent mice (PND22-23) were anesthetized with isoflurane (induction
2.5%, maintenance 1-1.5%) with perioperative meloxicam analgesia (3 mg/
kg, ip.) and placed in a stereotaxic frame (RWD Life Science Co., LTD,
Shenzhen, China). The dorsal mPFC (i.e, Cg and PrL) were chosen for
neuronal manipulation experiments, due to our focus on cognitive functions
in mice. Mice received microinjections of viruses into the dorsal mPFC (Cg
and PrL) through a glass micropipette (250 nL per side, 30 nL/min). The
injection coordinates (relative to the bregma) were anterior +1.9 mm, lateral
+0.3 mm, and ventral —1.8 mm. The micropipette was left in the site for
another 5min. Mice were allowed to recover until the beginning of
behavioral tests (PND35). In order to perform whole-cell recordings in PVls in
close proximity to optically activated pyramidal neurons, the adeno-
associated virus (AAV) Cre-dependent CMV-DIO-mCherry and Camklla-
hChR2(H134R)-EGFP viruses were injected into the mPFC of PV-Cre mice.
The AAV of DIO-hM3Dg-mCherry (1.14x 10" genome copies/mL, Vigene
Biotechnology, China), DIO-hM4Di-mCherry (3.00 X 10" genome copies/mL,
Vigene Biotechnology, China), DIO-eNpHR3.0-EYFP (1.81x 10" genome
copies/mL, Vigene Biotechnology, China), flex-taCasp3-TEVp (3.04 x 10'2
genome copies/mL, ObioTechnology, China), or ACSF was delivered
bilaterally to the mPFC of male PV-Cre mice to perform whole-cell recordings
of PVIs in close proximity to optically activated pyramidal neurons. For the
manipulation of pyramidal neurons in the mPFC, an AAV virus of DIO-hM4Di-
mCherry was bilaterally injected into the mPFC of male Camklla-Cre mice or
AAV virus of Camklla-hM3Dg-mCherry (7.07 x 10" genome copies/mL,
Vigene Biotechnology, China) was bilaterally injected into the mPFC of male
C57BL/6 mice. For simultaneous manipulation of mPFC PNs and PVIs, a
mixture of Camklla-hM3Dg-mCherry and DIO-hM4Di-mCherry or a mixture
of Camklla-hM4Di-mCherry and DIO-hM3Dg-mCherry were bilaterally
injected into the mPFC of male PV-Cre mice. To overexpress Crh in the
mPFC, a mixture of AAV-CRH-Cre-WPRE-hGH (CRH-Cre, 5.00 X 10'2 particles/
mL; ObioTechnology, China) and AAV-CAG-DIO-CRH-P2A-GFP (CRH_OE,
322x10" particles/mL; Vigene Biosciences, Shandong, China) or a mixture
of CRH-Cre and AAV2/9-CAG-DIO-GFP (3.23x10'® particles/mL, Vigene
Biosciences) were bilaterally injected into the mPFC of male C57BL/6 mice.
To achieve CRISPR-mediated deletion of Crhr1, an AAV vector carrying sgRNA
targeting Crhr1 (AAV2/9-CMV-SaCas9-U6-crhr1.gRNA, 7.22x 10> genome
copies/mL, Vigene Biotechnology, China) and scrambled sgRNA (AAV2/9-
CMV-SaCas9-U6-scrambled. gRNA, 4.13x 10" genome copies/mL, Vigene
Biotechnology, China) was bilaterally injected into the mPFC of male C57BL/6
mice. To label the CRH-positive projection received by mPFC, a retrograde
AAV vector (AAV2/retro-CAG-DIO-EGFP, 5.59x 10'? genome copies/mL,
BrainVTA, China) was bilaterally injected into the mPFC of male CRH-
Cre mice.

Chemogenetic manipulation of neurons

Clozapine-N-oxide (CNO, HY-17366, MEC) was dissolved in 100% DMSO to
a storage concentration of 20mg/mL and stored at —20°C. For the
chemogenetic inactivation of PNs or PVIs and the double chemogenetic
experiments, the storage solution of CNO was diluted to a working solution
(0.3 mg/mL) and then the working solution of CNO was injected
intraperitoneally (i.p. 3 mg/kg body weight) to hM4Di transfected mice
30 min prior to each behavioral test. For the chemogenetic activation of
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PNs or PVIs storage solution of CNO (20 mg/mL) was diluted into a working
solution (0.1 mg/mL) and then the working solution of CNO was
administered intraperitoneally (i.p. 1 mg/kg) to hM3Dq transfected mice
30 min prior to each behavioral test. For vehicle groups, 3 mg/kg body
weight of 1.5% DMSO or 1mg/kg body weight of 0.5% DMSO were
injected intraperitoneally in the inactivation and activation experiments,
respectively. The higher dose (i.e, 3 mg/kg) was used for chemogenetic
inhibition (Gi) experiments because our pilot experiments showed that
1 mg/kg of CNO was unable to inhibit neuronal activity, which might be
due to some compensatory processes.

Optogenetic inactivation of PV-expressing interneurons

For the optogenetic inactivation of prefrontal PVls, an AAV carrying DIO-
eNpHR3.0-EYFP or DIO-EGFP was injected bilaterally into the mPFC of PV-
Cre mice, and an optic-fiber cannula (200-um -diameter; 0.37 NA) was
implanted above the mPFC with —1.55-mm DV coordinate. Light was
provided by a 594 nm laser diode (ThinkerTech, Nanjing, China). The light
intensity at the fiber tip was measured with a light sensor (Thorlabs,
Newton, NJ, USA). A 4-5mW laser pulse (ON-OFF-ON-OFF, 2 min/section)
was delivered during the behavioral test phase by a Master-8 pulse
stimulator (AMPI, Jerusalem, Israel) through the optical fiber embedded in
the mPFC.

RNAscope in situ hybridization

The expression of mRNAs in the mPFC was visualized using RNAscope
(Advanced Cell Diagnostics). Following the manufacturer’s instructions,
mouse brains were rapidly dissected, dehydrated, and frozen. After
cryoprotection, serial coronal sections (bregma 1.98-1.54 mm) of the mPFC
at 15 um thickness and 180 um intervals were obtained using a cryostat
(Leica), which were subsequently dried at —20°C for 1h and stored at
—80°C for up to one week. Then, slices were processed following the
RNAscope protocol using a fluorescent multiplex reagent kit (ACD: 323100)
and probes for Crhr1 (Mm-Crhr1-C1; ACD, catalog #418011), Slc32a1l (Mm-
Slc32a1-C2; ACD, catalog #319198-C2), and Slc17a7 (Mm-Slc17a7-C3; ACD,
catalog #416631).

For the colocalization analysis, images (1024 x 1024 pixelz) were
captured with a 20x objective using an Olympus FV3000 laser-scanning
confocal microscope (Olympus, Tokyo, Japan). Images were then separated
into multiple color channels and cell nuclei were identified in the DAPI
channel. Signals in the red, green, and magenta channels were
thresholded, identified, and filtered by the locations of the nuclei. If a
signal was detected in a nucleus, the cell was defined as “positive” for the
respective RNA species. Nuclei positive for Slc32al or Slc17a7 were finally
filtered to determine whether they co-expressed Crhrl.

Western blot

Mice were anesthetized with isoflurane and the mPFC were subsequently
dissected and homogenized in ice-cold lysis buffer. The supernatants were
obtained by centrifugation at low temperature (12,000 rpm at 4°C for
15 min), and protein concentrations were determined using a bicincho-
ninic acid protein assay kit (Pierce, Rockford, IL, USA).

Samples containing 20 ug of protein were resolved on 10% sodium
dodecyl sulfate-polyacrylamide gels and then transferred onto polyviny-
lidene difluoride membranes (Millipore, Bedford, MA, USA). The mem-
branes were blocked with 5% non-fat milk (diluted in TBST) for 2 h at room
temperature and then labeled with primary antibodies at 4 °C (overnight).
The following antibodies were used: rabbit anti-CRH (1:2000, ab184238,
Abcam) and mouse anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; 1:1000, K200057M, Solarbio). After 2h of incubation with
horseradish peroxidase-conjugated secondary antibodies (1:5000, Solarbio,
Beijing, China) at room temperature, the bands were visualized using an
Amersham Imager 600 (GE Healthcare, PA) and analyzed using Image)
software (NIH) by an investigator who was blinded to the treatment
conditions. The values were corrected based on the levels of the
corresponding control protein. The results were normalized by setting
the mean value of the control group to 100%.

RNA extraction and real-time quantitative reverse
transcription PCR (RT-qPCR)

Total RNA was isolated from the following target brain regions: mPFC and
hippocampus using the EasyPure RNA Kit (TransGen, China). The
concentration of RNA was assessed using an ND-1000 Bioanalyzer
(NanoDrop, USA). The purity of total RNA was assessed by calculating
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the 260/280 ratio, and all samples had a ratio between 1.8 and 2.5. The
RNA samples were then transcribed into cDNA using TransScript All-in-One
First-Strand <DNA Synthesis SuperMix for qPCR (TransGen, China)
according to the manufacturer's protocol. cDNA amplification was
performed using the FastStart Essential DNA Green Master Kit (Roche,
Germany) and a LightCycler® 96 real-time fluorescent quantitative PCR
instrument (Roche, Germany) according to the manufacturer’s standard
protocols. The following primers were used for amplification:

CRH: Forward 5’- TCTCACCTTCCACCTTCTGC-3/

CRH: Reverse 5'- TTCCTGTTGCTGTGAGCTTG-3’

CRHR1: Forward 5'- TGCCAGGAGATTCTCAACGAA-3’

CRHR1: Reverse 5'- AAAGCCGAGATGAGGTTCCAG-3/

GAPDH: Forward 5'-TGTTCCTACCCCCAATGTGT- 3/

GAPDH: Reverse 5-TGTGAGGGAGATGCTCAGTG- 3/

Reactions were run in triplicate and all samples were analyzed using the
AA CT method using GAPDH as a reference gene.

CRHR1 antagonist antalarmin treatment

To investigate the intervention effects of CRHR1 blockade on the ELS
negative effects, we intraperitoneally administered the CRHR1 antagonist
antalarmin (20 pg/g of body weight; Sigma-Aldrich, USA) or vehicle (15%
B-cyclodextrin in sterile normal saline, Solarbio, Beijing, China) in two
treatment strategies. First, the concurrent blockade of CRHR1 receptors
during early-life stress exposure was achieved by daily intraperitoneal
injections of antalarmin or vehicle at 09:00-12:00 during PND2-8. The
entire injection procedure did not exceed 10 min per cage to avoid
maternal separation stress. Second, the acute pharmacological effects of
antalarmin were tested in adolescent mice. In this experiment, antalarmin
or vehicle was injected 30 min before behavioral tests.

Environmental enrichment

Stressed and control mice were exposed to environmental enrichment (EE)
at 3-4 mice per cage from PND 22-42. The EE cage is an acrylic cage with a
volume of 36 cm x 25 cm x 60 cm, divided into 3 layers (Fig. 6B). Each layer
is connected by a tunnel, with facilities such as a running wheel, a swing, a
pipe and a house, and toys of different shapes and colors. To ensure the
novelty of the objects for the mice, the type, number, and location of the
toys were changed every three days.

Quantification and statistical analysis

GraphPad Prism 9.0 (GraphPad Software, Inc., USA) was used for the
statistical analyses and graphing. Signals obtained from electrophysio-
logical recordings were analyzed with Clampfit 10.3 (Molecular Devices,
Union City, CA, USA). The Kolmogorov-Smirnov test was used to assess
normality before the t-test, ANOVA, and descriptive statistics were
performed. Comparisons between the two groups were analyzed using
an unpaired t-test (with the same variance) or an unpaired t-test with
Welch's correction (with unequal variance). Paired t-tests were used to
compare the percentage of time spent probing two objects in the NOR,
SOR, and TOM tests. For multiple group comparisons, the data were
analyzed using two-way analysis of variance (ANOVA) followed by
Bonferroni's post hoc correction when a significant interaction was
detected. Repeated measures ANOVA was used to detect the effect of ES
on the frequency of evoked action potentials and VGIUT1 expression on
PViIs. The data are shown as individual values or presented as the
mean £ SEM, and statistical significance was defined at two-sided
p<0.05. We did not use a method of randomization to determine
samples/animals allocated to experimental groups and processed. All
sample sizes, statistical methods, and results are specified in Table S2 and
Table S3.

DATA AVAILABILITY
The data underlying this article will be shared on reasonable request to the
corresponding author.
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