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

Enhanced Rap1 small GTPase activity in the ventral 
hippocampus drives stress-induced anxiety
Han-Qing Pan1†, Wei-Zhu Liu1,2†, Cui-Zhu Yang1†, Si-Ying Jiang1, Mao-Xue Zhang1, Ping Hu3, 
Hao-Tian Yang1, Yun-Yun Wang4, Ya-Qing Li1, Jiang-Long Tu1, Wen-Bing Chen5, Lumin Liu6,  
Bing-Xing Pan1,7*, Wen-Hua Zhang1,2,7*

Chronic stress exposure is a primary contributor to the development of anxiety disorders, closely associated with 
hippocampal dysfunction. However, the underlying molecular mechanism remains poorly understood. Here, us-
ing a mouse model of chronic restraint stress (CRS), we observed a notable increase in the activity, rather than its 
overall expression level, of hippocampal Rap1, a small guanosine triphosphatase belonging to the Ras superfam-
ily. Pharmacological inhibition of Rap1 activity in the ventral hippocampus (vHPC) effectively mitigated CRS-
induced anxiety. Cell type–specific manipulation of Rap1 activity revealed that Rap1 dysfunction in vHPC 
pyramidal neurons (PNs), but not in astrocytes or interneurons, contributed to CRS-induced anxiety-like behav-
iors. Mechanistically, the heightened Rap1 activity in vHPC PNs augmented their intrinsic excitability through 
Kv4.2 phosphorylation at the Thr607 site, which contributes to the onset of anxiety-like behaviors in mice following 
CRS. Overall, our study reveals a previously undescribed anxiogenic effect of Rap1 and highlights it as a potential 
target for therapeutic intervention in stress-related mental disorders.

INTRODUCTION
Anxiety disorder is one of the most common mental disorders world-
wide and a major contributor to both the overall economic burden 
and personal suffering associated with these disorders (1,  2). Al-
though the current therapeutic strategies, such as psychotherapy and 
medication, are available to relieve anxiety-related symptoms, their 
overall effectiveness remains limited (3, 4). A major challenge in ad-
vancing treatment lies in the incomplete understanding of the under-
lying pathogenesis of anxiety disorder, which has profoundly impeded 
the development of effective therapeutic agents. Thus, a thorough un-
derstanding of the factors affecting anxiety disorders and a detailed 
exploration of their pathological mechanisms are imperative for pro-
viding insights and guidance for relevant research and clinical practice.

The hippocampus has been implicated in regulating stress re-
sponse and multiple psychiatric disorders including anxiety disor-
ders (5,  6). As can be structurally and functionally divided into 
dorsal and ventral parts, a plethora of studies has demonstrated that 
those distinct subregions are involved in diverse behavioral regula-
tion (7). It is well established that the dorsal hippocampus (dHPC) 
is closely associated with learning and spatial memory, while the 
ventral hippocampus (vHPC) primarily influences emotional and 
motivated behaviors, including anxiety-like behaviors (7,  8). This 
distinction is evidenced by the fact that excitotoxic or electrolytic 
lesions of the vHPC, but not the dHPC, result in an anxiolytic-like 

effect (9, 10). Increasing evidence suggests that the dHPC also plays 
an essential role in regulating stress-induced anxiety (11, 12), there-
by indicating that the involvement and mechanisms of the hippo-
campus in chronic stress–induced anxiety disorders remain far 
from conclusive, necessitating further investigation.

The small G protein Rap1, a key member of the Ras superfamily, acts 
as a molecular switch by transitioning between its active form (Rap1-
GTP) upon guanosine 5′-triphosphate (GTP) binding and inactive 
form (Rap1-GDP) after GTP hydrolysis, thereby regulating a plethora 
of cellular biological processes such as adhesion, polarity, differentia-
tion, and growth (13–17). Within the central nervous system, Rap1 has 
garnered growing attention because of its extensive involvement in neu-
ral development, synaptic plasticity, and neuronal excitability, thus ex-
erting a profound impact on learning and memory, as well as emotional 
expression (18–25). The disruption of the Rap1-related pathways has 
been implicated in the pathogenesis of various neuropsychological dis-
orders, including schizophrenia and depression (26–30). A recent study 
reveals that Rap1 serves as a critical mediator responsible for stress-
induced abnormalities in neuronal structure and function within the 
prefrontal cortex, thereby leading to cognitive dysfunction (31), indicat-
ing the notable involvement of Rap1 in stress-related deleterious effects. 
Nevertheless, little is known regarding its role in the development of 
chronic stress–induced anxiety and the underlying mechanisms.

To address these questions, we used an anxiety mouse model of 
chronic restraint stress (CRS) and unveiled a essential role of enhanced 
Rap1 activity in vHPC pyramidal neurons (vHPC PNs), but not inter-
neurons (INs) or astrocytes, in the onset of anxiety-like behaviors in-
duced by chronic stress. The anxiogenic effect of Rap1 activation is 
associated with the hyperexcitability of vHPC PNs through phosphor-
ylation of the voltage-gated potassium channel Kv4.2 at the Thr607 site.

RESULTS
Chronic stress activates Rap1 in the mouse hippocampus
To determine the effect of chronic stress on Rap1 expression, we 
subjected the male C57BL/6J mice to CRS for 10 consecutive days 
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(Fig. 1A), and then the anxiety-like behaviors of mice were evaluated 
using open field test (OFT) and the elevated plus maze test (EPMT). 
Compared to the unstressed control mice, the CRS-exposed mice 
spent far less time in the central area in the OFT and had fewer en-
tries as well as reduced time to the open arms in the EPMT (Fig. 1, 
B to E). The total distance traveled remained unchanged in the OFT 
(Fig. 1, B and C), suggesting that CRS does not affect overall loco-
motor activity. These results verify that the CRS protocol can effec-
tively induce anxiety-like behaviors.

Then, the hippocampi were dissected to assess the expression of 
Rap1 (Fig. 1, A and F). Somewhat unexpectedly, Western blot analy-
sis showed that CRS had little effect on the total Rap1 protein levels 
(Fig. 1, G and H). As a small guanosine triphosphatase (GTPase), 
the active form of Rap1 serves as the primary functional state. To 
ascertain whether CRS affects Rap1 activation, we used a glutathi-
one S-transferase (GST)-RalGDS fusion protein system, wherein 
RalGDS could specifically bind to the activated form of Rap1 (Rap1-
GTP) (32). Then, the activated Rap1 could be pulled down using 
glutathione resin and detected by Western blotting (Fig. 1F; also see 
in Materials and Methods). We found that CRS induced a robust 
increase in the active form of Rap1 (Fig. 1, G and H), indicating that 
CRS activates Rap1 in the mouse hippocampus. To investigate 
whether the activation of Rap1 by CRS reflects a cumulative effect of 
repeated stress over 10 consecutive days or merely an acute response 
to the last episode of restraint stress, we subjected mice to single 
2-hour acute restraint stress, followed by behavioral testing and as-
sessment of Rap1 expression (fig. S1A). Consistent with previous 
findings, no significant differences in anxiety-like behaviors were 
observed between the control (Con) and acute restraint stress 
groups (33), indicating that a single episode of acute stress proce-
dure does not induce persistent excessive anxiety (fig. S1, B to E). 
Moreover, no significant differences in total Rap1 or active Rap1 lev-
els were detected between the two groups (fig. S1, F and G), suggest-
ing that the increased Rap1 activity observed following CRS arises 
from the cumulative effects of repeated stress rather than being 
solely attributable to the last episode of restraint stress. To further 
test whether the increased Rap1 activity in the hippocampus also 
occurred in other stress paradigms, we then measured the activity of 
hippocampal Rap1 in mice experiencing chronic unpredictable 
stress (CUS) (fig. S2A). Similar to CRS, CUS significantly enhanced 
anxiety-like behaviors in mice (fig. S2, B to E) and also led to in-
creased activated Rap1 but not total Rap1 (fig. S2, F and G). These 
findings suggest that the heightened Rap1 activity in the hippocam-
pus may represent a shared molecular characteristic underlying di-
verse prolonged stress paradigms in mice.

Pharmacological inhibition of Rap1 activity in vHPC 
alleviates CRS-induced anxiety
We next sought to determine the effect of heightened Rap1 activity 
on the CRS-induced anxiety-like behaviors. Given that both dorsal 
and ventral parts of the hippocampus have been implicated in the 
regulation of anxiety (9–12), we bilaterally injected GGTI-298, a 
Rap1-specific inhibitor, into either the dHPC or vHPC of mice 30 min 
before daily restraint stress (Fig. 1, I and J, and fig. S3). Behavioral 
test results revealed that regardless of treatment with either vehicle 
or GGTI-298 in the dHPC, CRS mice exhibited notably decreased 
time in the central area of the OFT and reduced exploration in the 
open arms of the EPMT (Fig. 1, K to N), arguing against the involve-
ment of dHPC Rap1 activity in regulating CRS-induced anxiety-like 

behaviors. By contrast, GGTI-298 treatment in vHPC effectively re-
versed the increased anxiety-like behaviors induced by CRS (Fig. 1, 
O to R). Collectively, these observations indicate an essential role of 
Rap1 activity, especially in the vHPC, in mediating the anxiogenic 
effect of CRS.

Rap1 activity in vHPC PNs modulates CRS-induced 
anxiety-like behaviors
Given that Rap1 has been implicated in PNs, GABAergic neurons, 
and astrocytes (22, 23, 34, 35), a critical question then arises regard-
ing the cell type–specific role of vHPC Rap1 in mediating chronic 
stress–induced anxiety-like behaviors. To answer this question, we 
first tested whether genetic deletion of Rap1 from different cell 
types in vHPC through adenoassociated virus (AAV) could rescue 
CRS-induced anxiety. AAVs carrying Cre recombinase with an 
enhanced green fluorescent protein (eGFP) (Cre-eGFP group), or 
only expressing eGFP reporter gene (eGFP-only group), under the 
control of Gad67 (fig. S4, A and B), GfaABC1D (fig. S4, H and I), or 
CaMKIIα promoters were bilaterally injected into the vHPC of 
Rap1flx/flx transgenic mice (Fig. 2, A and B). The efficiencies of the 
virus injection were confirmed by immunostaining assay (Fig. 2C 
and fig. S4, C and J). As shown in fig. S4, deletion of Rap1 in either 
INs or astrocytes did not manifest any discernible impact on CRS-
induced increase in anxiety-like behaviors. Ablating Rap1 in PNs 
effectively alleviated the CRS-induced increase in anxiety-like re-
sponses (Fig. 2, D to G).

To provide direct evidence regarding the necessity of activated 
Rap1 in vHPC PNs for the manifestation of exaggerated anxiety-like 
behaviors caused by CRS, we constructed AAVs expressing a widely 
used dominant-negative mutant of Rap1 (T17N, hereafter referred 
to as Rap1-DN) fused with mCherry fluorescent protein under the 
control of the CaMKIIα promoter (AAV-CaMKIIα-Rap1-DN-2A-
mCherry), thereby allowing us to specifically inhibit Rap1 activity 
in PNs (Rap1-DN-mCherry). The virus that only encodes mCherry 
(AAV-CaMKIIα-2A-mCherry) was set as the mCherry group (Fig. 
2H). Both AAVs were bilaterally injected into the vHPC (Fig. 2I). 
Three weeks later, we observed a significant decrease in the levels of 
active Rap1 in the Rap1-DN-mCherry group (Fig. 2J). Behaviorally, 
Rap1-DN expression profoundly prevented the CRS-induced in-
crease in anxiety-like behaviors (Fig. 2, K to N), indicating that in-
hibiting Rap1 activity in vHPC PNs ameliorates the anxiogenic 
effects of CRS.

To determine whether increasing Rap1 activity is sufficient to 
induce anxiety-like behaviors in naive mice, we introduced anoth-
er AAV strategy to specifically express constitutive active mutant of 
Rap1 (referred to as Rap1-CA) in vHPC PNs. AAV-CaMKIIα-
Rap1G12V-2A-mCherry (Rap1-CA-mCherry group) or AAV-
CaMKIIα-2A-mCherry (mCherry group) was bilaterally injected 
into the vHPC (Fig. 2O). Four weeks later, mCherry was found in 
the vHPC PNs, and active Rap1 was markedly increased in the 
Rap1-CA virus–injected mice, substantiating the effectiveness of 
the AAVs (Fig. 2, P and Q). Behavioral results showed that mice 
with overexpressed Rap1-CA-mCherry in vHPC PNs spent less 
time in the center area during the OFT and had less exploration of 
the open arms during the EPMT when compared to those mCherry 
virus–injected control mice (Fig. 2, R to U). Together, these find-
ings indicate that the increased Rap1 activity in vHPC PNs is both 
necessary and sufficient for the effects of chronic stress on anxiety-
like behaviors.
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Fig. 2. Activation of Rap1 in vHPC PNs is required for CRS-induced anxiety-like behaviors. (A) Schematic of AAV injection to express Cre recombinase (Cre-eGFP) or 
eGFP alone (eGFP) under the CaMKIIα promoter in the vHPC of Rap1flx/flx mice followed by CRS and behavioral tests. (B) Representative images showing eGFP expression 
in vHPC. Scale bar, 500 μm. (C) Representative images of CaMKIIα immunostaining in the vCA1. Scale bar, 10 μm. (D and E) Representative activity tracking and quantifica-
tion of time in the center and total distance traveled during OFT (n = 14 to 15 mice per group). (F and G) Representative activity tracking and quantification of time in open 
arms and open arm entries during EPMT. Same sample size as in [(D) and (E)]. (H) Schematic of overexpressing Rap1-DN-mCherry or mCherry alone in the vHPC PNs fol-
lowed by CRS and behavioral tests. (I) Representative images showing mCherry expression in vHPC. Scale bar, 500 μm. (J) Representative immunoblots for active Rap1 and 
total Rap1 and statistical analysis of the immunoblotting assay from the mCherry and Rap1-DN-mCherry mice (n = 5 per group). (K to N) Same as in [(D) to (G)] except that 
the data were from mice infected with mCherry or Rap1-DN-mCherry (n = 12 to 15 mice per group). (O) Schematic of overexpressing Rap1-CA-mCherry or mCherry alone 
in the vHPC PNs and subsequent behavioral tests. (P and Q) Same as in [(I) and (J)] except that the data were from mice infected with mCherry or Rap1-CA-mCherry (n = 5 
per group). (R to U) Same as in [(D) to (G)] except that the data were from mice infected with mCherry or Rap1-CA-mCherry and without subjecting to CRS (n = 13 to 14 
mice per group). Pooled data are presented as the means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. Mann-Whitney U test [(E) left, (N) left, and (S) right]; two-tailed 
unpaired Student’s t test [(E) right, (F), (J), (L), (N) right, (Q), (S) left, and (U)].
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CRS or Rap1 activation elevates the neuronal activity 
of vHPC PNs
To determine how Rap1 activation in vHPC is involved in the anx-
iogenic effects mediated by CRS, we first assessed the impact of CRS 
and Rap1-CA overexpression on vHPC neuronal activity by using 
c-Fos, an immediate early gene for marking activated neurons (36). 
The mice were randomly assigned into three groups: mCherry, 
mCherry + CRS, and Rap1-CA-mCherry (Fig. 3A; also see in Mate-
rials and Methods). As shown in Fig. 3 (B and C), CRS remarkably 
increased the number of c-Fos–positive cells in ventral CA1 (vCA1) 
upon open arm exposure. This finding is consistent with previous 
study showing that chronic stress could notably increase the activa-
tion of vHPC neurons in response to acute stress stimuli (37). More-
over, the fluorescence intensity of c-Fos–positive cells was more 
prominent in both the mCherry + CRS and Rap1-CA-mCherry 
groups compared to the mCherry group (Fig. 3, D and E), indicating 
increased neuronal activity in the vHPC.

Considering the limitations of c-Fos immunostaining in detect-
ing neuronal activity at a single time point, we further used in vivo 
fiber photometry to continuously monitor the real-time activity of 
vHPC PNs in freely moving mice. For this, the AAV encoding cal-
cium indicator GCaMP6s was stereotaxically injected into vCA1 
PNs, and an optic fiber was subsequently implanted over the vCA1 
region that allowed us to observe Ca2+ transients during stressful 
conditions (i.e., exploring the EPM) (Fig. 3, F and G). Consistent 
with previous findings (38), we observed increased Ca2+ events in 
vHPC PNs when mice transitioned from the closed arms to the 
open arms of the EPM (Fig. 3, H and I). Such an increase was more 
pronounced in both the mCherry + CRS and Rap1-CA-mCherry 
mice compared to the mCherry ones (Fig. 3, H to J). Furthermore, 
we also observed Ca2+ transients in vHPC PNs when mice per-
formed head dips, a highly anxiogenic behavior, at the edge of the 
open arms of the EPM (38, 39). The CRS and Rap1-CA groups also 
exhibited a greater magnitude of Ca2+ transients (Fig. 3, K to M). 
Overall, these findings support the hypothesis that CRS enhances 
the neuronal activity of vHPC PNs, a phenomenon that can be 
mimicked by Rap1-CA overexpression in vHPC PNs.

Chemogenetic inhibition of vCA1 PNs alleviates Rap1 
activation–induced anxiety
To investigate whether the hyperactivation of vHPC PNs, especially 
the vCA1 PNs, was responsible for CRS-induced anxiety, we attempted 
to acutely inhibit the activity of vCA1 PNs in CRS and Rap1-CA-
mCherry mice before behavioral test. AAV-CaMKIIα-hM4Di-GFP 
(Gi) was injected into the vHPC of CRS (fig. S5, A to C) and Rap1-CA 
(fig. S5, H and I) mice, allowing us to use clozapine-N-oxide, a bio-
logically inert ligand, to inhibit the activity of hM4Di-expressing 
vCA1 PNs through the cannula. This localized delivery method al-
lowed for precise modulation of neuronal activity in the targeted 
brain region (40). As shown in fig. S5, chemogenetically inhibiting 
vCA1 PN activity significantly alleviated anxiety-like behaviors in 
both CRS and Rap1-CA-mCherry mice. These results imply that the 
heightened activity of vCA1 PNs following CRS exposure or overex-
pression Rap1-CA is responsible for increased anxiety-like behaviors.

Rap1 activation spares the structure or synaptic 
transmission of vHPC PNs
It is well known that heightened neuronal activity may be attributed 
to the adaptive changes occurring in neurons themselves or through 

their communication with other interconnected cells. We subse-
quently asked whether chronic stress, through the activation of Rap1, 
reshapes the structure and synaptic transmission of vHPC PNs, 
thereby influencing their neuronal activity. To this end, we assessed 
the structure of vHPC PNs by performing whole-cell recordings on 
mCherry-positive cells with the biocytin-filled pipette (fig. S6A). 
Somewhat unexpectedly, we observed no statistically significant dif-
ferences in dendritic complexity among the mCherry, mCherry + 
CRS, and Rap1-CA-mCherry groups (fig. S6, B and C). Analysis of 
dendritic spine density also revealed no significant differences in to-
tal dendritic spine density, as well as mature mushroom spine densi-
ty, on both basal and apical dendrites among the three groups (fig. S6, 
D to G). In keeping with these findings, there were no significant 
differences in the amplitude and frequency of miniature excitatory 
postsynaptic currents (mEPSCs) in vHPC PNs (fig. S6, H and I). In 
addition, the amplitude and frequency of miniature inhibitory post-
synaptic currents were also indistinguishable across these vHPC PNs 
(fig. S6, J and K). These findings suggest that chronic stress may not 
affect neuronal activity by altering the structure and synaptic trans-
mission of vHPC PNs through the activation of Rap1.

Rap1 activation increases the intrinsic neuronal excitability 
of vHPC PNs
Aside from causing alterations in the neuronal structure and synap-
tic transmission, chronic stress has also been found to increase the 
activity of hippocampal neurons by modulating their intrinsic excit-
ability (41–44). We then investigated the potential effects of CRS 
and Rap1 activation on the intrinsic excitability of vHPC PNs. Rela-
tive to the mCherry mice, the vHPC PNs from both mCherry + 
CRS and Rap1-CA-mCherry mice displayed more robust spike 
number upon the injection of depolarization current pulses (Fig. 4, 
A and B), indicating increased intrinsic neuronal excitability. To-
gether with the c-Fos activation and increased Ca2+ activity follow-
ing CRS or up-regulation of Rap1 activity, we hypothesized that 
increased Rap1 activity may be associated with the CRS-induced 
increase in the neuronal firing of vHPC PNs.

Next, we analyzed the shape of action potential (AP) to deter-
mine the potential mechanism by which CRS and up-regulation of 
Rap1 activity increased neuronal excitability. Analysis of the mem-
brane properties of vHPC PNs showed that no significant differ-
ences were observed among the three groups in terms of their input 
resistance, resting membrane potential, AP threshold, and AP am-
plitude (fig. S7, A, B, and D to F). In addition, the sag ratio and me-
dium and slow afterhyperpolarization potentials (AHPs), which 
have been implicated in influencing neuronal firing, did not differ 
across these three groups (fig. S7, A, B, and G to I). However, relative 
to the mCherry group, the fast AHP (fAHP) of neurons in mCherry + 
CRS and Rap1-CA-mCherry groups markedly decreased (Fig. 4, 
C and D), suggesting that the elevated intrinsic neuronal excitability 
in mCherry + CRS and Rap1-CA-mCherry mice may be attributed 
to the attenuation of fAHP.

Rap1 activation–induced hyperexcitability of vHPC PNs 
linked to IA down-regulation
It is well established that fAHP is mainly mediated by the big-
conductance calcium-activated potassium channel (BK channel) (45). 
To probe whether the BK channel was involved in CRS- and 
Rap1-CA–related inhibition of fAHP, we used tetraethylammonium 
(TEA), a selective BK channel blocker at low concentration (1 mM), to 
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Fig. 3. CRS and Rap1 activation increase the neuronal activity of vCA1 PNs. (A) Schematics of virus injection, CRS procedure, and c-Fos immunostaining. h, hours. 
(B) Representative images of immunofluorescence showing c-Fos expression in the vCA1 in each group. Scale bar, 100 μm. (C and D) Quantification of the number and 
fluorescence intensity of c-Fos–positive cells in each group (n = 31 to 34 slices from four mice per group). a.u., arbitrary units. (E) Cumulative probability of c-Fos fluores-
cence intensity in vCA1 PNs. (F) Schematic depicting the virus injection strategy for recordings of the Ca2+ activity of vCA1 PNs and the representative image showing 
virus expression and optical fiber implantation site. Scale bar, 500 μm. (G) Experimental procedures for fiberphotometry recordings of Ca2+ activity. (H to J) Mean fluores-
cence, heatmap of fluorescence, and comparisons of Ca2+ transients of mice during entry into the open arms in EPM. n = 7 mice in each group. (K to M) Same as in [(H) to 
(J)] except that the signals are collected around head dips outside the edges of open arms. Data are presented as the means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. 
Kruskal-Wallis test [(C) and (D)]; one-way ANOVA [(J) and (M)].
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isolate the BK channel–mediated current (IBK) (45, 46). Nevertheless, no 
significant differences were observed in TEA-sensitive current among 
the three groups of vHPC PNs (Fig. 4, E and F, and fig. S8, A and B), 
arguing against the involvement of the BK channel in this process. In 
addition to IBK, A-type potassium current (IA) has also been shown to be 
a notable contributor to the regulation of fAHP amplitude (47, 48). By 
comparing the levels of IA in the three groups of mice, we observed low-
er levels of IA in both mCherry + CRS and Rap1-CA-mCherry groups 
compared to the mCherry group (Fig. 4, G and H, and fig. S8, C and D).

Rap1 activation increases Kv4.2 phosphorylation at the 
Thr607 site
Next, we explored how CRS and Rap1 activation affect IA at the mo-
lecular level. IA is mediated by a series of voltage-gated potassium 
channels (49); among them, Kv4.2 has the highest expression in the 
CA1 region of the hippocampus (50). To determine whether the 

changes in the functional activity of Kv4.2 contribute to the altered IA 
in vHPC PNs, we assessed the total protein level of Kv4.2 in vHPC 
from mCherry, mCherry + CRS, and Rap1-CA-mCherry mice. 
However, no significant differences were observed in the total pro-
tein level of Kv4.2 among the three groups (Fig. 4, I and J). We then 
measured the phosphorylation levels of Kv4.2 at three specific sites: 
Thr602, Thr607, and Ser616, known to be responsible for the IA regula-
tion (47, 51, 52). The phosphorylation level of the Thr607 site in Kv4.2 
was significantly increased in both the mCherry + CRS and Rap1-
CA-mCherry groups while leaving the phosphorylation levels of the 
other two sites unaltered among the three groups (Fig. 4, I to M).

Inhibiting Rap1 activity reverses the CRS-induced 
hyperexcitability of vHPC PNs
Then, we asked whether inhibiting Rap1 activity could reverse CRS-
induced alteration in electrophysiological and molecular properties 

D
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Fig. 4. CRS and Rap1 activation increase the intrinsic excitability of vHPC PNs. (A) Representative firing traces of vCA1 PNs in response to 200- and 250-pA depolar-
izing current injections. (B) Statistical analysis of AP numbers evoked by different depolarizing current injections (n = 16 to 17 neurons from five mice per group). 
(C) Representative fAHP traces. (D) Statistical analysis of fAHPs. Same sample size as in (B). (E) Representative traces showing TEA-sensitive big-conductance, calcium-
activated potassium channel currents in vCA1 PNs. (F) Statistical analysis of TEA-sensitive currents (n = 12 to 14 neurons from five to six mice per group). (G) Representative 
traces showing transient A-type K+ currents obtained at various voltages in vCA1 PNs. (H) Statistical analysis of transient A-type K+ current densities recorded at +40 mV 
(n = 11 to 14 neurons from five to six mice per group). (I) Representative blots of the total Kv4.2, Kv4.2 Thr602, Kv4.2 Thr607, and Kv4.2 Ser616 in each group of mice. (J to 
M) Statistical analysis of total Kv4.2 (J), Kv4.2 Thr607 (K), Kv4.2 Ser616 (L), and Kv4.2 Thr602 (M) expressions (n = 6 mice in each group). Data are presented as the means ± SEM. 
*P < 0.05, **P < 0.01, and ***P < 0.001. Two-way ANOVA with repeated measures (B); Kruskal-Wallis test (M); one-way ANOVA [(D), (F), (H), and (J) to (L)].
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of vHPC PNs (Fig. 5A). As shown in Fig. 5 (B and C), the excitabil-
ity of these neurons in the Rap1-DN-mCherry + CRS group was 
significantly reduced compared to that in the mCherry + CRS 
group. In line with this, the fAHP and the IA in the Rap1-DN-
mCherry + CRS group were markedly enhanced (Fig. 5, D to G). 
Moreover, the increased Kv4.2 Thr607 phosphorylation provoked by 
CRS was also declined in Rap1-DN-mCherry + CRS mice (Fig. 5, H 
to L). Together, these data suggest that the suppression of IA, which 
is mediated by the elevated phosphorylation level of Kv4.2 Thr607, 
may act as an important contributor to mediate the effects of CRS 
and Rap1 overactivation on the neuronal excitability of vHPC PNs.

Kv4.2 Thr607 phosphorylation drives Rap1 activation–
induced hyperexcitability and anxiety-like behaviors
To determine whether the increased phosphorylation of Kv4.2 at 
Thr607 contributes to the decreased IA and subsequent increased 

neuronal excitability following CRS or overexpression of active Rap1, 
we generated AAV viruses expressing a mutant Kv4.2 where the thre-
onine at site 607 was substituted with alanine under the control of the 
CaMKIIα promoter (Kv4.2-T607A group) (Fig. 6A). Western blot 
results confirmed the efficiency of the virus on decreasing phosphor-
ylation of Kv4.2 at Thr607, and electrophysiological recordings under-
scored the contribution of Kv4.2-T607A to the gain of function in IA 
(Fig. 6, B and C). We then assessed the impact of overexpression of 
Kv4.2-T607A on CRS-induced anxiety. As indicated in Fig. 6 (D to 
G), CRS-induced pronounced anxiety-like behaviors were effectively 
alleviated by Kv4.2-T607A infection. These results imply that the 
anxiogenic effects of CRS could be readily mitigated by abolishing 
Kv4.2 Thr607 phosphorylation. We next investigated whether overex-
pression of Kv4.2-T607A in the vHPC region could diminish CRS-
induced neuronal hyperexcitability. As expected, overexpression of 
Kv4.2-T607A sharply attenuated the neuronal excitability of vHPC 
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Fig. 5. Inhibiting Rap1 activity reverses CRS-induced hyperexcitability in vHPC PNs. (A) Schematics of AAV injections and subsequent CRS and electrophysiological ex-
periments. (B) Representative firing traces of vCA1 PNs in response to 200- and 250-pA depolarizing current injections. (C) Statistical analysis of AP numbers evoked by different 
depolarizing current injections (n = 18 to 19 neurons from five mice per group). (D) Representative fAHP traces. (E) Statistical analysis of fAHPs. Same sample size as in (C). 
(F) Representative traces showing transient A-type K+ currents obtained at various voltages in vCA1 PNs. (G) Statistical analysis of transient A-type K+ current densities recorded 
at +40 mV (n = 12 to 13 neurons from six mice per group). (H) Representative blots of the total Kv4.2, Kv4.2 Thr602, Kv4.2 Thr607, and Kv4.2 Ser616 in mCherry + CRS and Rap1-DN-
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PNs and comparisons of transient A-type K+ current densities recorded at +40 mV (n = 7 to 8 neurons from three mice per group). (D) Representative activity tracking in 
OFT. (E) Statistical analysis of time in the center and total distance traveled during OFT (n = 13 to 15 mice per group). (F) Representative activity tracking in EPMT. 
(G) Statistical analysis of time in open arms and open arm entries during EPMT. Same sample size as in (E). (H) Representative firing traces of vCA1 PNs in response to de-
polarizing current injection. (I) Statistical analysis of AP numbers evoked by different depolarizing current injections in (H) (n = 15 to 19 neurons from four to five mice per 
group). (J) Representative fAHP traces. (K) Statistical analysis of fAHPs in (J). Same sample size as in (I). (L) Schematic depicting the virus injection strategy for inhibiting 
phosphorylation of Kv4.2 at Thr607 in Rap1-CA mice and subsequent behavioral tests. (M to T) Same as in [(D) to (K)] except that the data were from vehicle + Rap1-CA and 
Kv4.2-T607A + Rap1-CA mice [(M) to (P), n = 10 to 14 mice per group; (Q) to (T), n = 13 to 15 neurons from four mice per group]. Data are presented as the means ± SEM. 
*P < 0.05, **P < 0.01, and ***P < 0.001. Two-way ANOVA with repeated measures [(I) and (R)]; Mann-Whitney U test [(N) left, and (P) left]; two-tailed unpaired Student’s 
t test [(B), (C), (E), (G), (K), (N) right, (P) right, and (T)].
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PNs following CRS (Fig. 6, H and I). Consistent with these results, 
CRS-induced suppression of fAHP was also reversed in Kv4.2-T607A 
mice (Fig. 6, J and K). To determine whether the heightened phos-
phorylation of Kv4.2 at Thr607 acts as a downstream effector of Rap1 
activation, we bilaterally coinjected AAV-Rap1-CA with either AAV-
CaMKIIα-Kv4.2-T607A-3×FLAG (Kv4.2-T607A + Rap1-CA group) 
or AAV-CaMKIIα-3×FLAG (vehicle  +  Rap1-CA group) into the 
vHPC (Fig. 6L). Subsequently, we assessed behavioral changes and 
neuronal excitability associated with Rap1-CA overexpression. As 
shown in Fig. 6 (M to T), overexpression of Kv4.2-T607A mitigated 
Rap1-CA–induced excessive anxiety-like behaviors and hyperexcit-
ability of vCA1 PNs. Collectively, these findings underscore the ex-
cessive Kv4.2 phosphorylation at Thr607 as a critical downstream 
mediator in Rap1 activation–induced hyperexcitability of vHPC 
neurons and anxiety-like behaviors in mice following chronic 
stress exposure.

DISCUSSION
In this study, we present evidence highlighting the critical role of 
Rap1 activity in vHPC PNs in regulating neuronal excitability and 
anxiety-like behaviors induced by chronic stress (Fig. 7). Specifical-
ly, we observed a marked increase in anxiety levels and Rap1 activi-
ty, rather than total protein levels, within the hippocampus following 
chronic stress exposure. Deletion or inhibition of Rap1 activity in 
vHPC PNs effectively mitigated the anxiogenic effects of CRS, 
whereas enhancing Rap1 activity in these neurons exacerbated 
anxiety-like behaviors. Further mechanistic evidence indicates that 
the heightened Rap1 activity leads to the hyperexcitability of vHPC 
PNs, a process closely associated with the down-regulation of IA 
through phosphorylation of Kv4.2 at the Thr607 site.

As a pivotal molecular switch, Rap1 plays an essential role in the 
regulation of multiple cellular processes. Recent studies have shown 
increased Rap1 expression in the synaptoneurosome of the mouse 
medial prefrontal cortex (mPFC) and dHPC following escalating, 
intermittent stress (31, 53). In addition, pathway analysis revealed a 
significant down-regulation of the Rap1 signaling pathway in 

hippocampal astrocytes after parental isolation stress in postnatal 
day 7 mice (54). These findings suggest the involvement of Rap1 and 
its signaling pathways in stress-induced effects. However, our cur-
rent study revealed that chronic stress did not affect the total Rap1 
expression levels. By contrast, it did elicit a pronounced increase in 
Rap1 activity within the hippocampus following both CRS and 
CUS. To our knowledge, this represents the initial evidence indicat-
ing the participation of Rap1 activity in mediating the responses to 
chronic stress. We here observed a sustained elevation in Rap1 ac-
tivity even 3 days after the last episode of a 10-day CRS protocol. In 
contrast, single acute restraint stress had no significant effect on the 
levels of total Rap1 or active Rap1. These findings suggest that the 
increased Rap1 activity induced by CRS arises from the cumulative 
outcome of repeated stress exposure rather than being a transient 
response to a single stress episode. This underscores the critical role 
of repeated stress in driving persistent molecular and neuronal 
changes linked to anxiety-like behaviors. However, the duration for 
which Rap1 activation persists following CRS remains unclear. Pre-
vious research has shown that 10-day chronic immobilization stress 
produces a prolonged anxiogenic effect, even after 21 days of stress-
free recovery (55). Whether the elevated Rap1 activation can be sus-
tained over such an extended period warrants further investigation. 
In addition, the mechanism by which chronic stress activates Rap1 
still remains an open question. Noteworthily, Rap1’s activity is finely 
tuned by Rap1 guanine nucleotide exchange factors (GEFs) and 
Rap1 GTPase–activating proteins (GAPs), which balance its active 
and inactive states. GEFs activate Rap1 by facilitating the exchange 
of GDP for GTP, while GAPs enhance GTP hydrolysis, thereby re-
sulting in the inhibition of Rap1 activity (17). One possible explana-
tion for the persistent activation of Rap1 observed in our study may 
be linked to the disruption of the balance between Rap1GEFs and 
Rap1GAPs activities following chronic stress exposure. Further in-
vestigations are imperative to unveil the exact molecular mecha-
nisms underlying this phenomenon.

Next, we provide compelling evidence demonstrating the in-
creased Rap1 activity in vHPC PNs as a critical factor in the regula-
tion of chronic stress–induced anxiety. First, pharmacological 
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inhibition of vHPC Rap1 activation during CRS effectively reduced 
the anxiety-like behaviors in mice. Second, selective deletion of 
Rap1 or overexpression of a dominant-negative Rap1 mutant (Rap1-
DN) in vHPC PN suppressed the anxiogenic effects induced by 
CRS. Last, overexpression of a constitutively active Rap1 mutant 
(Rap1-CA) in the vHPC PN of unstressed mice was sufficient to in-
crease anxiety-like behaviors. Intriguingly, inhibiting dHPC Rap1 
activity or knocking out Rap1 in vHPC astrocytes or INs had a min-
imal effect on anxiety-like behaviors. It is noteworthy that the po-
tential involvement of Rap1 activity in this specific subregion or cell 
type cannot be disregarded with respect to the regulation of other 
stress-related behaviors. Notably, a recent study by Bjornson et al. 
(53) has demonstrated that the overexpression of Rap1 in the dorsal 
CA3 region impairs cognitive behavior in mice, suggesting that the 
increased expression/activity of Rap1 may be implicated in distinct 
pathological effects of chronic stress, specifically in a subregion- and 
cell type–dependent manner.

Rap1 has been shown to regulate the neuronal structure and ex-
citatory synaptic transmission, consequently leading to behavioral 
modifications. For instance, in cultured hippocampal neurons, in-
hibiting Rap1 activity by overexpressing Rap1-DN causes dendritic 
hypertrophy (56) and increased α-amino-3-hydroxy-5-methyl-4-
isoxazole-propionicacid receptor–mediated currents (18, 57). Con-
versely, overexpressing Rap1-CA to increase Rap1 activity decreases 
the amplitude and frequency of mEPSCs (56). In the mPFC, exces-
sive Rap1 activation results in spine loss in PNs and cognitive impair-
ment (31). However, we here failed to observe significant effects of 
Rap1 activation on dendritic branching, spine density, or the ampli-
tude and frequency of mEPSCs in vHPC neurons, suggesting that the 
chronic stress–induced Rap1 overactivation in vHPC PNs on anxiety 
is unlikely tied to its ability to modify the neuronal structure and 
synaptic transmission. In considering this inconsistency, one poten-
tial interpretation is that Rap1 may act differently under varying con-
ditions (cultured neurons versus brain tissue) and distinct brain 
regions (mPFC versus vHPC). Notably, the integrity of the neuronal 
structure and synaptic transmission also remained unchanged fol-
lowing CRS exposure, and Rap1 activation induced by CRS may not 
account for the heightened anxiety-like behaviors through modula-
tion of the neuronal structure and synaptic transmission.

Instead, we propose that the heightened intrinsic excitability of 
vHPC PNs is the underlying cause for the augmented anxiety-like 
behaviors induced by CRS and Rap1 overactivation. As a key region 
within the limbic system, vHPC is closely associated with the regu-
lation of anxiety-like behaviors under both physiological and patho-
logical conditions. Specifically, it has been shown that the Ca2+ 
activity of vHPC PNs significantly increases during exploration of 
the open arms of EPMT, and this activity positively correlates with 
anxiety levels of individuals (38). While lesioning or optogenetic in-
hibition of vHPC PNs yields a conspicuous reduction in anxiety 
(9, 38, 58), chemogenetic activation of vHPC neurons engenders a 
remarkable augmentation in anxiety-like behaviors (59). In the 
present study, we observed that accompanied by their heightened 
anxiety levels, the neuronal activity and excitability were substan-
tially increased within the vCA1 region in both CRS- and 
Rap1-CA–overexpressing mice. Together with the evidence that 
chemogenetic inhibition of vHPC PNs in these two groups success-
fully mitigated their anxiety-like behaviors, our findings highlight 
that changes in the intrinsic excitability of vCA1 PNs play a crucial 
role in mediating anxiety through Rap1 activation. In keeping with 

our findings, the activity and intrinsic excitability of vHPC PNs are 
significantly increased in the mouse model with conditions linked 
to heightened anxiety, such as CUL3-deficient mice (60) or mice 
with neuralgia-induced anxiety (61). Notably, there is also study in-
dicating that chronic social defeat stress has a minimal effect on the 
intrinsic excitability of vCA1 PNs (42). This discrepancy may be at-
tributed to the substantial heterogeneity of vCA1 PNs, which may 
exhibit different responses to various stressors.

Another important finding in the current study was the demon-
stration of the down-regulation of IA, which is mediated by Kv4.2 as 
a physiological mechanism underpinning the heightened intrinsic 
excitability. Intriguingly, such down-regulation does not arise from 
the change in the total Kv4.2 expression but rather from increased 
Kv4.2 phosphorylation at the Thr607 site, which is consistent with 
previous studies showing that phosphorylation of Kv4.2 modulates 
IA amplitudes and neuronal excitability (47, 51, 62). The question of 
such specificity remains open. Of note, Rap1 has been shown to ac-
tivate various downstream effectors, including MEK, p38, B-Raf-
MEK-ERK, PI3K-Akt, and AF6 (17). Among these, ERK and p38 
kinases are known to regulate Kv4.2 phosphorylation and subse-
quent neuronal excitability (22,  47,  51,  63). In particular, the p38 
kinase exhibits a preference for phosphorylating the Thr607 site of 
Kv4.2 in response to stressors like novel environments or seizures 
(47, 62). It would be interesting to determine whether p38 serves as 
the potential mediator of Kv4.2 Thr607 phosphorylation following 
Rap1 activation.

In addition to our findings, adaptive changes in the expression 
and function of Kv4.2 have also been observed in various brain re-
gions in response to stress (52, 64). For example, a 3-week CUMS 
protocol increased Kv4.2 Ser616 phosphorylation in the NAc, leading 
to a decrease in IA levels (52). Moreover, a 10-day chronic social de-
feat stress or three-week CRS regimen reduced the expression of 
Kv4.2 in the lateral hypothalamic area GABAergic neurons, resulting 
in heightened neuronal excitability (64). These studies, together with 
our findings, highlight the pivotal role of Kv4.2 dysfunction as a crit-
ical mediator in the pathogenesis of stress-related behaviors and un-
derscore the potential clinical translation value of pharmacologically 
enhancing Kv4.2 function. However, to the best of our knowledge, 
no pharmacological agents have been developed that act as Kv4.2 
openers. Considering the crucial role of Kv4.2 in stress-related psy-
chopathology, the development of Kv4.2-targeted therapeutics rep-
resents a promising and important direction for future research. 
Notably, recent advancements in cryo–electron microscopy have 
provided detailed structural insights into Kv4.2 (65–68), which will 
be instrumental in guiding the rational design and development of 
specific drugs targeting Kv4.2. Such efforts hold substantial potential 
for creation of therapeutic strategies to address stress-induced men-
tal disorders.

Together, our findings shed light on a previous unrecognized role 
of the small G protein Rap1 in regulating CRS-induced anxiety 
through modulation of intrinsic excitability in vHPC. Nevertheless, it 
remains to be determined what molecular mechanisms are involved in 
the up-regulation of Rap1 activity by chronic stress. Second, vHPC 
PNs with different neuronal projections and molecular profiles exhibit 
distinct and even opposing roles in different behavioral tasks (69). For 
instance, activation of the mPFC and hypothalamus-targeting vHPC 
PNs increases anxiety-like behaviors in mice (38, 70). While activation 
of Calb1-positive vHPC PNs displays anxiolytic effects, activation of 
Calb1-negative ones exhibits anxiogenic effects (71,  72). Therefore, 



Pan et al., Sci. Adv. 11, eadt3163 (2025)     23 May 2025

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

12 of 16

comprehending how heightened Rap1 activity in vHPC PNs, which 
are integrated into distinct circuits with diverse behavioral outcomes, 
fine tunes vHPC-related behaviors such as anxiety regulation and fear 
memory encoding holds promise for future investigations.

MATERIALS AND METHODS
Animals
C57BL/6J (stock no. N000013, GemPharmatech, China) and Rap1flx/flx 
(stock no. 021066, the Jackson Laboratory, US) mice were used in 
this study. The detailed information of Rap1flx/flx mice was de-
scribed previously (21). Two to five mice were raised in standard 
mice cages under the condition of a 12-hour light/dark cycle (light 
on at 07:00 a.m.) in a constant ambient temperature (24  ±  1°C) 
with ad libitum access to food and water. All experimental proce-
dures were approved by the Animal Care and Use Committee of 
Nanchang University.

Chronic restraint stress
Mice were randomly divided into a stressed group and a non-
stressed group. The stressed group of mice was subjected to a re-
straint cylinder closely fitted to their body size for 2 hours per day 
at 10:00 a.m. for 10 consecutive days. The nonstressed control mice 
were transferred to the experimental room from their home cages 
and gently handled for 5 min before being returned to the holding 
room 2 hours later.

Chronic unpredictable stress
Mice were subjected to a variety of stressors at different times of the 
day for 10 consecutive days. The stressors included the following: 
2-hour restraint, 15-min tail suspension, 24-hour constant light ex-
posure, 24-hour wet bedding with a 45° cage tilt, 2-hour rotation, 
10-min inescapable foot shocks, and 8-min forced swim in 18°C wa-
ter, 2-hour cold stress at 4°C, overcrowding overnight, and 20-min 
trimethylthiazoline exposure. All stress exposure was conducted in 
a procedure room.

Elevated plus maze test
Animals were habituated to the testing room for 30 min before ex-
perimentation and then rapidly placed into the central platform fac-
ing an open arm of a plus-shaped maze composed of two closed 
arms and two open arms. During the behavioral test, a video-
tracking system was used to monitor their behavior for 10 min. The 
maze was cleaned with 75% ethanol between each trial. The time 
spent in open arms and entries into the open arms were analyzed 
using ANY-maze software (Stoelting Co., US).

Open field test
After being habituated to the testing room for 30 min, each mouse 
was gently placed in the center of a field apparatus (50 by 50 cm) and 
allowed to explore the arena for 10 min, monitored by an overhead 
video-tracking system. The field apparatus was cleaned with 75% 
ethanol between each trial. The time mice spent in the center area 
and the total distance they traveled during each test were analyzed 
using ANY-maze software.

Stereotaxic surgery
The stereotaxic surgery was performed as described previously 
(73). Briefly, 4-week-old male mice were anesthetized with an 

intraperitoneal injection of 2% pentobarbital sodium and placed 
in a stereotaxic frame (RWD Life Science Co., Ltd., China). For 
AAV injection, a specific volume of the virus was bilaterally in-
jected into the vHPC (posterior to bregma, AP  =  −3.42 mm; 
lateral to the midline, ML  =  ±3.42 mm; below the bregma, 
DV = −3.95 mm) or dHPC (AP = −1.90 mm; ML = ±1.85 mm; 
DV = −1.40 mm) with a glass micropipette using a stereotactic 
injector (RWD Life Science Co., Ltd., China). For cannula im-
plantation, the guide cannula (RWD Life Science Co., Ltd., China), 
together with an infusion cannula, was bilaterally implanted into 
the dHPC and vHPC with the same coordination site as virus 
injection or vCA1 (AP  =  −3.42 mm; ML  =  ±3.55 mm; DV  = 
−3.80 mm), respectively.

Histology and microscopy
Anesthetized mice were transcardially perfused with 0.9% saline fol-
lowed by 4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered 
saline (PBS). Brains were postfixed overnight at 4°C in 4% PFA. Then, 
40-μm-thick slices containing the dHPC or vHPC were cut using the 
VT1200S Vibratome (Leica Microsystems, Wetzlar, Germany). The 
slices containing the dHPC or vHPC were washed three times in PBS 
for 5 min. Sections were then blocked in permeable buffer contain-
ing 10% normal donkey serum and 0.1% Triton X-100 in PBS (PBST) 
for 2 hours at room temperature (RT) followed by incubation with a 
primary antibody against c-Fos (1:500; Synaptic Systems, Germany), 
CαMKIIα (1:200; Thermo Fisher Scientific, US), Gad67 (1:500; Merck 
Millipore, US), and S100β (1:800; Proteintech Group, US) overnight 
at 4°C. Slices were washed three times with PBST for 10 min each 
and then incubated with a fluorescent secondary antibody (donkey 
anti-rabbit Alexa Fluor 488 or 567; 1:500, Molecular Probes, Life 
Technology, US) for 2 hours at RT. After washing with PBST, the 
slices were incubated with 4′,6-diamidino-2-phenylindole (DAPI) 
solution (Beyotime, China) for nuclear labeling and subsequently 
mounted onto slides with Fluoromount aqueous mounting medium 
(Sigma-Aldrich, St. Louis, Missouri, US). Images were taken using a 
confocal laser scanning microscope (Nikon, Japan). The number and 
fluorescence intensity of c-Fos–positive cells were measured using 
ImageJ software (National Institutes of Health, US), as we described 
previously (46), in a manner blind to the experimental condition. 
The vHPC was outlined as a region of interest based on the DAPI 
staining of the slices.

Western blotting
Tissues were homogenized in a precooled radioimmunoprecipitation 
assay (Beyotime, China) containing a protease inhibitor cocktail. The 
protein concentration was determined using a bicinchoninic acid pro-
tein assay (Beyotime, China). Proteins (~20 μg) were separated by 
SDS–polyacrylamide gel electrophoresis. The separated proteins were 
transferred to the polyvinylidene fluoride membrane (Millipore, US) 
and blocked using 5% nonfat milk for 2 hours at RT. Then, the mem-
branes were incubated with the following primary antibodies: Kv4.2 
(1:1000, Neuromab, US), phospho-Kv4.2 (1:300, Thr607, Santa Cruz, 
US), phospho-Kv4.2 (1:1000, Ser616, MyBioSource, US), phospho-
Kv4.2 (1:1000, Thr602, Bioss, China), Rap1 (1:1000, Cell Signaling 
Technology, US), and β-actin (1:2000, Abcam, US), overnight at 
4°C. The membranes were then washed with 0.1 M tris-buffered saline 
with Tween 20 buffer and incubated with horseradish peroxidase–
conjugated goat anti-rabbit IgG (immunoglobulin G; Proteintech, 
China) for 1 hour at RT. Immunoreactivity bands were visualized 
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by an enhanced chemiluminescence kit (Thermo Fisher Scientific, 
US). The images were captured with a fluorescent spectral imager 
(Tanon, China). The optical densities of the bands were quantified by 
ImageJ software.

RBD pull-down assays for Rap1-GTP detection
The GST pull-down assay for Rap1-GTP (activated Rap1) was per-
formed as previously described (24). To achieve an adequate protein 
yield for the GST pull-down assay, hippocampal tissues from two 
mice were pooled to prepare a single sample. Each sample was lysed 
using RBD buffer [150 mM NaCl, 50 mM tris-HCl (pH 7.6), 0.5% 
Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1 mM Na3VO4, 
10 mM NaF, leupeptin (2 μg/ml), and aprotinin (2 μg/ml)]. The cell 
lysate was incubated with glutathione-Sepharose beads conjugated 
to GST-RalGDS protein for 60 min at 4°C with rotation. After wash-
ing for four times, Rap1-GTP was analyzed by Western blotting us-
ing a Rap1 antibody.

Fiber photometry
Mice were deeply anesthetized, and a mixture of 0.15 μl of AAVs-
CaMKIIα-Rap1-CA-2A-mCherry-WPRE and 0.15 μl of AAVs-
CaMKIIα-GCaMP6s or AAVs-CaMKIIα-mCherry virus was 
unilaterally coinjected into vHPC (AP = −3.42 mm; ML = +3.50 mm; 
DV = −3.95 mm). Following the viral injection, a 200-μm-diameter 
optical fiber (Inper Tech, Hangzhou, Zhejiang, China) was implanted 
into the vHPC (AP = −3.42 mm; ML = +3.50 mm; DV = −3.90 mm). 
Fiber photometry data were collected using a three-color multi-
channel optical fiber recording system (RWD Life Science Co., Ltd., 
R821, China). Briefly, 470- and 410-nm laser beams were first 
launched into the fluorescence cube and then into the optical fibers; 
470- and 410-nm lasers were used for GCaMP6s signal and auto-
fluorescence measurement. The 410-nm channel was used as the 
control channel and subtracted from the GCaMP6s channel to 
eliminate any potential interference caused by autofluorescence, 
bleaching, and motion effects. All the neuronal calcium signals 
were recorded during the EPMT. Bulk fluorescence signals were 
generated and analyzed using Multichannel Fiber Photometry soft-
ware. The fluorescence responses were calculated using the follow-
ing formula: z-score = (FSignal − FBasal)/STD (FBasal). FBasal represents 
the average value of FBasal during the baseline time, while STD 
(FBasal) represents its standard deviation. After recording, mice 
were transcardially perfused with 4% PFA and subsequently pro-
cessed to verify viral expression and the placement of optical fibers. 
Data were included in the analysis only if the viruses and fibers 
were accurately placed in the correct hemisphere.

Chemogenetic experiments
To investigate whether the increased vCA1 neuronal activity was re-
sponsible for CRS- or Rap1 activation–induced anxiety-like behaviors, 
mice were bilaterally injected with AAV-CaMKIIα-hM4D(Gi)-2A-
eGFP-WPRE or a mixture of AAV-CaMKIIα-hM4D(Gi)-2A-eGFP-
WPRE and AAV-CaMKIIα-Rap1-CA-2A-mCherry-WPRE into the 
vHPC, and the cannulae were implanted directly above the vCA1 re-
gion. Twenty minutes before behavioral testing, mice received a local 
infusion of vehicle into the vCA1 and then returned to their home 
cage. Approximately 4 hours later, the same mice received a local infu-
sion of clozapine-N-oxide (2 μg/μl, 1 μl) into the vCA1 (74), followed 
by the second round of behavioral tests conducted 20 min later.

Acute brain slice preparation
Mice were anesthetized using ether and decapitated, and brains 
were quickly removed and chilled in well-oxygenated (95% O2 and 
5% CO2) ice-cold artificial cerebrospinal fluid (ACSF) containing 
120 mM choline chloride, 2.5 mM KCl, 7 mM MgSO4, 0.5 mM 
CaCl2, 1.25 mM NaH2PO4, 5 mM sodium ascorbate, 3 mM sodium 
pyruvate, 26 mM NaHCO3, and 25 mM glucose. Coronal brain slic-
es (320 μm) containing vHPC were cut using a vibrating Leica 
VT1200S microtome and were subsequently transferred to the same 
incubation solution at 32°C for 15-min recovery. Then, the brain 
slices were moved to oxygenated ACSF containing 124 mM NaCl, 
2.5 mM KCl, 2 mM MgSO4, 2.5 mM CaCl2, 1.25 mM NaH2PO4, 
22 mM NaHCO3, and 10 mM glucose at RT for at least 30 min.

Electrophysiological recording
Electrophysiological recording was performed as described previ-
ously (75). A single slice was transferred to the recording chamber 
and continuously perfused with oxygenated ACSF. The temperature 
of ACSF in the chamber was maintained at 29 ± 1°C using an auto-
matic temperature controller (TC-324B, Warner Instruments Co., 
Hamden, US). Recording patch pipettes were made from filamented 
borosilicate glass capillary tubes (inner diameter, 0.84 mm) by using 
a horizontal pipette puller (P-97; Sutter Instrument Co., Novato, 
US). The patch pipettes were filled with pipette solution containing 
125 mM K-gluconate, 5 mM KCl, 2 mM MgCl2, 10 mM Hepes, 0.2 mM 
EGTA, 2 mM ATP-Mg, and 0.1 mM GTP-Na for most of experi-
ments, if not specified.

To record mEPSCs, the membrane potentials were held at 
−70 mV. Tetrodotoxin (1 μM), CGP52432 (5 μM), and picrotoxin 
(100 μM) were added to the bath solution. To record miniature inhibi-
tory postsynaptic currents, the patch pipettes were filled with an intracel-
lular solution containing 100 mM CsCl, 30 mM Cs-methanesulfonate, 
5 mM NaCl, 1 mM MgCl2, 10 mM Hepes, 0.2 mM EGTA, 2 mM 
MgATP, and 0.1 mM NaGTP. The membrane potentials were held at 
−70 mV, and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 20 μM), 
d,l-2-amino-5-phosphonovaleric acid (20 μM), and tetrodotoxin 
(1 μM) were added to the bath solution.

To record APs, CNQX (20 μM) and picrotoxin (100 μM) were 
added to the bath solution. Cells were recorded at current clamp 
mode, and a series of depolarizing pulses (0 to 250 pA, increasing at 
a step of 50 pA) was injected. The input resistance and voltage sag 
ratio were detected by injecting a −50-pA current pulse. The voltage 
sag ratio was calculated using the following equation: sag ratio = 
Vmax/Vss  =  (Vbaseline − Vmin)/(Vbaseline − Vsteady), in which Vsteady 
represents the averaged voltage within 50 ms before the end of cur-
rent injection, Vbaseline denotes the resting membrane potential, and 
Vmin corresponds to the hyperpolarizing current that induced the 
minimum voltage. The AP threshold was determined at the point 
where the AP was initiated and exhibited a >10-fold change in the 
rising rate. The AP amplitude was measured as the voltage differ-
ence between the threshold and the peak of the AP. The fAHP was 
measured as the difference between the peak following an AP spike 
and the threshold potential.

To record medium and slow AHPs, CNQX (20 μM) and picro-
toxin (100 μM) were added to the bath solution. Cells were recorded 
at the current clamp mode, with a 200-ms, 400-pA current pulse 
delivered. The medium AHP was measured at the peak of AHP fol-
lowing the current pulse, while the slow AHP was determined by 
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averaging the voltage in a time window from 280 to 320 ms after the 
current pulse and subtracting the baseline voltage.

To record TEA-sensitive current, cells were recorded at the volt-
age clamp mode with a holding potential of −50 mV. A 100-ms volt-
age pulse from −50 to +45 mV was applied. To block glutamatergic 
and GABAergic transmission, CNQX (20 μM), picrotoxin (100 μM), 
and DL-AP5 (50 μM) were added to the perfusion solution. The 
TEA-sensitive current was isolated by measuring the difference be-
tween the traces obtained after the application of TEA (1 mM) and 
those obtained before its application.

To record transient A-type currents, cells were recorded at the 
voltage clamp mode with tetrodotoxin (1 μM), Cd2+ (300 μM), TEA 
(20 mM), CNQX (20 μM), and picrotoxin (100 μM) added to the 
perfusion solution. A series of pulses (400-ms voltage step from 
−110 to +40 mV) was applied to the cells. A hyperpolarizing pre-
pulse at −110 mV for 100 ms was used to remove A-type K+ channel 
inactivation and allow for subsequent maximum activation. The 
transient channel was inactivated by the same voltage steps preceded 
by a depolarizing prepulse of −10 mV for 100 ms, leaving the sus-
tained current of the total outward current. The transient current 
was then isolated by digitally subtracting the sustained current from 
the total outward current.

Data were digitized at 10 kHz and low-pass filtered at 3 kHz and 
were obtained by an Axon 700B Amplifier and Digidata 1440A 
digital-analog convertor (Molecular Devices). Series resistances (Rs) 
were maintained within the range of 10 to 20 megohms and con-
tinuously monitored throughout the duration of the experiments. If 
Rs changed more than 20% during recording, the data would be ex-
cluded. During A-type current recording, the Rs values were cor-
rected by 60 to 80%, and digital leak subtraction was performed 
online (P/4). Offline data analysis was performed using Origin 8.5 
(Microcal Software, Northampton, US).

Biocytin filling and neuronal reconstruction
Biocytin filling was performed using a patch clamp under whole-
cell configuration as previously described (76). The pipette tip was 
filled with a biocytin-free medium, followed by backfilling of the 
pipette with 0.2% biocytin (Life Technologies Corp., Carlsbad, US) 
dissolved in the pipette solution. Only neurons that maintained a 
stable membrane potential for at least 20 min were included. After 
filling, the pipette was slowly withdrawn along the direction of re-
cording until membrane resealing occurred. The slices were then 
transferred to 4% PFA overnight for postfixing. Subsequently, the 
slices were incubated with Avidin Alexa Fluor 488 (Life Technolo-
gies Corp., Carlsbad, US) conjugated in PBST overnight at 4°C, fol-
lowed by three rinses in PBST.

The dendrites of individual biocytin-labeled neurons were ac-
quired using a two-photon laser-scanning microscope (Olympus 
FVMPE-RS, Japan) equipped with a water-immersed objective lens 
(25×, 1.05 numerical aperture, 2-mm working distance). The recon-
struction and determination of dendritic branches were performed 
using Neurolucida software (MBF Bioscience, Williston, VT). To 
further reconstruct the dendritic spines, the coronal sections were 
cryoprotected in 30% sucrose solution and resectioned at a thickness 
of 70 μm using a frozen microtome. The resectioned slices were then 
mounted on a glass slide and coverslipped with the Fluoromount 
Aqueous Mounting Medium (Vector Laboratories Inc., Burlingame, 
US). Last, high-resolution images were captured using the UPLSAPO 
100× oil-immersion lens (Olympus Corp., Japan) (numerical aperture 

of 1.40). We used a frame size of 1024 by 1024 pixels without zoom-
ing, and serial stack images were taken with a step size of 0.3 μm. The 
dendritic spines were reconstructed using Neurolucida software. 
Dendrites located at least 20 μm away from the soma and longer 
than 15 μm were randomly selected for the analysis of spine density. 
Total dendritic spines and mushroom spines (with a head diameter 
larger than 0.5 μm and a head-to-neck diameter ratio greater than 
1.1) were quantified and classified.

Statistics
Statistical tests were performed using GraphPad Prism (GraphPad 
Software Inc., US). The normality of the data distribution was con-
firmed by the Shapiro-Wilk normality test. For unpaired compari-
son between the two experimental groups, the two-tailed unpaired 
Student’s t test (for normally distributed data) or Mann-Whitney U 
test (for nonnormally distributed data) was used. For paired com-
parison between the two experimental groups, the two-tailed paired 
t test (for normally distributed data) or Wilcoxon matched-pairs 
signed-rank test (for nonnormally distributed data) was performed. 
Comparison among three experimental groups was conducted using 
one-way analysis of variance (ANOVA) followed by Holm-Sidak’s 
post hoc test (for normally distributed data) or Kruskal-Wallis test 
followed by Dunn’s post hoc test (for nonnormally distributed data). 
For analyzing multiple factors and their interactions, two-way 
ANOVA or two-way repeated-measures ANOVA followed by a post 
hoc Sidak’s test was used. The statistical significance was considered 
at P < 0.05.
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