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Abstract
Sleep loss is often associated with cognitive dysfunction. Alterations in the structure and function of synapses in the hip-
pocampus are thought to underlie memory storage. Paired immunoglobulin-like receptor B (PirB) plays a negative role in 
various neurological diseases by inhibiting axon regeneration and synaptic plasticity. However, the contributions of PirB 
to the mechanisms underlying the changes in synaptic plasticity after sleep loss that ultimately promote deficits in cogni-
tive function have not been well elucidated. Here, we showed that chronic sleep restriction (CSR) mice displayed cognitive 
impairment and synaptic deficits accompanied by upregulation of PirB expression in the hippocampus. Mechanistically, 
PirB caused the dysregulation of actin through the RhoA/ROCK2/LIMK1/cofilin signalling pathway, leading to abnormal 
structural and functional plasticity, which in turn resulted in cognitive dysfunction. PirB knockdown alleviated synaptic 
deficits and cognitive impairment after CSR by inhibiting the RhoA/ROCK2/LIMK1/cofilin signalling pathway. Moreover, 
we found that fasudil, a widely used ROCK2 inhibitor, could mimic the beneficial effect of PirB knockdown and ameliorate 
synaptic deficits and cognitive impairment, further demonstrating that PirB induced cognitive dysfunction after CSR via the 
RhoA/ROCK2/LIMK1/cofilin signalling pathway. Our study sheds new light on the role of PirB as an important mediator 
in modulating the dysfunction of synaptic plasticity and cognitive function via the RhoA/ROCK2/LIMK1/cofilin signalling 
pathway, which indicated that hippocampal PirB is a promising therapeutic target for counteracting cognitive impairment 
after CSR.
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Abbreviations
PirB	� Paired immunoglobulin-like receptor B
CSR	� Chronic sleep restriction
SD	� Sleep deprivation
LILRB2	� Leukocyte immunoglobulin (Ig)-like receptor 

B2
ITIMs	� Immunoreceptor tyrosine-based inhibitory 

motifs
PirB cKO	� PirB conditional knockdown
NOR	� Novel object recognition test
AAV	� Adeno-associated virus
PFA	� Paraformaldehyde
TEM	� Transmission electron microscopy
FAS	� Fasudil
SYP	� Synaptophysin
PSD95	� Postsynaptic density protein

Introduction

Sleep is a basic requirement to maintain a healthy lifestyle, 
with humans spending approximately 30% of their lives 
asleep. However, millions of people across the world are 
sleep-deprived because of sleep-related disorders, lifestyle 
choices, and so on [1, 2]. Sleep disturbances can cause a 
wide range of disorders throughout the body and lead to 
increased mortality and morbidity from cardiovascular dis-
eases, cancer, depression, and a series of neurodegenerative 
diseases [3–5]. Importantly, emerging evidence has demon-
strated that cognitive dysfunction is one of the most com-
mon and serious consequences induced by sleep loss. For 
instance, many previous studies have identified that sleep 
loss is a risk factor for the development of Alzheimer’s dis-
ease [6, 7]. Thus, the development of a new and effective 
treatment for cognitive dysfunction after sleep disturbance 
remains a major challenge.

Synaptic plasticity, including changes in synaptic connec-
tion strength and synaptic spine density and morphology, is 
important in regulating higher brain functions, such as learn-
ing and memory. Changes in synaptic connections, which 
are influenced by the environment throughout the lifespan, 
are necessary for the brain to properly promote learning and 
memory [8]. Notably, the synaptic plasticity of hippocampal 
neurons is most susceptible to being affected by sleep loss 
[9], and alterations in synaptic structure and functional plas-
ticity are among the most serious effects of sleep loss and 
ultimately manifest as cognitive impairment [10]. A recent 
study showed that a brief period of 5 h of acute sleep depri-
vation (SD) decreases the number of dendritic spines of all 
subtypes of neurons in the hippocampal CA1 by 30% and 
leads to cognitive impairments in young adult mice [11]. 
Therefore, synaptic plasticity in the hippocampus may be 

a target for intervention to alleviate cognitive impairment 
after sleep loss.

Paired immunoglobulin-like receptor B (PirB), which is 
an orthologue of human leukocyte immunoglobulin (Ig)-
like receptor B2 (LILRB2), is a type-I transmembrane gly-
coprotein consisting of an extracellular portion containing 
six Ig-like domains, a hydrophobic transmembrane segment 
and a cytoplasmic portion containing three immunoreceptor 
tyrosine-based inhibitory motifs (ITIMs) and one ITIM-like 
sequence [12, 13]. In addition to being expressed in mac-
rophages, granulocytes, and B cells in the immune system, 
PirB is also widely expressed in neurons and astrocytes 
throughout the neocortex, hippocampus, cerebellum, and 
olfactory bulb in the central nervous system [14–16]. Pre-
vious studies have shown that PirB is highly expressed in 
several neurological disorders and plays a negative role by 
inhibiting axon regeneration and synaptic plasticity [14, 17]. 
Acute blockade of PirB function can enhance motor learn-
ing and performance by increasing dendritic spine stability 
and density in the motor cortex [18]. Moreover, germline or 
conditional deletion of PirB exclusively from neurons results 
in enhanced plasticity in the visual cortex and hippocampus 
associated with significantly higher spine densities [19–22]. 
However, little is known about whether PirB participates in 
CSR-induced cognitive dysfunction and, if so, which molec-
ular mechanism underlies these changes.

Here, we uncovered a crucial role of PirB as well as its 
underlying mechanism in CSR-associated cognitive dys-
function. CSR upregulates PirB expression levels in the hip-
pocampus. Knockdown of PirB improves synaptic deficits 
and ameliorates cognitive dysfunction. Further mechanistic 
analysis revealed that knockdown of PirB in the hippocam-
pal CA1 ameliorates actin dysregulation via interaction with 
the RhoA/ROCK2/LIMK1/cofilin signalling pathway, lead-
ing to alterations in the structural and functional plasticity of 
pyramidal neurons and eventually resulting in improved cog-
nitive dysfunction after CSR. Moreover, we identified that 
fasudil could mimic the beneficial effect of PirB knockdown 
and ameliorate synaptic deficits and cognitive impairment, 
which further demonstrated that the RhoA/ROCK2/LIMK1/
cofilin signalling pathway is downstream of PirB in CSR. 
This study indicated that the PirB-RhoA/ROCK2/LIMK1/
cofilin signalling pathway is a potential therapeutic target for 
the treatment of CSR and associated cognitive dysfunction.

Materials and Methods

Animals

Adult male C57BL/6 mice, aged 6–8 weeks and weigh-
ing 20–22 g, were purchased from the Laboratory Animal 
Center of Xi’an Jiaotong University (Xi’an, Shaanxi, China). 
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PirBfl/fl mice were obtained from the Shaanxi Key Labora-
tory of Brain Disorders & Institute of Basic and Transla-
tional Medicine. PirB conditional knockdown (PirB cKO) 
mice were established by stereotactic injection of adeno-
associated virus rAAV-hSyn-Cre-WPRE-Hgh-pA (Brain-
VTA, Wuhan, China) into the hippocampal CA1 region of 
mice in the PirBfl/fl mouse line. The animals were housed in 
groups of 5/cage in an ambient temperature (23 ± 2 °C)- and 
humidity (55–65%)-controlled room under a 12-h light/12-
h dark cycle (light from 7:00 A.M. to 7:00 P.M.) with food 
and ad libitum. At the end of behavioural tests, mice were 
deeply anaesthetized with 2% isoflurane in oxygen. The fol-
lowing are indicators of successful induction of deep anes-
thesia: decreased respiratory rate and increased depth, loss 
of eyelid and corneal reflexes, reduced muscle tension and 
reflex responses, and no response to pain or other stimuli. 
After that, the mice were sacrificed by cervical dislocation. 
All experiments and procedures described in this study 
were performed in accordance with protocols approved by 
the Institutional Animal Care and Use Committee at Xi’an 
Jiaotong University (Xi’an, Shaanxi, China, No. 2019–060). 
Efforts were made to minimize animal suffering, and all 
sample sizes for the assessment parameters were calculated 
to minimize the number of animals used.

Number of mice per group: result 3.1 was performed 
from adult male C57BL/6 mice, of which 10 were used for 
behavioural tests, 5 for Western blot, 4 for immunofluores-
cence staining, and 6 for quantitative RT-PCR. Results 3.2, 
3.3, and 3.5 were performed from PirB cKO mice and their 
wild-type littermates, of which 10 were used for behavioural 
tests, 5 for Western blot, 5 for immunofluorescence stain-
ing, 6 for quantitative RT-PCR, 5 for transmission electron 
microscopy study, and 4 for Golgi staining and Sholl’s 
analysis. Result 3.4 was performed from PirB cKO mice 
and their wild-type littermates, of which 5 were used for 
electrophysiology study in each group. Results 3.6 and 3.7 
were performed from adult male C57BL/6 mice, of which 
10 were used for behavioural tests, 5 for Western blot, 5 
for immunofluorescence staining, 5 for transmission elec-
tron microscopy study, and 4 for Golgi staining and Sholl’s 
analysis.

Chronic Sleep Restriction Protocols

The CSR protocols were implemented according to previ-
ously described methods [23, 24]. Briefly, CSR group mice 
were kept awake by being placed in slowly rotating drums 
(35 cm in diameter) at a constant speed (0.4 m/min) for 20 h 
(from 8:00 P.M. to 4:00 P.M. + 1 day), followed by 4 h (from 
4:00 P.M. to 8:00 P.M.) of sleep opportunity when the drums 
remained stationary. CSR was repeated for 7 days. Control 
group mice were placed in the same plastic drums as the 
ones that were used for CSR for 7 days; however, the activity 

wheels were always stationary to permit undisturbed sleep. 
To reduce stress, before starting this experiment, all groups 
of mice were habituated to the experimental environment by 
being placed in the drum for 7 successive days. After that, 
the CSR groups of mice were exposed to the CSR experi-
ment as described. All mice in the CSR and control groups 
had free access to water and food inside the drums at any 
time throughout the experiment. Behavioural tests were car-
ried out immediately after CSR, and the animals were then 
sacrificed.

Y Maze Test

The Y maze test was used to assess working memory and 
space exploratory activity as described previously [25]. 
Experimental mice were placed in the centre of a Y-shaped 
maze (arm length: 13 cm, arm width: 8 cm, height of the 
wall: 20 cm, Yihong Technology Co., Ltd., Wuhan, China) 
with three arms at 120° from each other and allowed to 
freely explore the three arms for 10 min. The number of 
arm entries and alterations were recorded automatically 
using Smart Video Tracking Software 3.0 (Panlab, Barce-
lona, Spain). The percentage of spontaneous alternation was 
calculated as the number of correct alterations (number of 
total new arm entries), which is associated with the capacity 
of spatial short-term memory.

Novel Object Recognition Test (NOR)

The novel object recognition test consisted of a training 
phase followed by a testing phase, and since mice inher-
ently prefer to explore novel objects, when made familiar 
with a specific object during the training phase, they will 
spend more time exploring a novel object in the test phase. 
Thus, a preference for the novel object indicates hippocam-
pal memory for the familiar object. First, to reduce the levels 
of stress, all groups of mice were placed in the experimental 
room and testing box for 10 min on the 7 successive days 
before the training phase. After the last day of CSR, mice 
were trained to freely explore within a box (50 × 50 × 30 cm, 
Yihong Technology Co., Ltd., Wuhan, China) containing 
two identical items for 10 min to form object memories. 
Two cylindrical blocks of the same size were used as identi-
cal objects in the training test, and a conical block was used 
as the novel object. These objects were placed in the box at 
equal distances from the walls and were wiped using 10% 
ethanol after each test to mask any odour cues. The date of 
time spent with each object and the behaviour of the mice 
were recorded with a video camera (SNC-VB600B5, SSGE, 
Shanghai, China) cation placed on the old object for 10 min. 
The exploration time ratio for novel objects during the test-
ing phase was analysed for each group.
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Stereotactic Injection of Virus

Six- to eight-week-old male PirBfl/fl mice were anaesthe-
tized with 2% isoflurane in oxygen. After applying eye 
ointment to prevent corneal drying, the mouse heads were 
placed on a stereotactic apparatus (RWD Life Science Co., 
Ltd., Shenzhen, China). The skull was exposed, and a small 
craniotomy was performed. Adeno-associated virus (AAV) 
was bilaterally microinjected into the dorsal hippocampal 
CA1 region using the following coordinates: anteroposterior 
(AP), − 2.5 mm, mediolateral (ML), ± 2 mm, dorsoventral 
(DV), − 1.55 mm. All skull measurements were made rela-
tive to bregma. The virus was microinjected using a 5-μL 
microsyringe (65,460–02, Hamilton, USA) at a flow rate of 
50 nL/min controlled by a microsyringe pump. After each 
injection, the needle was kept in place for 10 min to allow 
for diffusion of the virus and was then slowly withdrawn. 
For PirB knockdown experiments, AAVs were injected at a 
volume of 1 μL/site.

Western Blot

Western blotting was used to analyse the expression level of 
each target protein. In brief, the whole hippocampus of each 
brain was dissected and lysed in RIPA lysis buffer contain-
ing a phosphatase and protease inhibitor cocktail (Thermo 
Fisher Scientific, Waltham, MA, USA) for 10 min on ice. 
After centrifugation at 12,000 rpm for 10 min at 4 °C, the 
supernatant was extracted. The total protein level was meas-
ured by a bicinchoninic acid (BCA) protein assay kit (Pierce 
BCA Protein Assay Kit, Thermo Fisher Scientific, Waltham, 
MA, USA). Then, the samples were mixed thoroughly with 
5 × SDS–PAGE loading buffer and RIPA lysis buffer and 
were boiled for 10 min at 100 °C. A total of 30 μg of protein 
was loaded onto an 8–15% sodium dodecyl sulphate–poly-
acrylamide gel and transferred onto a polyvinylidene dif-
luoride membrane (PVDF, Millipore, Bedford, MA, USA). 
After blocking with 5% nonfat milk for 1–2 h at room tem-
perature, the membranes were incubated with different pri-
mary antibodies overnight at 4 °C. The following primary 
antibodies were used: anti-PirB antibody (R&D Systems, 
AF2754, 1:1000), anti-PSD95 antibody (Santa Cruz Bio-
technology, sc32290, 1:500), anti-synaptophysin antibody 
(Abcam, ab32127, 1:10,000), anti-RhoA antibody (Santa 
Cruz Biotechnology, sc418, 1:500), anti-ROCK2 antibody 
(Santa Cruz Biotechnology, sc398519, 1:500), anti-LIMK1 
antibody (Santa Cruz Biotechnology, sc515585, 1:500), anti-
pLIMK1 antibody (Thermo Fisher Scientific, PA5-104,925, 
1:1000), anti-cofilin antibody (Santa Cruz Biotechnology, 
sc376476, 1:500), and anti-pcofilin antibody (Santa Cruz 
Biotechnology, sc365882, 1:500). After the membranes were 
washed with TBST three times, peroxidase-conjugated sec-
ondary antibodies (Diyibio, DY60202, DY60203; Beyotime, 

A0181, 1:5000) were used for 60 min at room temperature. 
The membrane bands were detected with an ECL kit (Affin-
ity, Shanghai, China), and the densities of the protein bands 
were visualized and quantified with ImageJ software (NIH, 
MD, USA). The density of each target protein was normal-
ized to that of its respective β-actin/alpha-tubulin. All target 
proteins were tested five times.

RNA Extraction and Quantitative RT‑PCR

Bilateral hippocampal tissues were harvested and shock-
frozen on dry ice immediately after CSR. Total RNA was 
extracted using a TRIzol-based protocol. RNA extracts were 
then reverse transcribed by an Evo M-MLV RT Kit with 
gDNA Clean for qPCR II (AG11711, Accurate Biotechnol-
ogy, China) at 37 °C for 15 min and 85 °C for 5 s. Reverse 
transcribed products were amplified by quantitative RT-PCR 
using an Evo M-MLV RT Kit with gDNA Clean for qPCR II 
(AG11711, Accurate Biotechnology, China) on a Step One 
Plus Real-Time PCR System, and the levels were normal-
ized to GAPDH levels and quantified by the comparative 
cycle threshold method (2−ΔΔCT). The primer sequences 
were as follows: PirB forward: 5’-CCA​CAA​TGT​CCA​TGC​
CAC​TA-3’, reverse: 5’-TTT​TCC​CCG​ATG​TCT​TCG​TC-3’; 
GAPDH forward: 5’-TGT​GTC​CGT​CGT​GGA​TCT​GA-3’, 
reverse: 5’-TTG​CTG​TTG​AAG​TCG​CAG​GAG-3’.

Immunofluorescence Staining

Immediately after CSR, mice were anaesthetized and tran-
scardially perfused with 0.9% saline followed by 4% par-
aformaldehyde (PFA). The brain tissues were postfixed 
with 4% PFA for 6 h at 4 °C and then dehydrated with 
30% sucrose until they sank to the bottom of the container. 
For immunofluorescence staining, the brains were cut into 
12-μm-thick cryosections using a Leica CM1950 frozen 
slicer. First, the cryosections were permeabilized in a solu-
tion containing 5% donkey serum albumin and 0.3% Triton 
for 2 h at room temperature. Then, the following primary 
antibodies were used separately overnight at 4 °C: anti-
PirB [EPR24885-18] (Abcam, ab284407, 1:20) and anti-
PSD95 (Abcam, ab238135, 1:25). After incubation with 
Alexa Fluor™ plus 488-donkey anti-rabbit IgG (H + L) 
highly cross-adsorbed secondary antibody (Invitrogen, 
A32790, 1:500) or Alexa Fluor™ 647-donkey anti-rabbit 
IgG (H + L) highly cross-adsorbed secondary antibody (Inv-
itrogen, A31573, 1:500) for 1 h in the dark at room tempera-
ture, Alexa Fluor® 647 anti-NeuN [EPR12763] (Abcam, 
ab190565, 1:500) or Alexa Fluor® 594 anti-synaptophysin 
[YE269] (Abcam, ab206868, 1:50) was used overnight at 
4 °C and the brain slices were counterstained with DAPI 
(Sigma, D9564, 1:500) for 5 min. All confocal images were 
acquired using a Leica TCS SP8 DLS microscope (Wetzlar, 
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Germany). The number of colocalized PSD95 and synapto-
physin spots in the hippocampal CA1 region was counted in 
5 different fields of view for every cryosection.

Tissue Preparation for Transmission Electron 
Microscopy

Transmission electron microscopy (TEM) was performed as 
described previously [26]. Mice were deeply anaesthetized 
with 2% isoflurane in oxygen and transcardially perfused 
with 0.9% saline followed by 4% PFA and 0.25% glutaral-
dehyde dissolved in 0.2 M phosphate buffer (pH 7.4). Hip-
pocampal tissues were dissected and immersed in 2.5% 
glutaraldehyde in PBS and postfixed in 1% OsO4 at 4 °C. 
Following dehydration in a graded series of alcohols, the 
samples were embedded in Poly/Bed 812 resins followed by 
ultrathin (80 nm) sectioning with an ultramicrotome. Elec-
tron micrographs were acquired using an electron micro-
scope (HITACHI, H7650, Japan) in the hippocampal CA1 
region. The density of presynaptic vesicles was calculated by 
counting the number of vesicles within a defined presynaptic 
area, and postsynaptic PSD length, width, and synaptic cleft 
width were also quantified. All these evaluations were per-
formed by using ImageJ software (NIH, MD, USA).

Golgi Staining and Sholl’s Analysis

Golgi-Cox staining was performed as described previously 
[27]. Briefly, immediately after CSR, the mice were anaes-
thetized, and the brain tissues were freshly harvested on ice, 
washed with 0.9% saline, and immersed in Golgi-Cox solu-
tion (A: 5% potassium dichromate; B: 5% mercuric chlo-
ride; C: 5% potassium chromate) for 5 days in the dark at 
room temperature for fixation. After that, the brain tissues 
were transferred into a fresh Golgi-Cox solution for another 
14 days and into 30% sucrose for 2 days. A vibratome 
(Leica, Wetzlar, Germany) was used to collect coronal 
Sects. (150 μm). The staining was performed using the fol-
lowing procedures: rinsing with deionized water (1 min), 
incubating with 50% NH4OH (30 min), placing in fixing 
solution (30 min), and subsequently incubating with 5% 
sodium thiosulfate. After washing with deionized water, the 
brain sections were dehydrated and cleared and then covered 
with a coverslip. The images were captured under the bright 
field of confocal microscopy (Leica TCS SP8 STED 3X, 
Wetzlar, Germany). The CA1 pyramidal neuron parameters, 
including dendritic length, branching complexity, and num-
ber of dendrites, were quantified by Sholl’s analysis using 
the NeuronJ plugin in ImageJ software. Imaris software 
(v.9.7, Bitplane, Zurich, Switzerland) was used to recon-
struct and classify the synaptic spines (stubby, mushroom, 
long thin, and filopodia). The spine density and classification 

were analysed and calculated in the Imaris spine classifica-
tion module.

Electrophysiology

Slice preparation was performed as described previously 
[28]. Briefly, immediately after CSR, mice were deeply 
anaesthetized with 2% isoflurane in oxygen and transcardi-
ally perfused with ice-cold oxygenated (95% O2, 5% CO2) 
cutting solution containing 95 mM NaCl, 1.8 mM KCl, 
1.2 mM KH2PO4, 0.5 mM CaCl2, 7 mM MgSO4, 26 mM 
NaHCO3, 15 mM glucose, and 50 mM sucrose (pH 7.4). 
The brain tissues were rapidly harvested and immersed in 
a cutting solution. A VT1200S Vibratome (Leica, Wetzlar, 
Germany) was used to collect hippocampal slices of 300 µm 
thickness. After being stored in a recording solution for 
30 min at 32 ± 1 °C, the hippocampal slices were left at 
room temperature for 1 h for recording. The components of 
the recording solution were identical to those of the cutting 
solution except for the following: 127 mM NaCl, 2.4 mM 
CaCl2, 1.3 mM MgSO4, and 0 mM sucrose. Recording 
electrodes were placed in the fluorescence-labelled pyrami-
dal neurons in layers II and III of the hippocampal CA1 
region, which were filled with pipette solution containing 
125 mM K-gluconate, 5 mM KCl, 10 mM HEPES, 0.2 mM 
EGTA, 1 mM MgCl2, 4 mM Mg-ATP, 0.3 mM Na-GTP, 
and 10 mM phosphocreatine (pH 7.35, 290 mOsm). Whole-
cell patch-clamp recordings were made using a MultiClamp 
700B amplifier (Molecular Devices, USA) and 1550A 
digital converter (Molecular Devices, USA). Series resist-
ance was monitored throughout the experiments, and cells 
included in the analysis had resistance values of < 20 MΩ. 
Neurons were rejected if their membrane potentials were 
more positive than − 60 mV, if the ratio of Rin to Rs was < 5, 
or if series resistance fluctuated > 20% of initial values. Data 
were filtered at 3 kHz and sampled at 10 kHz. The extra-
cellular fluid for miniature excitatory postsynaptic current 
(mEPSC) recording included 100 µM picrotoxin and 1 µM 
TTX. Before mEPSC recording, the TTX was incubated in 
the culture for 10 min, followed by another 10 min lead-in to 
establish a baseline. The voltage clamp recordings were per-
formed at a holding potential of − 70 mV. The frequency and 
amplitude of mEPSCs were analysed by Mini60 (MiniAnal-
ysis, Synaptosoft, Leonia, USA) and visually confirmed. To 
obtain a high signal-to-noise ratio and accurately determine 
the mEPSC amplitude, only events > 10 pA in mEPSCs were 
accepted for analysis [29].

Administration of Fasudil

Fasudil (FAS, HA-1077, Selleck Chemicals Inc. Hou-
ston, USA) was dissolved in saline (1 μg/µL). To investi-
gate the therapeutic effect of fasudil on CSR, fasudil and 
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fasudil + CSR mice were intraperitoneally injected with 
fasudil (10 mg/kg) once daily for 14 successive days, 7 days 
before the CSR protocol. Control mice and CSR mice were 
intraperitoneally injected with an equivalent amount of vehi-
cle solvent. All injections were carried out at 3:00 P.M. to 
avoid any effects due to changes in pharmacokinetics and 
were continued until the last day of CSR. After the injection, 
the control and fasudil mice were returned to their cages in 
another room, and the CSR and fasudil + CSR mice were 
maintained in the CSR box. Immediately after CSR, behav-
ioural tests were evaluated, and the brain tissue was har-
vested for further tests.

Statistical Analysis

All data are presented as the mean ± SD across the groups 
and were statistically analysed using GraphPad Prism 7.0 
software (GraphPad Company, San Diego, CA, USA). Con-
tinuous data were tested for normal distribution and analysed 
by one-way ANOVA (followed by Tukey’s multiple com-
parisons tests) or Kruskal–Wallis test (followed by Dunn’s 
multiple comparisons tests). Two-way ANOVA was applied 
to analyse the neural dendritic complexity. A P value of less 
than 0.05 was considered statistically significant.

Results

CSR Induces Cognitive Impairment and Synaptic 
Deficits and Increases PirB Expression Levels 
in the Hippocampus

After 7 days of CSR (Fig. 1a), mice showed significantly 
lower spontaneous alternation rates than those of control 
mice in the Y maze test (Fig. 1b left, c, e). In the novel 
object recognition test, CSR mice spent less time exploring 
a novel object during the test phase (Fig. 1b right, d, g), 
suggesting the deterioration of hippocampal learning and 
memory function. Moreover, we observed no significant dif-
ferences in the total number of arm entries in the Y maze test 
or the total distance travelled between CSR and control mice 
in the novel object recognition test (Fig. 1f, h).

Presynaptic protein markers (synaptophysin, SYP) and 
postsynaptic protein markers (postsynaptic density protein, 
PSD95) play important roles in cognitive function and syn-
aptic plasticity [30, 31]. Western blot analysis showed a dra-
matic decrease in the protein expression levels of both SYP 
and PSD95 in the hippocampus of CSR mice (Fig. 1i–k). 
Moreover, the colocalization of pre- and postsynaptic mark-
ers represents the structural integrity of synapses, and quan-
tification of colocalized SYP and PSD95 puncta revealed a 
significant loss of synapses in CSR mice (Fig. 1l–o). These 

findings collectively suggested that CSR induces cognitive 
impairment and synaptic deficits.

To investigate whether the PirB receptor is involved in 
the pathological process of CSR and associated cognitive 
impairment, we detected the protein and mRNA levels of 
PirB by Western blotting, immunofluorescence staining, and 
qRT-PCR, and found that PirB expression in the hippocam-
pus was significantly increased in CSR mice (Fig. 1p–t). 
These results may indicate a potential link between the PirB 
receptor and cognitive impairment as well as synaptic plas-
ticity disorder after CSR.

Knockdown of PirB in the Hippocampal CA1 
Reverses Cognitive Impairment and Synapse Loss 
in CSR Mice

To address the question of whether there is a causal relation-
ship between the upregulation of PirB expression and cogni-
tive impairment as well as synaptic plasticity disorder after 
CSR, we generated PirB cKO mice by stereotactically inject-
ing adeno-associated virus (rAAV-hSyn-Cre-WPRE-Hgh-
pA) into the hippocampal CA1 region of mice in the PirBfl/

fl mouse line (Fig. 2a). The efficiency of PirB knockdown 
was verified by Western blotting and qRT-PCR. The results 
showed that PirB knockdown resulted in 48% downregula-
tion of PirB protein levels (p < 0.001), and 68% downregula-
tion of PirB mRNA expression (p < 0.0001) compared with 
those of the control group (Fig. 2b–d). In the Y maze test, 
CSR mice showed significantly lower spontaneous alterna-
tion rates than those of control mice, which is consistent 
with previous results (Fig. 2e, g). However, PirB knockdown 
partially reversed the cognitive deficits after CSR (Fig. 2e, 
g). PirB knockdown also led to a significantly longer time 
taken to explore a novel object during the test phase in mice 
subjected to CSR than in CSR mice in the novel object rec-
ognition test (Fig. 2f, i). Moreover, no significant differences 
in the total number of arm entries in the Y maze test or the 
total distance travelled in the novel object recognition test 
were observed (Fig. 2h, j).

How PirB in the hippocampal CA1 region modulates 
the cognitive dysfunction associated with CSR remains 
unknown. Previous studies have suggested that structural 
and functional plasticity in the hippocampal CA1 region is 
the neurobiological basis of cognitive function, and PirB is 
involved in the regulation of synaptic plasticity in a variety 
of neuropsychiatric diseases [12, 15]. Thus, we assessed 
the expression of SYP and PSD95 and the synaptic den-
sity when PirB was knocked down following CSR. Western 
blot analysis showed dramatically higher protein expres-
sion levels of both SYP and PSD95 in the hippocampi of 
PirB cKO + CSR mice than in the hippocampi of CSR mice 
(Fig. 2k–m). Quantification of colocalized SYP and PSD95 
puncta revealed a significant restoration of synapse density 
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Fig. 1   Cognitive function and the expression of synaptic proteins and 
PirB in the hippocampus of CSR mice. a The experimental protocol 
for CSR is presented. b left, c Representative Y maze test trajecto-
ries of control and CSR mice. b right, d Representative NOR test tra-
jectories of control and CSR mice. e, f The percent of spontaneous 
alteration rates and total number of arm entries in the Y maze test 
were measured (n = 10). g, h The recognition index and total travel 
distance in the NOR test were measured (n = 10). i Western blot 
analysis of hippocampal PSD95 and SYP levels in control and CSR 
mice. j, k Ratio of fold change from Western blot. The PSD95 (n = 5) 
and SYP (n = 5) levels were significantly lower in CSR mice than in 
control mice. l–o Superresolution SIM images and quantification of 

PSD95 (red, n = 19–20) and SYP (green, n = 19–20) immunoreac-
tive puncta and their apposition (n = 19–20) using Imaris in the hip-
pocampal CA1 region of the two groups of mice. Scale bars: 5 μm. p 
Western blot analysis of hippocampal PirB levels in control and CSR 
mice. q Ratio of fold change from Western blot. The PirB level was 
significantly higher in CSR mice than in control mice (n = 5). r PirB 
was upregulated in the hippocampus at the mRNA level after CSR 
(n = 6). s, t Representative immunofluorescence images and quantifi-
cation of PirB (green, n = 10) fluorescence intensity of the two groups 
of mice. Scale bars: 20  μm. Asterisks indicate significant differ-
ences between groups (2-tailed, unpaired t test, *p < 0.05, **p < 0.01, 
****p < 0.0001). Data are presented as the means ± SD
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Fig. 2   Effect of knockdown of PirB in the hippocampal CA1 region 
on cognitive impairment and synapse loss in CSR mice. a The experi-
mental protocol for the establishment of PirB conditional knockout 
mice and CSR mice is presented. b–d Western blots (n = 5) and qRT-
PCR results (n = 6) showing the efficiency of PirB knockdown in the 
hippocampus. e, f Representative Y maze and NOR test trajectories. 
g, h The percent of spontaneous alternation rates and total number of 
arm entries in the Y maze test were measured (n = 10). i, j The rec-
ognition index and total travel distance in the NOR test were meas-
ured (n = 10). k Western blot analysis of hippocampal PSD95 and 
SYP levels in the four groups of mice. l, m Ratio of fold change from 
Western blot. The PSD95 (n = 5) and SYP (n = 5) levels were signifi-

cantly higher in PirB cKO + CSR mice than in CSR mice. n Super-
resolution SIM images of PSD95 (red) and SYP (green) immunoreac-
tive puncta in the hippocampal CA1 region of four groups of mice. 
Scale bars: 5  μm. o–q Quantification of synaptic puncta and their 
apposition indicates significant increases in PSD95 (n = 20–23) and 
SYP (n = 20–23) and their apposition (n = 20–23) in the hippocam-
pal CA1 region of PirB cKO + CSR mice compared to that of CSR 
mice. Data from c and d are presented as the means ± SD and were 
analysed by 2-tailed, unpaired t test. Data from g–q are presented as 
the means ± SD and were analysed by one-way ANOVA with Tukey’s 
test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)
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in PirB cKO + CSR mice (Fig. 2n–q). Together, these find-
ings collectively suggested that PirB knockdown in the hip-
pocampal CA1 reverses cognitive impairment and alleviates 
synapse loss after CSR.

Knockdown of PirB in the Hippocampal CA1 
Alleviates Synaptic Structural Deficits in CSR Mice

Next, we further assessed the effect of PirB knockdown on 
the structural plasticity of hippocampal CA1 neurons after 
CSR. The number of presynaptic vesicles and postsynaptic 
PSD length and width were reduced, and the width of the 
synaptic cleft was increased in CSR mice (Fig. 3a–e). How-
ever, these changes in synaptic ultrastructure were reversed 
by PirB knockdown (Fig. 3a–e), which is consistent with 
the immunofluorescence results showing that colocalized 
SYP and PSD95 puncta were restored in PirB cKO + CSR 
mice. Dendritic arborization and spines of hippocampal 
CA1 pyramidal neurons were evaluated using Golgi stain-
ing immediately after CSR. CSR mice had significantly 
lower proportions of stubby, mushroom, and long thin spines 
and lower total spine densities than those of control mice, 
with no obvious differences in filopodia spines, and these 
effects were reversed by PirB knockdown (Fig. 3f–k). PirB 
knockdown did not lead to higher proportions of stubby, 
mushroom, and long thin spines in CA1 pyramidal neu-
rons in PirB cKO mice than in control mice without PirB 
knockdown, possibly due to the ceiling effect (Fig. 3f–k). 
Moreover, Sholl’s analysis showed that the dendritic com-
plexity of CA1 pyramidal neurons was markedly decreased 
in CSR mice, which was partly reversed by PirB knock-
down (Fig. 3l, m). In particular, significant differences were 
detected at Sholl’s radii of 60–180, 220, and 260 μm in the 
basal hemisphere between PirB cKO + CSR and CSR mice 
(Fig. 3l, m). In parallel, the total dendritic length and number 
of dendrites in CA1 pyramidal neurons were counted. The 
levels of all these parameters were significantly decreased 
in the CSR mice and were also rescued by PirB knockdown 
to levels similar to those of control mice (Fig. 3n, o). These 
findings suggested that the knockdown of PirB ameliorates 
synaptic structural deficits after CSR by increasing dendritic 
complexity and synaptic spine density, thereby improving 
cognitive function.

Knockdown of PirB Increases Synaptic Transmission 
in the Hippocampal CA1

To investigate whether excitatory synapse function is changed 
as a result of PirB knockdown, we performed whole-cell 
recordings of hippocampal CA1 pyramidal neurons to 
record miniature excitatory postsynaptic currents (mEPSCs) 
(Fig. 4a). Significant decreases in the frequency and ampli-
tude of mEPSCs were detected in hippocampal CA1 pyramidal 

neurons after CSR (Fig. 4b–e). Moreover, the mEPSCs record-
ings from PirB cKO + CSR mice hippocampal CA1 pyramidal 
neurons showed significantly higher frequencies and ampli-
tudes of mEPSCs than those of the mEPSCs of CSR mice and 
had levels comparable to those in control mice (Fig. 4b–e). The 
increase in the frequency and amplitude of mEPSCs is consist-
ent with our synaptic molecular and morphological results, 
indicating that PirB knockdown in the hippocampal CA1 
reversed the reduction in synaptic transmission after CSR.

PirB Knockdown Mice Exhibit Altered RhoA/ROCK2/
LIMK1/cofilin Signalling After CSR

We then investigated by what mechanism PirB regulates 
the synaptic deficits of hippocampal neurons and further 
influences cognitive function after CSR. Synaptic plasticity 
changes in morphology and function could be induced by 
the reorganization of the actin cytoskeleton, and dysfunc-
tions in synaptic actin dynamics may be closely involved 
in neurological disorders and dementia [32]. The RhoA/
ROCK2/LIMK1/cofilin signalling pathway is a well-known 
signalling cascade for the regulation of actin dynamics [33, 
34]. Previous studies have shown that PirB can regulate the 
activity of ROCK2 [35]. Our results show that the expres-
sion levels of RhoA were significantly increased in CSR 
mice but not in PirB cKO + CSR mice (Fig. 5a, b), indicating 
a possible role for PirB in the upregulation of RhoA dur-
ing CSR. The expression levels of RhoA signalling cascade 
downstream effectors, Rho-associated coiled-coil containing 
protein kinase 2 (ROCK2), were significantly increased, and 
phosphorylation of LIMK1 at threonine 508 (pLIMK1) was 
significantly reduced in the hippocampi of CSR mice but 
not in those of PirB cKO + CSR mice (Fig. 5a, c, d). No sta-
tistically significant difference was detected in the levels of 
RhoA, ROCK2, and pLIMK1 between PirB cKO mice and 
control mice, which might have been due to the ceiling effect 
(Fig. 5a–d). Cofilin, named actin-depolymerizing factor, is 
the key downstream effector of LIMK1 and is inactivated by 
phosphorylation at Ser3 [36]. We also observed that levels 
of the inactive form of cofilin (pcofilin) were significantly 
decreased in the hippocampi of CSR mice but not in those 
of PirB cKO + CSR mice (Fig. 5a, e). Altogether, these data 
reveal that CSR-mediated activation of the RhoA/ROCK2/
LIMK1/cofilin signalling cascade via the PirB receptor 
may result in abnormal actin dynamics and actin rearrange-
ment, ultimately leading to synaptic deficits and cognitive 
impairment.

RhoA/ROCK2 Inhibition Ameliorates Neurological 
Dysfunction and Synaptic Deficits in CSR Mice

Finally, we investigated whether RhoA/ROCK2 pathway 
inhibition using fasudil, a widely used ROCK2 inhibitor, 
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has therapeutic effects on cognitive impairment and synaptic 
deficits following CSR. First, we verified that intraperitoneal 
administration of fasudil (10 mg/kg) reversed the upregu-
lation of ROCK2 expression and the downregulation of 
pLIMK1 and pcofilin expression levels in the hippocampi of 

CSR mice (Fig. 5f–i). Subsequently, we found that the lower 
learning and memory capacities in the Y maze (Fig. 6a, b, d, 
e) and novel object recognition tests (Fig. 6c, f, g) observed 
in the CSR mice were markedly ameliorated by fasudil 
(Fig. 6d, f). Next, Western blot analysis showed dramatically 

Fig. 3   Effect of knockdown of PirB in the hippocampal CA1 region 
on synaptic structural deficits in CSR mice. a TEM study of ultra-
structural features of synapses in the hippocampal CA1 region 
in control and CSR mice in the presence or absence of PirB. Scale 
bars: 200 nm. b The width of the PSD (n = 30–31). c The length of 
the PSD (n = 30–31). d The width of the synaptic cleft (n = 30–31). e 
The number of synaptic vesicles (n = 30–31). f Representative confo-
cal stack and 3D reconstruction images of dendrites of hippocampal 
CA1 pyramidal neurons obtained from four groups of mice. Scale 
bars: 5 μm. g–k Summary of the density of stubby (n = 20)-, mush-
room (n = 20)-, long thin (n = 20)-, filopodia-shaped spines (n = 20), 

and the total spine density (n = 20) on dendrites of hippocampal CA1 
pyramidal neurons of four groups of mice. l Representative images 
of pyramidal neurons in the hippocampal CA1 region derived from 
the four groups of mice. Scale bars: 100  μm. m Sholl’s analysis of 
the dendritic branching complexity of the four groups of mice 
(n = 17–21). n, o Sholl’s analysis of total dendritic length and num-
ber of dendrites of four groups of mice (n = 17–21). Data from b–e, 
g–k, n, and o are presented as the means ± SD and were analysed by 
one-way ANOVA with Tukey’s test. Data from m are presented as 
the means ± SD and were analysed by two-way ANOVA (*p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001)
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higher protein expression levels of both SYP and PSD95 in 
FAS + CSR mice than in CSR mice (Fig. 6h–j). Moreover, 
the quantification of colocalized SYP and PSD95 puncta 
revealed a significant restoration of synapse density in 
FAS + CSR mice (Fig. 6k–n).

In addition, TEM showed that fasudil significantly reversed 
the reduction in the number of presynaptic vesicles, postsynap-
tic PSD length, and PSD width and the increase in synaptic cleft 
width induced by CSR (Fig. 7a–e). Then, Golgi staining and 3D 
reconstruction demonstrated that fasudil led to higher proportions 
of stubby, mushroom, and long thin spines and higher total spine 
density in FAS + CSR mice than in CSR mice (Fig. 7f–k). Sholl’s 
analysis showed that the dendritic complexity of CA1 pyramidal 
neurons was markedly decreased in CSR mice, which was reversed 
by fasudil (Fig. 7l, m). In particular, significant differences were 
detected at Sholl’s radii of 40–220 μm in the basal hemisphere 

between FAS + CSR and CSR mice (Fig. 7m). Moreover, the 
reduction in total dendritic length and numbers of dendrites in 
CA1 pyramidal neurons were also significantly reversed by fas-
udil to levels similar to those of control mice (Fig. 7l, n, o). These 
findings collectively suggested that intraperitoneal administration 
of fasudil ameliorates synaptic deficits after CSR by increasing 
dendritic complexity and synaptic spine density through the RhoA/
ROCK2/LIMK1/cofilin signalling pathway, thereby improving 
cognitive function.

Discussion

In the current study, the effects of PirB in the hippocampus 
on the alterations of cognitive function, synapse structure, 
and the involved molecular pathways activated after CSR 

Fig. 4   Effect of PirB knockdown on synaptic transmission in the 
hippocampal CA1 region. a Representative voltage clamp traces 
show mEPSCs recorded from hippocampal CA1 excitatory pyrami-
dal neurons in slices from four groups of mice at a holding poten-
tial of − 70  mV (red: CON, blue: CSR, yellow: PirB cKO; purple: 
PirB cKO + CSR). b Cumulative probability representing the ampli-
tude of mEPSCs in hippocampal CA1 excitatory pyramidal neurons 
from four groups of mice. c Cumulative probability represents the 
frequency of mEPSCs in hippocampal CA1 slices from four groups 
of mice. d Amplitudes of mEPSCs recorded in slices from the CON 

mice (red: n = 10 neurons from 5 mice), CSR mice (blue: n = 10 neu-
rons from 5 mice), PirB cKO mice (yellow: n = 10 neurons from 5 
mice), and PirB cKO + CSR mice (purple: n = 10 neurons from 
5 mice). e Frequency of mEPSCs recorded in slices from the CON 
mice (red: n = 10 neurons from 5 mice), CSR mice (blue: n = 10 neu-
rons from 5 mice), PirB cKO mice (yellow: n = 10 neurons from 5 
mice), and PirB cKO + CSR mice (purple: n = 10 neurons from 5 
mice). Data are presented as the means ± SD and were analysed 
by one-way ANOVA with Tukey’s test (*p < 0.05, ***p < 0.001, 
****p < 0.0001)
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were comprehensively investigated. The results led us to 
propose a model, and a representative schematic diagram 
is shown in the graphic summary illustration. CSR induces 
disruption in dendrite structure and synapse loss, resulting in 
cognitive impairment, accompanied by upregulation of PirB 
expression levels in the hippocampus. Upregulated levels of 
PirB can promote increased RhoA levels and in turn cause 
increased expression levels of ROCK2 and subsequently 
decreased phosphorylation levels of LIMK1, which further 
reduces levels of phosphorylated cofilin. Abnormal cofilin 
activity results in the reorganization of the actin cytoskeleton 
and disorders in synaptic plasticity, eventually leading to 
cognitive impairment. PirB knockdown significantly amelio-
rated synaptic deficits and cognitive dysfunction after CSR 
through the RhoA/ROCK2/LIMK1/cofilin signalling path-
way. Furthermore, administration of the clinically approved 
ROCK2 inhibitor fasudil alleviated the disruption in den-
drite structure, synapse loss, and impaired cognitive function 
induced by CSR. Thus, this research primarily clarifies the 
role and mechanism of PirB in cognitive impairment and 

offers translational evidence for PirB as a potential therapeu-
tic target for cognitive impairment following CSR.

The most striking finding of this research was the identifi-
cation of PirB as a key determinant of cognitive impairment 
after CSR. Sleep and sleep loss affect important brain func-
tions, such as alertness, cognitive function, and mood, by 
regulating synaptic dynamics and synaptic efficacy [37–39]. 
A recent study showed that a brief period of 5 h of acute 
sleep deprivation leads to cognitive impairments in young 
adult mice [11]. Although it is widely believed that CSR 
impairs hippocampal cognitive function, the mechanisms 
remain unknown. Our work reveals that CSR induces cog-
nitive impairment and synaptic deficits and increases PirB 
expression levels in the hippocampus. To further test the 
causal relationship between expression changes of PirB and 
cognitive impairment, we knocked down PirB and found 
that PirB deficiency reversed cognitive dysfunction after 
CSR. Previous studies have confirmed that PirB expres-
sion level in neurons is significantly increased after neu-
rological injuries, including encephalitis [40], brain aging 

Fig. 5   PirB activates the RhoA/
ROCK2/LIMK1/cofilin signal-
ling pathway in CSR mice. 
a Western blot analysis of 
hippocampal RhoA, ROCK2, 
pLIMK1/LIMK1, and pcofilin/
cofilin levels in control, CSR, 
PirB cKO, and PirB cKO + CSR 
mice. b–e Ratio of fold change 
from Western blot. The RhoA 
(n = 5) and ROCK2 (n = 5) 
levels were significantly higher 
in CSR mice than in control 
and PirB cKO + CSR mice. 
The phosphorylated LIMK1 
(n = 5) and cofilin (n = 5) levels 
were significantly lower in CSR 
mice than in control and PirB 
cKO + CSR mice. f Western 
blot analysis of hippocampal 
ROCK2, pLIMK1/LIMK1, and 
pcofilin/cofilin levels in control 
and CSR mice after fasudil 
treatment. g–i Ratio of fold 
change from Western blot. The 
ROCK2 level was significantly 
lower in fasudil + CSR mice 
than in CSR mice (n = 5). 
The phosphorylated LIMK1 
(n = 5) and cofilin (n = 5) levels 
were significantly higher in 
fasudil + CSR mice than in 
CSR mice. Data are presented 
as the means ± SD and were 
analysed by one-way ANOVA 
with Tukey’s test (*p < 0.05, 
**p < 0.01)
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[41], and stroke [14]. The blockade of PirB activity or the 
knockdown of PirB expression by antibody antagonism or 
genetic approaches significantly improved short- and long-
term cognitive function in mice after neurological injuries, 
even in normal brains [21]. Despite the application of dif-
ferent disease models, our findings in CSR are consistent 
with those in previous studies. In addition, studies have 
shown that fasudil treatment is able to improve cognitive 
dysfunction in stroke and Alzheimer’s disease by inhibiting 
the hippocampal ROCK/cofilin pathway [42, 43], and these 
pieces of evidence provide strong support for our findings 
that fasudil can ameliorate cognitive dysfunction after CSR. 

In all, these results suggest that PirB in the hippocampus 
negatively regulates cognitive function after CSR.

How PirB in the hippocampus then modulates the con-
sequences of cognitive impairment after CSR remains 
unknown. It has been reported that PirB is involved in the 
regulation of synaptic plasticity and related cognitive func-
tions under physiological conditions and in a variety of 
disease models. Deletion of PirB in the visual cortex and 
hippocampal neurons results in a significant increase in den-
dritic spine density and synaptic plasticity [19–22, 44]. In 
addition, acute blockade of PirB function in the primary 
motor cortex L5PNs of adult WT mice increases the density 

Fig. 6   Effect of RhoA/ROCK2 
inhibition on cognitive impair-
ment and synapse loss in CSR 
mice. a The experimental pro-
tocol for fasudil intraperitoneal 
injection and CSR is presented. 
b, c Representative Y maze and 
NOR test trajectories of control, 
CSR, fasudil, and fasudil + CSR 
mice. d, e The percent of spon-
taneous alternation rates and 
total number of arm entries in 
the Y maze test were measured 
(n = 10). f, g The recognition 
index and total travel distance 
in the NOR test were measured 
(n = 10). h Western blot analysis 
of hippocampal PSD95 and 
SYP levels in the four groups of 
mice. i, j Ratio of fold change 
from Western blot. The PSD95 
(n = 5) and SYP (n = 5) levels 
were significantly higher in 
fasudil + CSR mice than in CSR 
mice. k Superresolution SIM 
images of PSD95 (red) and SYP 
(green) immunoreactive puncta 
in the hippocampal CA1 region 
of the four groups of mice. 
Scale bars: 5 μm. l–n Quan-
tification of synaptic puncta 
or their apposition indicates 
significantly higher PSD95 
(n = 22–26), SYP (n = 22–26), 
and apposition (n = 22–26) 
levels in the hippocampal CA1 
region of fasudil + CSR mice 
than in CSR mice. Data are 
presented as the means ± SD 
and were analysed by one-
way ANOVA with Tukey’s 
test (*p < 0.05, **p < 0.01, 
****p < 0.0001)
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and survival of learning-induced spines and enhances motor 
learning [18]. In agreement with the results of previous 
studies, our data show that PirB deficiency results in sig-
nificant improvement of synaptic deficits in hippocampal 
CA1 pyramidal neurons after CSR. It is well accepted that 
functional plasticity is closely related to structural plasticity, 

and both are involved in many pathophysiological processes, 
such as acute sleep deprivation [36]. Consistent with the 
above research, our electrophysiological results also con-
firmed that the knockdown of PirB reversed the reduction in 
synaptic transmission induced by CSR. Overall, these results 
suggest that the knockdown of PirB ameliorates CSR-related 

Fig. 7   Effect of RhoA/ROCK2 inhibition on synaptic structural defi-
cits in CSR mice. a TEM study of ultrastructural features of synapses 
in the hippocampal CA1 region in control and CSR mice in the pres-
ence or absence of fasudil treatment. Scale bars: 200 nm. b The width 
of the PSD (n = 29–30). c The length of the PSD (n = 29–30). d The 
width of the synaptic cleft (n = 29–30). e The number of synaptic 
vesicles (n = 29–30). f Representative confocal and 3D reconstruc-
tion images of dendrites of hippocampal CA1 pyramidal neurons 
obtained from four groups of mice. Scale bars: 5 μm. g–k Summary 
of the density of stubby (n = 20)-, mushroom (n = 20)-, long thin 
(n = 20)-, and filopodia (n = 20)-shaped spines and the total spine den-

sity (n = 20) on dendrites of hippocampal CA1 pyramidal neurons of 
four groups of mice. l Representative images of pyramidal neurons in 
the hippocampal CA1 region derived from the four groups of mice. 
Scale bars: 100  μm. m Sholl’s analysis of the dendritic branching 
complexity of the four groups of mice (n = 19–21). n, o Sholl’s analy-
sis of total dendritic length and number of dendrites of four groups 
of mice (n = 19–21). Data from b to k, n, and o are presented as the 
mean ± SD and were analysed by one-way ANOVA with Tukey’s 
test. Data from m are presented as the mean ± SD and were ana-
lysed by two-way ANOVA with Tukey’s test (*p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001)
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cognitive impairment by improving structural and functional 
synaptic deficits in hippocampal CA1 neurons.

However, the exact mechanism by which PirB regu-
lates the structural plasticity and synaptic transmission 
of hippocampal pyramidal neurons and further modulates 
cognitive impairment after CSR is completely unknown 
thus far. The RhoA/ROCK2/LIMK1/cofilin pathway is a 
well-known signalling cascade that regulates actin dynam-
ics, including during acute sleep deprivation [28, 33, 36]. 
Rearrangement of the actin cytoskeleton is involved in 
the regulation of the morphology and function of synap-
tic spines and hence plays an important role in the patho-
physiological process of various diseases [45, 46], such 
as the regulation of axon regeneration after central nerv-
ous system injury [47]. Moreover, PirB can regulate the 
activity of ROCK2 [35], and RhoA plays an important 
role in the synaptic plasticity and morphogenesis of den-
dritic spines of neurons by regulating the organization of 
the actin cytoskeleton [48]. Further studies showed that 
activated RhoA triggered cytoskeletal recombination by 
activating ROCK2 and downstream effectors [49]. In line 
with the results of previous studies, our results reveal that 
the expression levels of RhoA in the hippocampus were 
significantly increased and that levels of the RhoA effector 
ROCK2 were also increased after CSR. The downstream 
target of RhoA/ROCK2 activation is LIMK1, the activa-
tion of which is involved in the regulation of growth cone 
collapse and neurite outgrowth inhibition [50, 51]. In turn, 
LIMK1 phosphorylated at the Ser3 residue possesses the 
ability to inhibit the actin-depolymerizing protein cofilin 
by phosphorylation [52, 53], and changes in cofilin activity 
are essential for the reorganization of the actin cytoskel-
eton [54]. We further observed that CSR decreases the 
phosphorylation levels of LIMK1 and cofilin in the hip-
pocampus. In support of our observation, acute sleep dep-
rivation reduces the phosphorylation levels of LIMK1 and 
cofilin in the hippocampus [11, 36]. Surprisingly, knock-
down of PirB partially reversed the modulation of RhoA/
ROCK2/LIMK1/cofilin signalling pathways after CSR. 
To further confirm that RhoA/ROCK2/LIMK1/cofilin 
signalling pathways are involved in the regulation of the 
effect of PirB on cognitive function, structural plasticity, 
and synaptic transmission after CSR, fasudil, a clinically 
approved ROCK2 inhibitor, was selected. Notably, fas-
udil partially rescued the synaptic deficits and cognitive 
impairment caused by CSR. Previous studies have demon-
strated that administration of the ROCK2 inhibitor fasudil 
could prevent the reduction in dendritic arbour complexity 
and loss of dendritic spines in Alzheimer’s disease mice 
[55], which further consolidated our findings. Collectively, 
the results of our study reveal that PirB regulates the actin 
cytoskeleton through the RhoA/ROCK2/LIMK1/cofilin 
signalling pathway, which participates in the regulation 

of structural plasticity and synaptic transmission as well 
as cognitive function following CSR.

Our findings are inconsistent with the synaptic homeo-
stasis hypothesis, which holds that wakefulness leads to a 
net increase in synaptic strength, while sleep results in a 
decrease in synaptic strength and synaptic spine density 
[56–58]. In recent years, numerous studies have provided 
data that support the synaptic homeostasis hypothesis. In 
adolescent mice, it was found that waking leads to a net 
gain in cortical spines, and sleep results in net spine loss 
in the somatosensory cortex [59]. Beyond the changes in 
structural plasticity, wakefulness also seems to be associ-
ated with net synaptic potentiation, while sleep may benefit 
global synaptic inhibition in the cortex and hippocampus of 
rats, which is also in line with synaptic homeostasis theory 
[60]. However, there is also a great deal of data that do not 
agree with the synaptic homeostasis hypothesis. In mice, 
5 h of acute sleep deprivation decreases the numbers of hip-
pocampal CA1 dendritic spines, and recovery sleep normal-
izes the alterations of this structure [11]. Consistent with 
these findings, we detected a dramatic increase in dendrite 
structure disruption and synapse loss and a reduction in syn-
aptic transmission after CSR. Sleep does not have a single 
effect on synaptic strength and efficacy, and such differences 
in effect may be found across different brain regions, ages of 
the subjects, and species.

In addition to being expressed in neurons, double-labelled 
immunofluorescence staining confirmed that PirB was also 
slightly expressed in astrocytes but not microglia in the 
central nervous system [15, 40]. To focus our research, the 
effects of PirB receptors on astrocytes in cognitive impair-
ment and synaptic deficits due to CSR were not investigated, 
and the possible implications of the PirB receptors on astro-
cytes in the hippocampus in mediating synaptic plasticity 
and memory changes associated with CSR remain to be 
explored further in the future.

In conclusion, this research elucidates that PirB partici-
pates in the regulation of hippocampal-dependent structural 
and functional plasticity and cognitive function after CSR 
by activating the RhoA/ROCK2/LIMK1/cofilin signalling 
pathway. Furthermore, we identified fasudil as a potential 
therapeutic candidate for the treatment of cognitive impair-
ment induced by CSR. In the further, targeting PirB might 
present an attractive strategy to counteract cognitive impair-
ment after CSR.
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