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PAK1 contributes to cerebral
ischemia/reperfusion injury by regulating
the blood-brain barrier integrity

Ming Huang,1 Jinshun Zhang,1 Mengwei Li,1 Haowei Cao,1 Qiuju Zhu,1,* and Dejun Yang1,2,*

SUMMARY

Globally, stroke is one of the leading causes of death and significant contributors to
disability. Gaining a thorough comprehension of the underlying pathogenic pro-
cesses is essential for stroke treatment and prevention. In this study, we investi-
gated the role of p21-activated kinase 1 (PAK1) in stroke by using oxygen-glucose
deprivation (OGD) and transient middle cerebral artery occlusion and reperfusion
(tMCAO/R) models. We reported that focal ischemia and reperfusion affect the
PAK1expression andactivity levels.We further demonstrated that PAK1 is respon-
sible for the endothelial hyperpermeability that occurs in the early stages of
ischemia and reperfusion. Additionally, inhibition of PAK1 was discovered to alle-
viate blood-brain barrier disruption and protect against brain injury induced by
tMCAO/R. Mechanistically, we provide the evidence that PAK1 regulates the for-
mation of stress fibers and expression of surface junctional proteins. Together,
our findings reveal a pathogenic function of PAK1 in stroke.

INTRODUCTION

Globally, stroke remains the second-leading cause of death and the third-leading cause of death and

disability combined.1,2 Many survivors of acute stroke live with physical or mental disabilities, which

imposing a tremendous socioeconomic burden. Moreover, the subclinical or silent brain infarcts are asso-

ciated with decline in cognitive function in patients.3,4 For ischemic stroke, the currently established treat-

ment such as the recanalization therapy is effective only to a small percentage of patients due to the narrow

therapeutic window.5 Therefore, this unmet medical need for treatment of stroke undoubtedly depends on

the development of new drugs and therapeutic approaches, which are based on the deep understanding

the novel pathogenic mechanisms of stroke.

Blood-brain barrier (BBB) is a material barrier that controls molecule exchange between blood and brain

parenchyma, which is composed of brain microvessel endothelial cells (ECs), pericyte, endfoot of astrocyte,

and basement membrane.6–8 BBB permeability change or disruption occurs shortly after the onset of ce-

rebral artery occlusion and persists to the chronic phases of stroke.5 BBB dysfunction is also the central gen-

esis of hemorrhagic transformation and increased mortality after tissue plasminogen activator (tPA) treat-

ment in stroke.9 In experimental stroke, blockade of BBB dysfunction protects parenchyma and improves

functional outcome.10,11 These findings indicate that BBB dysfunction plays essential roles during ischemic

brain injury and stroke recovery.

The p21-activated kinases (PAKs), belonging to the serine/threonine kinases, are the downstream effectors of

Ras-related RhoGTPase Cdc42 and Rac.12 There are two groups in PAKs family including group I (PAK1, PAK2,

and PAK3) andgroup II PAKs (PAK4, PAK5, and PAK6). PAKsparticipate in various biological processes, such as

cell growth, motility, immune response, inflammation, apoptosis, and gene expression.13 As expected, PAKs

have been proved to play critical roles in human diseases, including cancers, infectious diseases, neurological

disorders, diabetes, and cardiac disorders.14–17 In addition, many small molecules or compounds have been

developed as PAK inhibitors for cancers and infectious diseases treatment in preclinical research.14 Altogether,

these results put forward PAKs as promising therapeutic targets for various diseases. Comparing with other

members, PAK1has beenwell studied for its involvement in oncogenesis andPAK1 inhibitors havebeendevel-

oped as potential preclinical agents for cancer therapy.18 Interestingly, PAK1/AKT signaling has been demon-

strated as the important function in cardiomyocyte ischemia/reperfusion injury.19,20 Moreover, it has been
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reported that delayed overexpression of endothelial Ras-related C3 botulinum toxin substrate 1 (Rac1) im-

proves cognitive and sensorimotor recovery from day 14–21 after stroke via activating PAK1.21 These results

suggest theocratical roles of PAK1 during post-stroke recovery.

Here, the functions of PAK1 in stroke were explored in oxygen-glucose deprivation (OGD) model of the

endothelial cells and the mouse model of brain ischemia and reperfusion. We show that focal ischemia

and reperfusion increase PAK1 expression and activity in mouse brains. Our data suggest that PAK1 is

responsible for destructing the BBB integrity at the acute phase of the brain ischemia and reperfusion.

PAK1 inhibition reduces the stress fiber formation, stabilizes surface junctional protein expression, amelio-

rates the BBB disruption, and protects against transient middle cerebral artery occlusion and reperfusion

(tMCAO/R) induced brain injury. Together, our findings reveal a new role of PAK1 in stroke, especially at the

acute phase of the brain ischemia and reperfusion.

RESULTS

Focal ischemia and reperfusion affect PAK1 expression in the mouse brain

To determine the role of PAK1 during brain ischemia and reperfusion, we characterized the PAK1 expres-

sion patterns in tMCAOmodel. The rCBF was monitored to confirm the occlusion of middle cerebral artery

(Figure 1A). At different time points of reperfusion after 1 h occlusion, we measured the levels of PAK1,

p-PAK1 (Ser144) in the ischemic cortex by Western blot. The resulting band corresponding p-PAK1 was

more intense at 1 h reperfusion than in the sham group (Figures 1B and 1C), whereas there were no statis-

tically significant changes for the levels of PAK1 during reperfusion (Figures 1B and 1D).

To further explore the potential functions of PAK1 in ischemic stroke, we next examined the PAK1 expres-

sion in the cortex by immunofluorescent staining using the PAK1 antibodies (Figure S1). The clear PAK1

immunoreactivity was detected by a rabbit mAb (Abclonal, Cat#A19608; AB_2862697) in both sham and

tMCAO/R groups (Figure 1E). Moreover, the PAK1 immunoreactivity was more obviously colocalized

with the Lycopersicon esculentum (Tomato) lectin signaling, which is commonly used for labeling the endo-

thelial cells of brain vasculature, in ipsilateral hemisphere compared with contralateral region (Figure 1E).

Together, our observations suggest that endothelial PAK1 is increased at the acute phase of the brain

ischemia and reperfusion injury.

PAK1 contributes to the endothelial hyperpermeability during the ischemia and reperfusion

To dissect the function of endothelial PAK1 for ischemia and reperfusion, cultured mouse cerebral endo-

thelial cells (bEnd.3) were subjected to oxygen glucose deprivation (OGD) and reoxygenation to mimic the

ischemia-reperfusion injury. Collected bEnd.3 extracts were immunoblotted with anti-PAK1 and anti-p-

PAK1 (Ser144) antibodies, respectively. In consistent with our findings in mouse stroke model, a significant

increase of PAK1 and p-PAK1 (Ser144) was observed in cells exposed to 1-h reoxygenation (R) after OGD

(Figures 2A–2C).

As one of the major events for pathophysiological response after stroke, the disruption of the BBB con-

tinues for several days to weeks.22 The dynamic changes of BBB permeability throughout the different

stages play essential roles in the development of disease and stroke recovery.5,23 We therefore interfered

the PAK1 with inhibitors and siRNA to investigate its effects on endothelial permeability in the in vitro BBB

model (shown in Figure 2D) challenged with OGD/R. The barrier integrity was assessed by measuring the

transfer rate of fluorescent conjugated dextran from the luminal compartment to the abluminal compart-

ment in the model. In agreement with previous studies,23 3 h reoxygenation after 2 h OGD significantly

increased the diffusion rate of both 4.4 kDa TRITC-dextran and 70 kDa FITC-dextran through the mono-

layers of bEnd.3 cells (Figures 2E–2G). The increased diffusion of fluorescent tracers induced by OGD/R

was reduced by the treatment with IPA-3 (10 mmol/L), a PAK1 inhibitor during the reoxygenation

(Figures 2E–2G). This data suggest PAK1 mediates OGD/R induced hyperpermeability since PAK1 is selec-

tively blocked by IPA-3 at 10 mmol/L concentration.24,25 Moreover, the administration of another group I

PAKs inhibitor, FRAX486 (1 mmol/L) showed the similar effect (Figures 2E–2G). While cell viability test

showed that 2h OGD followed by 3h reoxygenation, as well as PAK1 inhibitors did not alter the survival

of bEnd.3 cells (Figure S2), suggesting that paracellular hyperpermeability during OGD/R is not due to

cell death. To further confirm the role of PAK1 for the paracellular hyperpermeability during OGD/R, we

used predesigned synthetic siRNA targeting PAK1 to knockdown its expression and examined the endo-

thelial permeability during OGD/R. Indeed, PAK1 knockdown blocked the elevated tracer diffusion
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induced by OGD/R (Figures 2H and 2I). Taken together, these data reveal that PAK1 contributes to hyper-

permeability during oxygen-glucose deprivation and reoxygenation in endothelial cells.

bEnd.3 cells is a common in vitromodel that was utilized for studying BBB integrity or dysfunction. Our ob-

servations suggest that PAK1 plays a key role in maintaining the integrity of endothelial barrier. Thus, to

further illuminate the significance of PAK1 function in ischemic stroke, we tested whether inhibition of

PAK1 could ameliorate the blood-brain barrier disruption during the ischemia and reperfusion in mouse

stroke model. The BBB integrity was measured by using 4.4 kDa TRITC-dextran and 70 kDa FITC-dextran

at 3 h and 24 h after reperfusion. Intraperitoneally administration of FRAX486 or IPA3 decreased the infil-

tration of fluorescent tracer at 3 h and 24 h (Figures 3A–3D), suggesting that PAK1 is truly responsible for

BBB hyperpermeability during tMCAO/R.

Our results suggest the elevated PAK1 expression may participate in early BBB opening during I/R injury.

Substantial evidence support that the junctional proteins, including occludin, ZO-1, claudin-5, and ve-cad-

herin were important for maintaining BBB integrity. Moreover, in OGD/R-treated endothelial cells, the

Figure 1. Focal cerebral ischemia increases PAK1 phosphorylation

(A) Representative image of blood flow measured by laser speckle flowmeter.

(B) The time-dependent changes of PAK1 and p-PAK1 in ischemic cortex at 1 h, 6 h, 12 h, or 24 h reperfusion after 1-h transient middle cerebral artery

occlusion (tMCAO). The homogenates of cortical brains from tMCAO and sham treated mice were subjected to Western blot analysis using indicated

antibodies. GAPDH was used as a loading control.

(C and D) The quantitative analysis of immunoblotted p-PAK1 (Ser144) and PAK1 proteins. Data are expressed as meanG SEM (n = 4). *p < 0.05 versus sham,

one-way ANOVA with Dunnet’s post hoc test.

(E) Immunofluorescence images showing the colocalization of PAK1-positive (green) with microvessel markers Lectin (red) in the ipsilateral (I)/contralateral

(C) cortex at 1 h reperfusion after tMCAO.White arrow shows that PAK1 is localized on blood vessels. Nuclei were stained with DAPI (blue). Scale bar = 20 mm.

See also Figure S1.

ll
OPEN ACCESS

iScience 26, 107333, August 18, 2023 3

iScience
Article



Figure 2. PAK1 inhibition by its inhibitors or siRNA reduces the hyperpermeability of bEnd.3 endothelial

monolayer in OGD model

(A) Immunoblots of p-PAK1 and PAK1 with corresponding antibodies in bEnd.3 cells at reperfusion for indicated times

after 2 h OGD. GAPDH was used as a loading control.

(B and C) The statistical analysis of immunoblotted p-PAK1 (Ser144) and PAK1 proteins. Data are expressed as mean G

SEM (n = 4). *p < 0.05, **p < 0.01 versus control groups, one-way ANOVA with Dunnet’s post hoc test.

(D) Schematic representation of the in vitro BBBmodel. bEnd.3 cells were planted onmicroporous membrane of transwell

inserts till confluence. After OGD/R treatment, the fluorescence dyes were added to upper compartment and the

fluorescence intensity of lower compartment was measured 30 min later.

(E and F) The transfer rate of dextran from upper compartment to lower compartment was examined to assess the

endothelial monolayer permeability. Consistent diffused 4.4 kDa TRITC-dextran or 70 kDa FITC-dextran during

reoxygenation after 2 h OGD was limited by FRAX486 (1 mmol/L) or IPA-3 (10 mmol/L) treatment. Data are expressed as

meanG SEM (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001 versus ctrl group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus OGD+

vehicle group, two-way ANOVA with Turkey’s post hoc test.

(G) The endothelial monolayer permeability was further expressed as coefficient of diffusion (in centimeters per second).

FRAX486 (1 mmol/L) or IPA-3 (10 mmol/L) treatment significantly reduced the increased permeability of bEnd.3 monolayer

to 4.4 kDa TRITC-dextran or 70 kDa FITC-dextran by exposure to OGD/R 3 h. Data are expressed as mean G SEM (n = 5).

***p < 0.001 versus ctrl group; #p < 0.05 versus OGD + vehicle (veh) group, one-way ANOVA with Sidak’s post hoc test.

(H) PAK1 expression in bEnd.3 cells is downregulated by specific siPAK1, not siNC. Data are expressed as mean G SEM

(n = 3). ***p < 0.001, Student’s t test.

(I) Increased endothelial monolayer permeability of bEnd.3 cells to 4.4 kDa TRITC-dextran or 70 kDa FITC-dextran at

OGD/R 3h was inhibited by siPAK1. Data are expressed as mean G SEM (n = 5). **p < 0.01 versus ctrl group; #p < 0.05

versus OGD + siNC group, one-way ANOVA with Sidak’s post hoc test.

See also Figure S2.
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expression of junctional proteins in cellular membrane was shown to be reduced.26 Similarly, we also

observed the decreased level of the surface biotinylated occludin and ve-cadherin (Figures 4A–4C). How-

ever, the expressions of total occludin and ve-cadherin were not changed significantly after 2h OGD and 3h

reoxygenation (Figure 4C), which was different from the reduced expression after long term OGD/R.

Importantly, the administration of PAK1 inhibitors FRAX486 and IPA-3 could partially reverse the decreased

level of surface occludin and ve-cadherin (Figures 4A and 4B). These data suggest that PAK1 may be

involved in early internalization of junctional proteins. Indeed, immunocytochemical studies in bEnd.3 cells

showed increased perinuclear location of ZO-1 in some cells after OGD/R, but the number of cells with this

phenomenon is low in FRAX486 or IPA-3-treated group (Figure 4D). These observations together suggest

that PAK1 may contribute to early BBB hyperpermeability during OGD/R via regulating the junctional

protein internalization.

Figure 3. PAK1 inhibition by FRAX486 or IPA-3 alleviates BBB disruption during focal cerebral ischemia/reperfusion

(A) Representative fluorescence micrographs of brain cryosections from the mice subjected to MCAO/R for 3 h or 24 h. The TRITC-dextran (4.4 kDa) and

FITC-dextran (70 kDa) leakage under different conditions (+vehicle, + FRAX486, + IPA-3). Scale bar = 5 mm.

(B and C) The quantitative analysis of the TRITC-dextran (4.4 kDa) and FITC-dextran (70 kDa) leakage volume. The TRITC-dextran (4.4 kDa) and FITC-dextran

(70 kDa) leakage were lessened by FRAX486 (2 mmol/kg weight) or IPA-3 (10 mmol/kg weight).

(D) Representative image of microvessel leakage in striatum at 3 h reperfusion after MCAO. The vessels were filled with 70 kD FITC-dextran and the white

arrow shows the leakage site on microvessels. Scale bar = 50 mm. Data are expressed as meanG SEM (n = 3). *p < 0.05 **p < 0.01, ***p < 0.001 versus vehicle

group, one-way ANOVA with Dunnet’s post hoc test.
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PAK1 inhibition protect against tMCAO/R-induced brain injury in mice

To ensure the role of PAK1 in brain injury during the brain ischemia and reperfusion, we tested whether

the PAKs inhibitors have any protection effect in mouse model of tMCAO/R. TTC staining was used to

determine the infarct size induced by tMCAO/R or with treatments (Figure 5A). Infarct tissue was not de-

tected in the sham group, while large volumes of infarct tissue were observed in the I/R with vehicle

group. Remarkably, IPA-3 (10 mmol/kg weight) or FRAX486 (2 mmol/kg weight) treatment significantly

decreased the percentage of infarct volumes (vehicle, 39.5 G 3.45; FRAX486, 10.4 G 2.63; IPA-3,

19.6 G 5.20) compared to the vehicle-treated I/R group (Figure 5B). We also evaluated the neuroprotec-

tive effect of PAK inhibitors by examining the cerebral edema and found that brain edema induced by I/R

was suppressed by the treatment of IPA-3 and FRAX486 (Figure 5C). Finally, the outcome of PAK1 inhi-

bition was also accessed by measuring the extent of the neurological deficit. In vehicle-treated I/R group,

the neurological deficit score was 2.78 G 0.34, indicating a severe neurological injury. Strikingly, inhibi-

tion of PAK1 significantly attenuated the neurological deficit compared to vehicle-treated I/R group (Fig-

ure 5D). Taken together, these results demonstrated that PAK1 inhibition could protect against tMCAO/

R induced brain injury.

PAK1 inhibition reduces the formation of stress fiber in endothelial cell during OGD/R

Previous studies have reported that the formation of contractile cross-linked F-actin, i.e., stress fiber

leads to dislocation of tight junction proteins,26 which may contribute to matrix metalloproteinases

Figure 4. PAK1 inhibition partially reverses the reduction in surface expression of junction proteins duringOGD/R

(A) Immunoblots of occludin and ve-cadherin in bEnd.3 cells after OGD 2 h and reoxygenation 3 h. The biotinylated

proteins were shown as surface protein and the proteins in whole cell lysates were shown as total protein. GAPDH was

used as a loading control.

(B) The statistical analysis of surface/total occludin and ve-cadherin. Relative levels are normalized to respective control

groups and expressed as mean G SEM (n = 4). *p < 0.05, ***p < 0.001 versus control groups; #p < 0.05, ##p < 0.01,

###p < 0.001 versus OGD+vehicle group. One-way ANOVA with Sidak’s post hoc test.

(C) The statistical analysis of total occludin and ve-cadherin. Relative levels are normalized to respective control groups

and expressed as mean G SEM (n = 4).

(D) Immunofluorescence of ZO-1 in bEnd.3 cells with different treatment (vehicle, FRAX486, IPA-3) after OGD/R. White

arrow shows internalized ZO-1. Scale bar = 20 mm.
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(MMPs)-independent barrier impairment. PAK1 has also been shown to mediate actin network rearrange-

ment through different substrate like filamin,27 and LIMK128,29 by activating the endogenous downstream

signaling molecules, such as Cdc42 and Rac1. Moreover, PAK1 is essential for spatial and temporal coor-

dination of cytoskeletal dynamics with the function in regulation of the cellular adhesion and contrac-

tion.30,31 These results together may lead to a hypothesis that PAK1 may promote stress fiber formation

of endothelial cells during OGD/R, which could be one of the molecular mechanisms underlying the endo-

thelial hyperpermeability. In agreement with this idea, immunostaining revealed a dramatic increase of

F-actin positive signals at 3 h reoxygenation after 2 h OGD in bEnd.3 (Figures 6B, 6E, and 6F), suggesting

an obvious stress fiber formation was induced by OGD/R. More importantly, either PAK1 inhibitors or

siRNA considerably decrease the relative MFI of F-actin compared to vehicle-treated OGD/R group. These

manifest that inhibition of PAK1 causes a reduction of stress fiber formation. This phenotype and similar

effects were also observed in human cerebral microvessel endothelial (hCMEC/D3) cells (Figures 6A, 6C,

and 6D), which is another widely used endothelial cell model with the better morphological characteristics.

Together, our discoveries suggest that PAK1 may promote the formation of stress fiber during the early

stage of OGD/R.

PAK1 inhibition reduces the stress fiber formation during the ischemia and reperfusion in the

mouse brain

Our findings about PAK1 functions in vitro BBB model and stress fiber formation imply its potential roles in

blood-brain barrier disruption in stroke. We therefore examined the stress fiber formation induced by

ischemia and reperfusion and tested whether PAK1 inhibition could reduce the elicited formation in the

mouse brain. F-actin positive signals co-stained with isolectin B4 were first identified in the endothelial cells

within the ipsilateral and contralateral areas (Figure 7A). As shown in Figures 7B and 7C, the more intensive

Figure 5. PAK1 inhibitors attenuate the ischemic insults in mice

(A) Representative TTC-stained coronal sections.

(B) Quantification of infarct volume showing that PAK1 inhibitors protect against brain damage induced by MCAO/R 24h.

Data are expressed as mean G SEM (n = 6–7). **p < 0.01, ***p < 0.001 versus vehicle group, one-way ANOVA with

Dunnet’s post hoc test.

(C) Statistic analysis of brain edema in ischemic hemisphere. Data are expressed as mean G SEM (n = 6–7). *p < 0.05,

***p < 0.001 versus vehicle group, one-way ANOVA with Dunnet’s post hoc test.

(D) PAK1 inhibitors exert behavior relief as measured by Zea Longa score. Data are expressed as meanG SEM (n = 9–10).

*p < 0.05 versus vehicle group, Kruskal-Wallis test with Dunn’s post hoc test.
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F-actin signals were observed in the ipsilateral brain area than contralateral hemisphere of stroke mice with

vehicle treatment. More strikingly, there was less F-actin positive signals in coronal sections from ischemic

animals intraperitoneally administrated with IPA-3 (10 mmol/kg weight) or FRAX486 (2 mmol/kg weight)

compared with tMCAO/R animals with vehicle. Together, these results suggest that PAK1 contributes to

the formation of stress fiber during focal ischemia/reperfusion.

DISCUSSION

Better understanding of the molecular mechanisms of stroke is the key for developing the new treatment

strategies. Although limited evidence implies the potential role of PAK1 in post-stroke recovery, here by

using tMCAO/R mouse and in vitro endothelial model, combined with a series biochemical, immunohisto-

chemical andmolecular assays, we demonstrated that PAK1 is responsible for the endothelial hyperperme-

ability in the acute phase of stroke potentially through regulating the junctional protein membrane

Figure 6. PAK1 contributes to the stress fiber formation in hCMEC/D3 and bEnd.3 cells during OGD/R

(A and B) Representative fluorescence image of F-actin staining in hCMEC/D3 and bEnd.3 cells with or without PAK1 inhibition (FRAX486, 1 mmol/L or IPA-3,

10 mmol/L). Scale bar = 20 mm.

(C and D) Statistic analysis showing reduced mean fluorescence intensity (MFI) of F-actin with PAK1 inhibitors or siRNA in hCMEC/D3 cells. Data are

expressed as mean G SEM (n = 4).

(E and F) Statistic analysis showing reducedMFI of F-actin with PAK1 inhibitors or siRNA in bEnd.3 cells. Data are expressed asmeanG SEM (n = 5). *p < 0.05,

**p < 0.01, ***p < 0.001 versus ctrl (C, E) or ctrl + siNC (D, F) group, #p < 0.05, ##p < 0.01, ###p < 0.001 versus OGD + vehicle (C, E) or OGD + siNC (D, F)

group. All analyzed by one-way ANOVA with Sidak’s post hoc test.
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localization and stress fiber formation. Our data suggest a key pathogenic role of PAK1 in regulating the

BBB permeability during the early stage of stroke insults.

BBB alterations play a key role in the pathogenesis of many central nervous system diseases, such as

ischemic stroke, tumors, HIV-1 encephalitis, multiple sclerosis, Alzheimer’s disease, and Parkinson’s dis-

ease.6,7,32 As one of the series of dynamically pathophysiological events, BBB disruption occurs soon after

the initial blood flow interruption or severe reduction and lasts through the different progression and re-

covery stages. Consistent with previous findings,26,33 the BBB hyperpermeability or disruption was de-

tected in the acute stage of reperfusion in our tMCAO/R mouse model. We have also found that PAK1 in-

hibition by either inhibitors or siRNA reduces endothelial hyperpermeability. Thus, our observations further

support the idea that blocking BBB open could prevent BBB dysfunction and protect against the brain

injury during the stroke.34

In mammals, PAK1 is widely expressed in the brain, muscle, spleen, pancreas, and other organs.35,36

Moreover, emerging reports suggest that PAK1 expression extends to neurons and oligodendrocytes

as well.37,38 Here, our data suggests that endothelial PAK1 contributes to the increased permeability

Figure 7. Stress fiber formation on ischemic microvessels is decreased by the administration of PAK1 inhibitors

(A) Immunofluorescence images showing the colocalization of F-actin (green) with microvessel markers IB4 (red) in ipsilateral and contralateral hemisphere

from control mice. Scale bar = 20 mm.

(B) The F-actin fluorescence of the ipsilateral and contralateral hemisphere in the same coronal sections from ischemic mice with or without PAK1 inhibition

(FRAX486, 2 mmol/kg weight or IPA-3, 10 mmol/kg weight). To show a length of full vessel, the 7 mm thick z stack was acquired and processed maximum

intensity projection. Scale bar = 20 mm.

(C) Quantitative analysis showing themuchmore obvious signal of F-actin MFI on region of interest (ROI) in ipsilateral hemisphere compared to contralateral

hemisphere. FRAX486 (2 mmol/kg weight) or IPA-3 (10 mmol/kg weight) treatment reduced F-actin MFI on ipsilateral hemisphere. Data are expressed as

meanG SEM (n = 3). ***p < 0.001 versus contralateral + vehicle; ##p < 0.01, ###p < 0.001 versus ipsilateral + vehicle, two-way ANOVA with Turkey’s post hoc

test.
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of blood vessels in the endothelium upon OGD/R, potentially by regulating the localization of junctional

proteins. Importantly, we observed that inhibition of PAK1 could ameliorate the blood-brain barrier

disruption during the ischemia and reperfusion in mouse stroke model. Although the positive impact

of PAK1 inhibitors may not solely be a result of inhibiting PAK1 in the blood vessels, our observations

suggest that PAK1 plays a role in this process. These results are in line with our findings from in vitro

experiments. Additionally, our further analysis is consistent with the PAK1 function for cytoskeletal

regulation. Together, these discoveries support the notion that endothelial PAK1 could play a role

during early phase of brain injury after cerebral ischemia via regulating the blood-brain barrier perme-

ability. Further experiments are necessary to validate this point and dissect its underlying cellular

mechanisms.

As one of the primary autophosphorylation sites that control enzymatic activity, the PAK1 ser-144 phos-

phorylation prevents auto inhibitory domain packing against kinase domain, which plays pivotal roles in

PAK1 activation.39,40 In our study, we found a rapid increase of p-PAK1 (Ser144) in both in vivo and

in vitro conditions, which suggests that PAK1 is activated at the early stage of reperfusion. This type of

phosphorylation within the first 250 amino acids could prevent the kinase from reverting to an inactive

conformation. Future study that can measure the details of PAK1 phosphorylation and activity during

the different stages of stoke is essential to deeply understand the PAK1 function. In cultured mouse cere-

bral endothelial cells (bEnd.3), we observed acute upregulation of PAK1 protein following OGD and reox-

ygenation. This may suggest the PAK1 level and function changes occur early during the processes of

stroke insults. However, the PKA1 protein level had no significant changes during reperfusion after focal

ischemia in mice. One possible explanation for the discrepancy between in vitro and in vivo study could

be the relatively lower percentages of PAK1 positive cells within examined tissues, this observed phenom-

enon has also been reported in studies involving stroke patients and rats undergoing middle cerebral ar-

tery occlusion (MCAO).41,42 Our findings align with these studies, providing additional support for the sig-

nificant role of PAK1 in the context of stroke. Although the exact effects of PAK1 inhibitors require further

investigation in future studies, our preliminary data provide a piece of evidence that the reduction of the

endothelial hyperpermeability by PAK1 inhibition may be responsible for the amelioration of the brain

injury in mice induced by tMCAO/R. Collectively, our findings further suggest the interesting roles of endo-

thelial PAK1 during the brain injury and recovery.

Our data suggest that stress fiber formation at the early stage is involved in the dynamic changes of endo-

thelial permeability or the barrier integrity. These findings are consistent with the known PAK1 function as

an important regulator of cytoskeleton.31 In this regard, as a downstream kinase of multiple extracellular

stimuli, PAK1 mainly regulate microfilament through various substrates.27,43,44 Additionally, this role of

PAK1 could be one of the potential molecular mechanisms for PAK1 inhibition, which attenuates the

BBB alteration during the ischemia and reperfusion. Based on these findings, the next interesting work

will be to explore the potential substrates after PAK1 activation which increase the stress fiber formation

during ischemia and reperfusion.

Considering the multiple biological functions of PAK1 in cellular process and the pathogenic roles in

various diseases, targeting PAKs is becoming a really promising therapeutic strategy. Natural PAKs

blockers has been extracted from plants and studied.45–47 Moreover, many PAKs inhibitors have been

identified or developed for preclinical investigation and clinical trials. However, there are still some

important gaps in the process of comprehensive understanding and applying the PAKs inhibition ap-

proaches for human disease treatment. In this regard, it is crucial to clarify the exact function and

detailed molecular mechanisms in biological and pathological processes for most PAKs. In this work,

we identified a possible pathological role of PAK1 at the very early stage of stroke. Further efforts are

required to gain a better understanding of the independent roles of PAK1 in different stages of stroke,

given the diversity of the roles of Rac1 and the long duration of post-stroke recovery. Moreover, devel-

opment of the specific PAK inhibitors remains significant challenges on account of the high homology of

PAKs at the kinase domain. This fact may also cause pan-PAK inhibition and the off-target effects. Simi-

larly, the effects of PAK1 inhibitors in our cellular and mouse model of stroke may extend far beyond any

single function of PAK1, such as BBB protection, glucose metabolism, inflammation, autophagy regula-

tion, apoptosis, and neurotransmission. However, with the in vitro results our findings informed the ther-

apeutic potentials of PAK1 inhibition, future investigation and test are needed to rigorously explore

this idea.
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Limitations of the study

Our study suggests that endothelial PAK1 plays a role during early phase of brain injury after cerebral

ischemia via regulating the blood-brain barrier permeability. Further studies are essential to dissect the

molecular mechanism of which PAK1 regulates blood-brain barrier integrity and the roles of PAK1 at the

different stages of disease. Since the expression and function of PAK1 is complicated, it is worth investi-

gating the effects of PAK1 inhibition on other cell types involved in stroke pathophysiology, such as neu-

rons and glial cells. To establish the potential therapeutic benefits of targeting PAK1 for stroke treatment, it

is crucial to assess the long-term impact of PAK1 inhibition on stroke recovery and functional outcomes.

Additionally, it is imperative to investigate whether PAK1 inhibition elicits any side effects or off-target

effects.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-PAK1 Cell Signaling Technology Cat#2602; RRID: AB_330222

Rabbit polyclonal anti-p-PAK1 (Ser144) Cell Signaling Technology Cat#2606; RRID: AB_2299279

Mouse anti-GAPDH Proteintech Cat# 60004; RRID: AB_2107436

Rabbit monoclonal anti-PAK1 Abclonal Cat#A19608; RRID: AB_2862697

Rabbit anti-ve-cadherin Abclonal Cat#A0734; RRID: AB_2757370

Rabbit anti-occludin Invitrogen Cat#71-1500; RRID: AB_2533977

Rabbit anti-ZO-1 Invitrogen Cat#40-2200; RRID: AB_2533456

HRP conjugated goat anti-rabbit Millipore Cat# AP307P, RRID: AB_92641

HRP conjugated goat anti-mouse Millipore Cat# AP308P, RRID: AB_11215796

Alexa Fluor 488 conjugated goat anti-rabbit Invitrogen Cat#A32731; RRID: AB_2633280

Chemicals, peptides, and recombinant proteins

DyLight 594-conjugated lectin Vector labs Cat#DL-1177-1

DyLight 594-conjugated GSL-isolectin B4 Vector labs Cat#DL1207

FITC-dextran, 70 kDa Sigma-Aldrich Cat#53471

TRITC-dextran, 4.4 kDa Sigma-Aldrich Cat#T1037

Fluorescein (FITC)-phalloidin Sigma-Aldrich Cat#P5282

2,3,5-triphenyltetrazolium hydrochloride (TTC) Sigma-Aldrich Cat#T8877

FRAX486 Selleck Cat#S7807

IPA-3 Selleck Cat#S7093

Critical commercial assays

IP lysis buffer Beyotime Cat#P0013

BCA protein assay kit Beyotime Cat#P0010

Protease inhibitor cocktails Absin Cat#ABS9161

Phosphatase inhibitor cocktails Absin Cat#ABS9162

Sulfo-NHS-SS-Biotin Thermo Fisher Scientific Cat#21331

Neutravidin agarose Thermo Fisher Scientific Cat#29202

Lipo8000 Beyotime Cat#C0533

Cell counting kit 8 (CCK8) APExBIO Cat#K1018

Experimental models: Cell lines

bEnd.3 ATCC N/A

hCMEC/D3 ATCC N/A

Experimental models: Organisms/strains

Mouse: wild type: C57BL/6J Xuzhou Medical University N/A

Oligonucleotides

siRNA targeting PAK1 Synthetized by GenePharma 5’-GCAUCAAUUCC

UGAAGAUUTT-3’

Negative control of siRNA Synthetized by GenePharma 5’-UUCUCCGAACG

UGUCACGUTT-3’

Software and algorithms

Prism 7.0 Graphpad http://www.graphpad.com

ImageJ NIH https://imagej.nih.gov/ij/
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RESOURCES AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dejun Yang (dejun.yang@xzhmu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Date and code availability

� All data reported in this paper will be shared by the lead contact upon request.

� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All animal experimental procedures were reviewed and approved (Approval ID: L20210226149) by the

Laboratory Animal Center of Xuzhou Medical University (License key: SYXK (su) 2020-0048). C57BL/6J

mice are purchased from the Animal Center of Xuzhou Medical University and housed in a 12 h dark/light

cycle with free access to water and food before surgery. Male mice between 10 to 14 weeks of age were

used for following experiments. Totally, 79 mice were used, including 6 sham-operated mice and 65

mice for MCAO, also 8 mice were excluded in analysis under the following situations: rCBF decreasing

was less than 70%, died from cerebral thrombosis or hemorrhage, no behavior deficits after awakening.

METHOD DETAILS

Middle cerebral artery occlusion and reperfusion model

The focal cerebral ischemia was induced by transient middle cerebral artery occlusion (tMCAO).21,48 Briefly,

after anaesthetized with 1.5% pentobarbital sodium (dissolved in saline, 6 mL/kg weight), the mice were

fixed on a plate and further surgery was performed under stereoscope (SZ61, Olympus, Tokyo, Japan). Af-

ter a midline neck incision, the right common carotid artery (CCA), external carotid artery (ECA) and internal

carotid artery (ICA) were separated and exposed. While the proximal CCA and ECA were clamped, a 6-0

nylon monofilament with silicone gel coated tip (Jialing, Guangzhou, China) was inserted through CCA,

and advanced via ICA gently till resistance. The tip of the filament was about 1 cm away from the bifurcation

of internal and external carotid artery. Regional cerebral blood flow (rCBF) was measured during occlusion

using Laser speckle flowmeter (FLPI-2, Moor instruments, UK). Vehicle (2% ethanol in saline, 10 mL/kg

weight), FRAX486 (2 mmol/kg weight) and IPA-3 (10 mmol/kg weight) were injected immediately after suc-

cessful surgical operation. After 60 min, the mice were anesthetized, and the occluding filament was

removed to allow reperfusion. Sham-operated mice received the same surgical procedures except for

the occlusion of the ICA. The mice were excluded in further analysis under the following situations: rCBF

decreasing was less than 70%, died from cerebral thrombosis or hemorrhage, no behavior deficits after

awakening.

Neurological deficit score assessment

The behavior deficits were assessed at 24 h of tMCAO/R by an observer who was blind to the experimental

design. The scoring system includes five evaluation indicators as described49: 0, no visible behavior

changes; 1, failed to fully extend the left forelimb; 2, spontaneous circling; 3, collapse to left side or spon-

taneous rotation progression into barreling; 4, unable to move freely or loss of consciousness. Higher

scores indicate more severe behavioral deficits.

Infarct volume and brain edema

TTC staining was performed to evaluate the cerebral infarct volume. After neurological deficit scores were as-

sessed, the mice were sacrificed under anesthesia. Brains were harvested and cut into 1 mm thick coronal sec-

tions on mice brain mold (RWD, Shenzhen, China). Then the sections were stained with 2% TTC for 30 min at

37 �C. For the convenience of taking pictures, the stained brain sections were fixedwith 4% paraformaldehyde

ll
OPEN ACCESS

iScience 26, 107333, August 18, 2023 15

iScience
Article

mailto:dejun.yang@xzhmu.edu.cn
https://cn.bing.com/dict/search?q=Laboratory&amp;FORM=BDVSP6&amp;cc=cn
https://cn.bing.com/dict/search?q=Animal&amp;FORM=BDVSP6&amp;cc=cn
https://cn.bing.com/dict/search?q=Center&amp;FORM=BDVSP6&amp;cc=cn


(PFA) overnight. The infarct areas and brain edemawere calculated using ImageJ software. Infarct volumewas

calculated as
P

(contralateral hemisphere area-ipsilateral normal area)/
P

contralateral hemisphere area3

100%. Brain edema was calculated as
P

(ipsilateral hemisphere area- contralateral hemisphere area)/
P

contralateral hemisphere area3100%.

Evaluation of BBB permeability in vivo

To evaluate the BBB permeability, 70 kDa FITC-dextran (1.5 mg per mice) and 4.4 kDa TRITC-dextran

(0.5mg per mice) were used as a marker according to a previous study.23 In brief, the fluorescent dye

(diluted in saline, 0.1 mL per mice) was injected at 3 h or 24 h after reperfusion via the tail vein. The mice

were sacrificed 30 min later under anesthesia, and the collected brains were embedded rapidly. Six coronal

sections of each brain were prepared with 50 mm thick and 1 mm interval. The fluorescence images of each

brain section were acquired by fluorescent microscope (Observer Z1, Zeiss, Oberkochen, Germany) with

tile scan mode. The FITC or TRITC leakage in each section was measured by using Image J software.

The total leakage volume of fluorescent dye was further calculated following the next equation: leakage

volume (%) =
P

leakage area /
P

hemisphere area3100%.

Immunofluorescence

Anesthetized mice were transcardially perfused with PBS followed by 4% PFA (dissolved in PBS). Harvested

brains were incubated in 4% PFA at 4�C overnight and then dehydrated in 30% sucrose till sedimentation.

Brain blocks were sliced (40 mm) with cyrostat microtome (CM1850, Leica), and stored in anti-freezing buffer

(30% ethylene glycol, 20% glycerol in PBS) at 4�C. Sections were permeabilized with 0.3% Triton X-100 and

blocked with blocking buffer (10% goat serum, 300 mM glycine, 0.3% Triton X-100, dissolved in PBS) for 1

hour, then incubated with rabbit anti-PAK1 antibody (1:50, Abclonal) for 3 h at room temperature (RT). The

sections were washed 3 times with tris-buffered saline for 5 min each time. Then incubated with Alexa Flour

488-conjugated goat anti-rabbit antibody (1:800) for 1 h at RT, washed 5 times with tris-buffered saline for

10 min each time. The brain microvessel were stained with DyLight 594-conjugated GSL-isolectin B4

(IB4, 1:50) or DyLight 594-conjugated lectin (1:200). Finally, the nucleus was stained with 4,6-diamidino-

2-phenylindole dihydrochloride (DAPI, 1:1000). The fluorescent images were captured with confocal micro-

scope (LSM 710, Zeiss).

Oxygen-glucose deprivation (OGD)

Mouse brain microvascular endothelial cell line bEnd.3 cells (ATCC, Rockefeller, Maryland, USA) and hu-

man microvascular endothelial cell line hCMEC/D3 cells (ATCC) were cultured in high glucose DMEM sup-

plemented with 10% fetal bovine serum in an incubator containing 5%CO2 (Thermo Scientific) at 37 �C. The
cultured cells were washed twice, replaced medium to no-glucose DMEM, and then transferred into an

incubator pre-equilibrated with 95% N2 and 5% CO2. After 2 hours deprivation, the medium was replaced

by standard culture medium, and cultures were returned to the normoxic incubator. Control groups were

washed twice, and medium was replaced with high glucose DMEM for the same time, then cultured in the

normoxic incubator. The PAK1 inhibitors FRAX486 (1 mmol/L) and IPA-3 (10 mmol/L) were added during and

after OGD.

Endothelial cell monolayer permeability assay

ThebEnd.3were seeded 33104 perwell on the upper side of transwell PETmembranes (0.4 mmpore, 6.5mm

diameter; Corning, Lowell, Massachusetts, USA), which inserted into 24-well culture plate. Cells were main-

tained inDMEM supplementedwith 10% fetal bovine serum in 5%CO2 incubators for 4 days to reach conflu-

ence. After OGD treatment, 4.4 kDa TRITC-dextran and 70 kDa FITC-dextran were added into the luminal

chamber (insert) at the concentration of 0.2 g/L in a total 100 mL media. The abluminal chamber (lower) was

filledwith 1mLphenol red freeDMEM. To assess the tracer diffusion, 100 mLmediawere acquired fromablu-

minal chamber at 1, 3 and 6 hours after OGD/reoxygenation (OGD/R). And the fluorescent intensity in ablu-

minal chamber was measured by fluorescence microplate reader (Glomax Discover, Promega, Madison,

Wisconsin, USA). The concentrations of tracers were calculated from a standard curve, which fitted by using

known concentrations of same tracers separately. To assess the diffusion rate from the luminal to the ablu-

minal chamber through endothelial monolayers at 3 h reoxygenation, the tracers were added at 3 h after

OGD/R and the tracer concentration in abluminal chamber was measured 0.5 h later. The diffusion rate

was represented as apparent diffusion coefficient, which calculated as described previously50: Apparent

diffusion coefficient (cm*s-1) = CabVab/(C0*S*T). Where Cab is the concentration of tracer in abluminal

ll
OPEN ACCESS

16 iScience 26, 107333, August 18, 2023

iScience
Article



chamber, Vab is the volume of medium in abluminal chamber, C0 is the primary concentration of tracer in

luminal chamber, S is the area ofmicroporousmembrane, T is the duration time fromadding tracers tomov-

ing medium for detection.

F- actin staining

After OGD treatment, the cells were washed twice with PBS, blocked with 3% BSA, and incubated with

FITC-phalloidin (1 mg/mL) for 0.5 hour. For brain sections, slices were blocked with 3% BSA dissolved in

PBS for 1 hour, then incubated with FITC-phalloidin (5 mg/mL) at 4�C overnight. The coverslips or sec-

tions were counter stained with DAPI (1:1000) before the fluorescent images were captured with confocal

laser scanning microscope (LSM 710, Zeiss). To analyze the fluorescence intensity on cells, at least three

regions of interest (ROI) were randomly selected on each coverslip and the mean fluorescent intensity

(MFI) was calculated with Image J. Brain blocks were cut into 7 mm sections for measuring the fluores-

cence intensity on blood vessels. Stained slices were imaged with confocal laser scanning microscope

(LSM 710, Zeiss) with Z-stack method, ROI was randomly selected on microvessels shown in maximum

intensity projection images and MFI was calculated using Image J. For analyzing the MFI of F-actin on

blood vessels, 3 sections were chosen for each mouse, and at least six ROI were selected on each brain

section.

Western blotting

Used a similar approach for separating the ischemic cortex,51,52 a 4mm thick coronal block was cut from

the mouse brain, which containing infarct core area (has color difference with surrounding tissues). In

ischemic side, the cortex at an angle of about -60 to 30 degrees horizontally from the center of the block

was separated as infarct cortex. Cells or brain tissues were homogenized in ice-cold IP lysis buffer (Be-

yotime) containing protease and phosphatase inhibitors. The protein concentration was determined us-

ing the BCA protein assay kit. Protein samples were separated by sodium dodecyl sulphate polyacryl-

amide gel electrophoresis (SDS-PAGE) and then electrotransferred to nitrocellulose membrane

(0.22 mm). After blocking with 3 % BSA for about 2 h, the membrane was incubated with the indicated

primary antibodies and then with horseradish peroxidase-conjugated secondary antibodies. The mem-

brane was washed three times and detected by ECL detection solution (Millipore). The bands were visu-

alized in an automatic chemiluminescence imaging system (Protein Simple, Pluorchem E) and analyzed

with Image J software.

Biotinylation and isolation of cell surface proteins

Briefly, Cells cultured in 60 mm dishes were washed twice with ice-cold PBS before biotinylation. The cells

were incubated with Sulfo-NHS-SS-Biotin (0.4mg, dissolved in PBS) at 4�C for 30 min. Then the cells were

washed with 50 mM Tris (pH 8.0) to quench non-reacted biotin and washed twice with PBS. After bio-

tinylation, the cells lysate was prepared as described above and incubated with Neutravidin agarose resin

at 4�C overnight. After washed with 0.2% tween-20, the biotinylated surface proteins were eluted with SDS-

PAGE sample buffer, then analyzed by Western blotting.

RNA interference of PAK1

The bEnd.3 cells at 70% confluence were transfected with PAK1 siRNA and siNC (synthetized by

GenePharma) using Lipo8000 (Beyotime) according to the manufacturer’s instructions. After 48 h of trans-

fection, the cells were treated with OGD or other experiment. The sequences are as follows: PAK1 siRNA:

5’-GCAUCAAUUCCUGAAGAUUTT-3’; Negative control (NC): 5’-UUCUCCGAACGUGUCACGUTT-3’.

Cell viability

Cell viability of bEnd.3 after OGD/R were measured by cell counting kit-8 (CCK-8, APExBIO, Cat#K1018)

following instruction of manuals. Before the test, cells were cultured on 96-well plate and subjected to

OGD as previously mentioned. After oxygenation for 3 h or 24 h, 10 mL CCK-8 reagent was added in

100 mL medium per well. After incubation in 37�C for 1 h, OD value was detected on spectrophotometric

measurements at 450 nm.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were statistically analyzed using GraphPad Prism 7 (GraphPad software, San Diego, CA, USA). The

results were represented as mean G SEM. The normality of the data was evaluated by a Shapiro-Wilk test.
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Comparisons between two groups were evaluated by Student’s t test. Comparisons between three or more

groups were evaluated by one-way analysis of variance (ANOVA) with Dunnett’s or Sidak’s post hoc test.

Comparisons with two independent variables were evaluated by two-way ANOVA with Turkey’s post

hoc test. Particularly, non-parametric data (neurological score) or non-normality data were evaluated by

Kruskal-Wallis test with Dunn’s post hoc test. Statistical significance was considered as appropriate p value

(*p < 0.05, **p < 0.01, *** p < 0.001).
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