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Trifluoperazine regulates blood-brain barrier
permeability via the MLCK/p-MLC pathway
to promote ischemic stroke recovery

Wentao Zhang,' Sisi Chen," Bin Ma," Yingmei Ding,’ Xiaofen Liu," Caijun He," Biao Wang,' and Mei Yuan'-#:3*

SUMMARY

Blood-brain barrier (BBB) disruption following ischemic stroke (IS) can induce significant aftereffects.
Elevated calmodulin (CaM) expression following stroke causes calcium overload—a key contributor to
BBB collapse. Trifluoperazine (TFP), a CaM inhibitor, reduces CaM overexpression following IS. However,
it remains unclear whether TFP participates in BBB repair after IS. We administered TFP to mice subjected
to middle cerebral artery occlusion (MCAO) and bEnd.3 cells subjected to oxygen-glucose deprivation
(OGD). TFP treatment in MCAO mice reduced cerebral CaM expression and infarct size and decreased
BBB permeability. OGD-treated bEnd.3 cells showed significantly increased CaM protein levels and
reduced tight junction (TJ) protein levels; these changes were reversed by TFP treatment. Our results
found that TFP administration in mice inhibited actin contraction following cerebral ischemia-reperfusion
by suppressing the MLCK/p-MLC pathway, thereby attenuating cell retraction, improving TJ protein
integrity, and reducing BBB permeability. Consequently, this treatment may promote neurological func-
tion recovery after IS.

INTRODUCTION

Stroke is the third major cause of death and disabilities worldwide." Stroke includes both the ischemic and hemorrhagic phenotypes. Approx-
imately 85% of strokes are ischemic.” As the most common phenotype of stroke, ischemic stroke (IS) has significant mortality, morbidity, and
recurrence rates and a limited recovery rate,** which makes the development of effective treatments for IS an urgent matter. Most cases of IS
(~80%) involve the middle cerebral artery (MCA) region,” so animal models of stroke usually focus on the MCA territory. Numerous studies have
recently been conducted on MCA occlusion (MCAO), and the treatment of MCAQ is an important topic in the field of neurological research.

Acute cerebral ischemia has been suggested to increase vascular permeability and promote blood-brain barrier (BBB) disruption,® which is
a key feature of IS.” The BBB is formed by a complex network of endothelial cells (ECs), tight-junction (TJ) proteins, pericytes, astrocyte
processes, and basal membranes. These constituents play a crucial role in establishing an optimal microenvironment. These constituents
are essential to establish a suitable microenvironment.® The BBB is vital for maintaining the normal functions of the cerebral and nervous
systems. Major disability and poor clinical prognosis are associated with BBB disruption and the consequent cerebral edema that occurs
in 1S.” The exact mechanisms underlying the early increase in BBB permeability after cerebral ischemia/reperfusion (I/R) remain unclear. It
has been suggested that the initial BBB penetration can be partly reversed,'®'? which is considered a logical goal for the treatment of IS,
particularly, during post-ischemic reperfusion. Ischemic cerebral infarction involves complex pathophysiological processes, including cellular
calcium overabundance, energetic collapse, ion imbalance, inflammatory cellular damage, and glial cell activation, which ultimately lead to
neural apoptosis or necrosis.'’

Calcium overload is an important part of I/R injury and plays a critical role in calmodulin (CaM)-mediated ischemic brain injury."* Calcium
ions (Ca®*) are consideredtobe a major determinant of the functions of the BBB, TJ proteins, cytoskeleton, and extracellular matrix, which are
all affected by Ca®"-dependent pathways.'> CaM is a multipurpose second messenger protein that mediates calcium transduction by
coupling to Ca?*."® In a rat model of I/R injury, CaM activity was observed to be increased in brain tissues.'” Trifluoperazine (TFP) is a
CaM inhibitor that belongs to the phenothiazine group.'® A recent study reported that the inhibition of CaM with TFP prevented aquaporin
4 (AQP4) from localizing to the blood-spinal cord barrier, thereby reducing central nervous system edema and promoting functional recovery
in rats.'”

The objective of this study was to determine the efficacy of TFP in models of MCAO and reperfusion as well as elucidate its underlying
biological mechanisms. We hypothesized that the MCAO model mice would have increased vascular permeability, BBB disruption, and
increased CaM levels and that intervention with the CaM-specific inhibitor TFP would improve BBB permeability and restore motor function.
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Figure 1. BBB permeability and CaM expression are both increased after MCAO in mice
(A) Representative mean fluorescent intensity of brain sections stained with TTC one day after MCAO.
(B) Infarct volume (n = 6).
(C) mNSS score (n = 6).

(D) Representative immunofluorescence pattern of ischemic brain samples from EB and FITC-dextran leakage tests taken before and after I/R in WT mice (scale
bar, 50 pm).
(E and F) Quantitative analysis of the radiant efficiency of EB and FITC-dextran in (D) (n = 3 per group).
(G) Representative immunofluorescence images of ZO-1 or claudin-5 (red), CD31 (green), and DAPI (blue) staining of ischemic and normal brain areas in WT mice
after I/R (scale bars, 50 pm).
H and I) Quantitative analysis of CD31*ZO-1" and CD31"claudin-5" cells as a percentage of CD31" cells (n = 6 per group).

J) Western blotting analysis of the levels of the TJ-related proteins ZO-1, occludin, and claudin-5 in WT mice before and after I/R.

L) Western blotting analysis of CaM protein expression levels in WT mice before and after I/R.
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(K) Quantitative analysis of the expression levels of ZO-1, occludin, and claudin-5 in (J) (n = 3 per group).
(
(

Protein ratio(/B-actin)

Protein ratio(/B-actin)

m

Mean Fluorence
Intensity (MFI) of dextran

Mean Fluorence
Intensity (MF1) of EB

%Z0-1*CD31*/CD31* cells

%Claudin-5'CD31*/CD31* cells

100
80
60
40

20

100

iScience

== MCAO
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Figure 2. EC permeability and CaM expression are both increased after OGD in bEnd.3 cells

(A and B) FITC-dextran transport assay showing the permeability of bEnd.3 cells before and after OGD (n = 3 per group).

(C) Representative immunofluorescence images of TJ proteins (claudin-5, occludin, and ZO-1) in bEnd.3 cells after OGD (scale bar, 20 pm).
(D-F) Quantitative evaluation of the fluorescence intensity of claudin-5, occludin, and ZO-1 in (C) (n = 6 per group).

(G) Western blotting analysis of the levels of the TJ proteins ZO-1, occludin, and claudin-5 in WT mice after OGD.

(H) Quantitative analysis of the expression levels of ZO-1, occludin, and claudin-5 in (F) (n = 3 per group).

(I) Western blotting analysis of the CaM protein expression levels in bEnd.3 cells before and after OGD.

(J) Quantitative analysis of the expression levels of CaM in (I). Data are represented as mean + SEM. *p < 0.05, **p < 0.01.

We also conducted experiments to determine the mechanisms underlying the aforementioned changes. We hope that the results of the cur-
rent study will provide a theoretical basis that drives the development of potential clinical treatments for IS.

RESULTS
BBB permeability and CaM expression both increased after MCAO in mice

The MCAO model mice exhibited a significant increase in neurological deficit scores and significant areas of infarction (Figures 1A-1C). To
investigate possible changes in BBB permeability after transient cerebral ischemia, we analyzed BBB permeability in the MCAO model wild-
type (WT) mice by using EB and dextran leakage tests. Comparison of the fluorescence intensity of EB leakage revealed that BBB permeability
was increased in mice after I/R, as compared with the control mice; this finding was confirmed by measuring the fluorescence intensity of
dextran leakage (Figures 1D-1F). We immunofluorescence-labeled ZO-1, claudin-5, and the EC marker CD31 in the ischemic penumbra
and found that the number of ZO-1"CD31" and claudin-5"CD31" cells was substantially reduced after MCAQO (Figures 1G-1l). Furthermore,
the claudin-5, occludin, and ZO-1 expression levels were significantly downregulated after MCAQO, as shown by the western blot analysis
(Figures 1J and 1K). Additionally, western blotting revealed a significant increase in CaM expression in the brain samples of the mice following
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Figure 3. TFP reduces BBB disruption and improves stroke outcomes after IS

(A) Western blotting analysis of CaM protein expression levels in WT mice after I/R followed by treatment with TFP at different concentrations (2, 5, 10, and
20 mg/kg).

(B) Quantitative analysis of the expression levels of CaM in (A) (n = 3 per group).

(C) Representative brain sections stained with TTC.

(D) Infarct volume (n = 6).

(E) mNSS score (n = 6).

(

)
F) Representative immunofluorescence images from EB-leakage tests taken before and after I/R followed by treatment with TFP in WT mice (scale bar, 50 mm).
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Figure 3. Continued

(G and H) Quantitative analysis of the radiant efficiency of EB in (F) (n = 3 per group).

() Representative immunofluorescence images of ZO-1 or claudin-5 (red), CD31 (green), and DAPI (blue) staining of ischemic and normal brain areas in WT mice
after I/R (scale bars, 50 pm).

(J and K) Quantitative analysis of CD31%Z0O-1" and CD31"claudin-5" cells as a percentage of CD31" cells in () (n = 6 per group).

(L-N) RT-gPCR verification of the mRNA levels of claudin-5, occludin, and ZO-1 in WT mice after I/R followed by treatment with TFP (n = 3 per group).

(O) Western blotting analysis of ZO-1, occludin, and claudin-5 in WT mice after I/R followed by TFP treatment.

(P) Quantitative analysis of the expression levels of ZO-1, occludin, and claudin-5 in (O) (n = 3 per group). Data are represented as mean + SEM. *p < 0.05,
**p < 0.01.

I/R (Figures 1L and 1M). These results clearly demonstrate that I/R disrupted the TJs and increased BBB permeability and CaM expression.
Therefore, we speculate that CaM is closely associated with BBB permeability after MCAQ.

EC permeability and CaM expression both increased after OGD in bEnd.3 cells

ECs are the major structural element of the BBB and govern the integrity of the BBB. The bEnd.3 cell line was utilized to simulate the hypoxic-
ischemic environment of vascular endothelial cells following ischemic stroke in vivo through OGD treatment. In accordance with previous liter-
ature,”%?" we designed three distinct durations for OGD treatment: 2 h, 4 h, and 6 h. Our findings revealed that the cells exhibited a relatively
impaired state after undergoing a 6-h OGD treatment. Therefore, we conducted a 4-h OGD treatment followed by a subsequent recovery
period of 4 h under normal culture conditions. The addition of FITC-dextran for permeation experiments showed that before OGD, cell
permeability was less than 1% in the two groups, without any significant differences among the groups (Figure 2A). After OGD, FITC-dextran
permeability markedly increased in the OGD group (Figure 2B). In addition, the TJs were disrupted in the OGD group (Figures 2C-2F). Consis-
tent results were found using western blot analysis (Figures 2G and 2H). In agreement with the findings in the ischemic brain samples, cells
subjected to OGD exhibited an increase in CaM protein expression (Figures 2| and 2J). Collectively, the aforementioned data demonstrate
the consistency of the in vivo and in vitro results.

TFP reduces BBB disruption and improves outcomes after MCAO in mice

As an antagonist of CaM,”” TFP has been found to improve recovery from motor dysfunction and other impairments after MCAQ.'® Here, we
treated MCAQ mice with TFP to investigate its possible effects. To determine the optimal concentration of TFP, we measured the expression
levels of CaM in mouse brain tissue samples after treatment with different doses of TFP (2, 5, 10, and 20 mg/kg; Figures 3A and 3B), based on
the previously reported effects of TFP in rodents.'®?*?* An equal volume of saline was given to the sham group. Ultimately, 10 mg/kg was
chosen as the TFP dose. We assessed the level of brain damage in the MCAO mice after TFP treatment following IS. Compared with the
MCAO group, the MCAO+TFP group showed significantly reduced infarct volumes and significantly improved neurological function
(Figures 3C-3E). The immunofluorescence patterns showed that TFP significantly reduced EB and dextran extravasation in MCAO mice
(Figures 3F=3H). Co-localization of TJ proteins with the EC marker CD31 was significantly reduced after MCAQ; however, this co-localization
was increased after the administration of TFP (Figures 31-3K). Furthermore, the results of the RT-qPCR assays supported the aforementioned
findings (Figures 3L-3N). Western blotting confirmed that the expressions of ZO-1, claudin-5, and occludin increased after TFP treatment, as
compared with the MCAO group (Figures 30 and 3P). The aforementioned results indicate that TFP reduced BBB damage and improved
neurological function after MCAQ in mice.

TFP represses CaM expression levels and decreases BBB breakdown after OGD in bEnd.3 cells

To directly determine the effects of TFP treatment on endothelial integrity and barrier function, we treated bEnd.3 cells with TFP and used
FITC-dextran for the bEnd.3 permeabilization experiments. The results showed that before OGD, cell permeability was less than 1% in all
three groups, without any significant difference between the groups (Figure 4A). After OGD, the FITC-dextran permeability was significantly
increased in both the OGD and OGD+TFP groups, but the increase was lower in the OGD+TFP group than in the OGD group (Figure 4B). We
also examined the level of CaM expression after OGD. Consistent with the aforementioned in vivo experiment, CaM showed a decreasing
trend after TFP treatment (Figures 4C and 4D). Immunofluorescence staining of claudin-5, occludin, and ZO-1 demonstrated that the fluores-
cence intensity of the TJs was significantly higher in the OGD+TFP group than in the OGD group (Figures 4E-4H). Furthermore, the results of
the RT-gPCR (Figures 4l-4k) and the western blot assays (Figures 4L and 4M) supported the aforementioned findings. These results collec-
tively suggest that TFP can decrease CaM expression and maintain the integrity of ECs.

MLCK plays a key role in the regulation of BBB permeability after MCAO

To further investigate the mechanism of BBB breakdown due to elevated CaM expression after MCAO, we reviewed the available literature
and found that calcium overload after stroke leads to the activation of MLCK, which in turn causes BBB Ieakage.1b MLCK is a CaM-dependent
kinase.”® We therefore investigated MLCK expression in vivo and in vitro. First, the immunofluorescence results showed that the expression of
MLCK was significantly higher in the vascular endothelium in the MCAO group than in the control group, and after treatment with TFP, the
vascular MLCK expression was significantly reduced (Figures 5A and 5B). These results were also confirmed in the cell studies. The in vitro
MLCK level was significantly increased after OGD and decreased after TFP treatment (Figures 5C-5D). To investigate the impact of MLCK
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Figure 4. TFP represses CaM expression levels and decreases BBB breakdown after OGD
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**p < 0.01.

Quantitative analysis of the expression levels of CaM in (C) (n = 3 per group).

F-H) Quantitative evaluation of the fluorescence intensity of claudin-5, occludin, and ZO-1 in (E) (n = 6 per group).
I-K) RT-gPCR verification of the mRNA levels of claudin-5, occludin, and ZO-1 in bEnd.3 cells after OGD followed by treatment with TFP (n = 3 per group).
L) Western blotting analysis of ZO-1, occludin, and claudin-5 in bEnd.3 cells treated with TFP after OGD.

) Quantitative analysis of the expression levels of ZO-1, occludin, and claudin-5 in (L) (n = 3 per group). Data are represented as mean + SEM. ns, p > 0.05,

A and B) FITC-dextran transport assay showing the permeability of bEnd.3 cells treated with TFP before and after OGD (n = 3 per group).
C) Western blotting analysis of CaM protein expression levels in bEnd.3 cells treated with TFP after OGD.

E) Representative immunofluorescence images of TJ proteins (claudin-5, occludin, and ZO-1) in bEnd.3 cells subjected to OGD (scale bar, 20 um).

on BBB function, we utilized co-immunoprecipitation to detect the direct binding relationship between MLCK and CaM in brain tissue from
MCAQ mice. The results showed that MLCK could bind to CaM (Figure 5E), which is in line with the results of previous studies.”® These results

implicate MLCK as the key factor in BBB dysfunction after MCAO.

MLCK overexpression reverses the TFP-induced reduction in bEnd.3-cell permeability

To further confirm the MLCK-mediated regulation of BBB permeability after MCAQO, we transfected bEnd.3 cells with an MLCK-overexpressing
lentivirus and validated the transfection efficiency (Figures STA and S1B). Before OGD, the cell permeability was below 1%, without any
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Figure 5. MLCK plays a key role in the regulation of BBB permeability after MCAO

(A) Representative immunofluorescence images of MLCK (red), CD31 (green), and DAPI (blue) staining of the mouse brain after MCAQ followed by treatment with
TFP (scale bars, 50 um).

(B) Quantitative analysis of CD31"MLCK" cells as a percentage of CD31" cells in (A) (n = 6 per group).

(C) Representative immunofluorescence images of MLCK (green), CD31 (red), and DAPI (blue) staining of bEnd.3 cells after OGD (scale bars, 20 um).

(D) Quantitative analysis of the fluorescence intensity of MLCK in (C) (n = 6 per group).

(E) Brain tissue lysates from the indicated MCAO mice were immunoprecipitated with CaM antibody. The pellets were subjected to western blotting with
antibodies against MLCK. Data are represented as mean + SEM. ns, p > 0.05, *p < 0.05, **p < 0.01.

significant difference between the groups (Figure 6A). TFP treatment significantly reduced the permeability of bEnd.3 cells compared with the
OGD group. However, the overexpression of MLCK counterbalanced this effect of TFP (Figure 4B). Immunofluorescence experiments revealed
that the fluorescence intensities of claudin-5, occludin, and ZO-1 proteins were much higher in the OGD+TFP and OGD+TFP+control lentivirus
groups than in the OGD+TFP+MLCK-overexpressing lentivirus group (Figures 6C-6F). We also measured the expression of TJ proteins by us-
ing western blot analysis. As expected, the expression levels of TJ proteins were increased after the overexpression of MLCK (Figures 6G and
6H). Together, these results suggest that MLCK is involved in the regulation of the intercellular permeability of bEnd.3 cells after OGD.

Overexpression of MLCK reversed the TFP-mediated reduction in BBB permeability in MCAO mice

To further test our hypothesis that MLCK reverses the TFP-induced reduction in BBB permeability in MCAO mice, we transfected the mice
with an MLCK-overexpressing lentivirus and verified the transfection efficiency (Figures S1C and S1D). We administered the lentivirus four
weeks before MCAO, assessed the BBB permeability after I/R, and performed neurological function examinations. We found that EB and
FITC-dextran leakage were significantly lower in the TFP+control virus groups and significantly higher in the TFP+MLCK overexpression
groups than in the MCAO group (Figures 7A-7C). The co-localization of ZO-1 and claudin-5 with CD31 was significantly reduced in the
MLCK overexpression group as compared with the MCAO+TFP and MCAO+TFP+control virus groups and was at a similar level to the
MCAO group (Figures 7D-7F). In addition, western blot analysis showed similar results (Figures 7G and 7H). The neurological scores in
the in vivo experiments revealed that MLCK overexpression reversed the positive effects of TFP treatment (Figure 71). These results suggest
that MLCK is involved in regulating the altered vascular permeability after MCAO in mice.

TFP regulates BBB permeability via the MLCK/p-MLC signaling pathway and contributes to neurological recovery

MLCK is widespread in ECs and phosphorylates myosin light chain (MLC) in a Ca?*-dependent manner.”’~*” MLCK strictly regulates MLC
phosphorylation levels and promotes actin contraction, cytoskeletal contraction, cytoplasmic contraction, and TJ separation by phosphory-
lating MLC, which is a conventional mechanism for disrupting the intercellular barrier.>*" Here, we also demonstrated how TFP regulates
vascular permeability after BBB via the MLCK/p-MLC pathway. We performed western blot experiments on brain tissues from differently
treated mice, and the results showed that the protein levels of MLCK and p-MLC were higher in the MCAO group and significantly lower
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Figure 6. MLCK overexpression reverses the TFP-mediated reduction in the permeability of bEnd.3 cells

(A and B) FITC-dextran transport assay showing the permeability of bEnd.3 cells in the OGD, OGD+TFP, OGD+TFP+LV CON, and OGD+TFP+LV MLCK-OE
groups before and after OGD (n = 3 per group).

(C) Representative immunofluorescence images of TJ proteins (claudin-5, occludin, and ZO-1) in bEnd.3 cells in the OGD, OGD+TFP, OGD+TFP+LV CON, and
OGD+TFP+LV MLCK-OE groups after exposure to OGD (scale bar, 20 um).

(D-F) Quantitative evaluation of the fluorescence intensity of claudin-5, occludin, and ZO-1 in (C) (n = 6 per group).

(G) Western blotting analysis of ZO-1, occludin, and claudin-5 in bEnd.3 cells in the OGD, OGD+TFP, OGD+TFP+LV CON, and OGD+TFP+LV MLCK-OE groups.

(H) Quantitative analysis of the expression levels of ZO-1, occludin, and claudin-5 in (G) (n = 3 per group). Data are represented as mean + SEM. ns, p > 0.05,
**
p <001

in the MCAO+TFP group than in the control group. The overexpression of MLCK significantly increased the levels of p-MLC (Figures 8A and
B). The results of immunofluorescence analysis revealed that the overexpression of MLCK increased the fluorescence intensity of p-MLC in the
ECs, indicating that TFP reduces the increased permeability of the BBB after MCAO by activating the MLCK/p-MLC signaling pathway
(Figures 8C and 8D). The aforementioned findings collectively suggest that TFP regulates vascular permeability through the MLCK/p-MLC
pathway and aids neurological recovery after MCAO.

DISCUSSION

The purpose of this study was to investigate the effects of TFP on BBB integrity after IS. In mice subjected to MCAQO followed by reperfusion for
24 h, TFP treatment significantly reduced infarct size and BBB breakdown, as measured by the TTC, EB, and FITC-dextran permeation assays.
To further confirm the MLCK-mediated regulation of BBB permeability after MCAO, we transfected bEnd.3 cells with an MLCK-overexpressing
lentivirus, and the results validated the in vivo findings. As a unique microvascular structure in the brain, the BBB helps regulate the passage of
materials between the blood and the brain and maintains a homeostatic microenvironment for appropriate neuronal function.® Following IS,
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Figure 7. Overexpression of MLCK reversed the TFP-mediated reduction in BBB permeability in MCAO mice

(A) Representative immunofluorescence images of ischemic brain samples from the EB and FITC-dextran tests of mice in the MCAO, MCAO+TFP,
MCAO+TFP+LV CON, and MCAO+TFP+LV MLCK-OE groups (scale bar, 50 um).

(B and C) Quantitative analysis of the fluorescence intensity of EB and FITC-dextran in (A) (n = 3 per group).

(D) Representative immunofluorescence images of ZO-1 or claudin-5 (red), CD31 (green), and DAPI (blue) staining of the ischemic brain tissues of mice after I/R in
the MCAO, MCAO+TFP, MCAO+TFP+LV CON, and MCAO+TFP+LV MLCK-OE groups (scale bars, 50 um).

(E and F) Quantitative analysis of CD317ZO-1" and CD31"claudin-5" cells as a percentage of CD31" cells in (D) (n = é per group).

(G) Western blotting analysis of the levels of the TJ-related proteins ZO-1, occludin, and claudin-5 in mice after I/R in the MCAO, MCAO+TFP, MCAO+TFP+LV
CON, and MCAO+TFP+LV MLCK-OE groups.

(H) Quantitative analysis of the expression levels of ZO-1, occludin, and claudin-5 in (G) (n = 3 per group).

(I) mNSS score (n = 6 per group). Data are represented as mean + SEM. ns, p > 0.05, *p < 0.05, **p < 0.01.
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Figure 8. TFP regulates BBB permeability via the MLCK/p-MLC signaling pathway and contributes to neurological recovery

(A) Western blotting analysis of MLCK, p-MLC, and MLC in mice after I/R in the MCAO, MCAO+TFP, MCAO+TFP+LV CON, and MCAO+TFP+LV MLCK-OE
groups.

(B) Quantitative analysis of the expression levels of MLCK and p-MLC in (A) (n = 3 per group).

(C) Representative immunofluorescence images of p-MLC (red), CD31 (green), and DAPI (blue) staining of mouse brain tissues after I/R in the sham, MCAO,
MCAO+TFP, MCAO+TFP+LV CON, and MCAO+TFP+LV MLCK-OE groups (scale bars, 50 pm).

(D) Quantitative analysis of CD31p-MLC" cells as a percentage of CD31" cells in (D) (n = 6 per group). Data are represented as mean + SEM. ns, p > 0.05,
*p < 0.05, **p < 0.01.

the integrity of the BBB is compromised, which allows immune cells, pathogens, and harmful substances in the blood to enter the brain pa-
renchyma more easily. This leads to a cascade of secondary injuries,*” including vasogenic cerebral edema and hemorrhagic transformation,
which may limit the use of tissue-type fibrinogen activator.”** The current consensus is that the protection of BBB integrity in the early stages of
IS after recanalization therapy is of great clinical value; however, there is virtually no clinically efficient treatment available to preserve the BBB.
Therefore, preventing the disruption of the BBB following IS can be considered as an effective strategy for the clinical management of IS.

In WT mice subjected to 24 h of reperfusion after MCAO, TFP treatment significantly reduced infarct size and BBB breakdown, as
measured by the TTC, EB, and FITC-dextran permeation assays. TFP is an inhibitor of CaM, one of the most important intracellular proteins
for binding Ca®*. Calcium overload is a major component of ischemic injury and plays an important role in the mechanism of CaM-mediated
brain ischemia.'” By altering the activity of Ca?*-CaM-dependent protein kinase II, protein kinase C, phospholipase A2, proteases, nitric oxide
synthase, calcineurin, and endonuclease, Ca®*-CaM complexes trigger a cascade of tissue injuries.'® Intercellular junctions and/or cytoskel-
etal proteins are the main targets of Ca?*-activated signaling pathways. The balance between cell-cell adhesion and cytoskeletal contraction
is essential for the regulation of BBB permeability. A perturbation of this balance is expected to enhance the diffusion of substances across the
BBB. The endothelium of the BBB has zipper-like junctional complexes, consisting of TJs and adhesive junctions, which connect adjacent ECs
and limit paracellular diffusion across the endothelium.'® Our results suggest that TFP can rescue the TJ-protein loss caused by MCAO.
Furthermore, these results were validated in an in vitro OGD model. In conclusion, our study provides important evidence that TFP protects
BBB function and integrity after ischemia/hypoxia by inhibiting CaM expression and increasing TJ protein expression.

In subsequent experiments, we investigated the mechanism underlying the TFP-mediated inhibition of CaM expression that protects the
functional integrity of the BBB after IS. The TJs between the ECs of the BBB limit the pathway for water-soluble compounds to diffuse from the
blood into the brain. The BBB is an elaborate composite of transmembrane proteins (e.g., junctional adhesion molecule-1, occludin, and clau-
dins) and cytoplasmic proteins (e.g., ZO-1, ZO-2, cingulin, AF-6, and 7H6) bound to the actin cytoskelc-jton.34 The separation of the inter-EC
junctions (such as TJ and adherent junction dissociation) and contraction of the EC cytoplasm, which are both dependent on the activity of EC
molecular motor myosin Il are the main mechanisms driving the EC hyperpermeability response.** MLCK plays a crucial role in regulating
the response of the vascular barrier to mechanical and inflammatory stimuli as well as in modulating EC permeability.’-** MLCK functions as a
CaM-dependent kinase that triggers ATP-dependent actin contraction, cytoskeletal shrinkage, cytoplasmic retraction, and the disruption of
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intercellular TJs (including occludin and claudins) through the phosphorylation of MLC.*~" The stabilization of ZO-1 at the TJs is linked to the
regulation of vascular barrier function, and this regulation in vivo requires the action of MLCK, suggesting that MLCK-dependent ZO-1 ex-
change is critical for barrier-regulating mechanisms.** Tinsley et al. introduced MLCK into an in vitro model of a monolayer of coronary
vein ECs and observed that MLCK significantly increased the phosphorylation level of MLC (approximately 60%), which was accompanied
by an increase in the amount of albumin throughout the endothelium. After the addition of the MLCK inhibitor ML-9, the permeability of
the ECs was reduced, and the cells adhered tightly again.** Hicks et al. also found that inhibiting MLCK with ML-7 can decrease the abnormal
increase in the permeability of the BBB."

Increasing evidence suggests that MLCK phosphorylates MLC in a calcium-dependent manner as a routine mechanism of TJ disruption. '
The activation of MLCK by Ca?* and CaM plays an important role in many cellular physiological functions. CaM-MLCK binding occurs as
described here. Ca®* enters the cytosol and binds to 4 Ca®*-binding sites on CaM, which causes a dramatic conformational change in
CaM.*>*¢ CaM then binds to the CaM-binding region of MLCK, inducing a conformational change in MLCK that enables the activation of
this kinase by displacing an autoinhibitory sequence from the catalytic domain of the kinase.*” The study by MacEwen et al. supported
the occurrence of CaM-MLCK binding by using mathematical modeling and biochemical analysis.?® In the absence of Ca®* or CaM,
MLCK remains dormant because it is bound to its own pseudosubstrate domain, which has sequence homology to MLC, the physiological
substrate. When CaM is present, this region is removed from the catalytic active position; the enzyme then actively phosphorylates itself.*®
The binding of MLCK to CaM was demonstrated in our study by means of co-immunoprecipitation. Based on these findings, we hypothesized
that TFP regulates the permeability of the BBB via the MLCK/p-MLC pathway and promotes the recovery of neuronal functions. In subsequent
experiments, we found that MLCK expression was significantly reduced in the MCAO model as compared with the sham group. Overexpress-
ing MLCK by lentiviral transfection significantly reversed the beneficial effects of TFP on BBB protection and neurological function under hyp-
oxic and ischemic conditions both in vivo and in vitro.

After MCAO, the BBB is disrupted, TJs are detached, and CaM is elevated. Our results suggest that after I/R, TFP regulates BBB perme-
ability and TJ protein integrity via the CaM/MLCK/p-MLC pathway to improve stroke prognosis. Our findings suggest that the inhibition of
CaM binding with MLCK by TFP holds promise as a therapeutic strategy for BBB injury following cerebral ischemia.

Limitations of the study

It should be acknowledged that there are certain limitations in this study. Our study revealed an upregulation of CaM expression and destruc-
tion of the BBB structure in MCAQO mice, whereas TFP demonstrated its ability to protect the BBB in MCAO mice through the CaM/MLCK/
p-MLC pathway. However, this study primarily focused on elucidating the pivotal role of MLCK in maintaining BBB integrity. Further investi-
gation is warranted to explore whether TFP also safeguards BBB function after MCAO through alternative mechanisms.
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rabbit anti-Claudin5 Abcam Cat#ab15106

rabbit anti-Occludin CST Cat#91131S

rabbit anti- ZO-1 Invitrogen Cat#40-2200

rabbit anti-ZO-1

Proteintech

Cat#21773-1-AP

rabbit anti- MLCK Abcam Cat#ab76092
rabbit anti-p-MLC CST Cat#95777S
anti-rabbit Alexa Fluor 594 Abcam Cat#ab 150080
anti-rabbit Alexa Fluor 488 Abcam Cat#ab150077
rabbit anti-B-actin CST Cat#4970
rabbit anti- MLCK Abcam Cat#ab76092
rabbit anti-MLC Abcam Cat#ab92721
rabbit anti-CaM Abcam Cat#ab45689
mouse anti-CaM Abcam Cat#ab2860
Protein A+G agarose beads Beyotime Cat#P2055
goat anti-rabbit IgG (H+L) Elabscience Lot E-AB-1003
goat anti-mouse 1gG (H+L) Elabscience Lot E-AB-1001
Chemicals, peptides, and recombinant proteins

Trifluoperazine Solarbio Lot 440-17-5

DMEM without glucose

Thermo Fisher Scientific

Lot 11966025

DMEM Thermo Fisher Scientific Lot 11965092

FBS Inner Mongolia Opcel Biotechnology Cat#BS-1105

Penicillin & Streptomycin Thermo Fisher Scientific Lot 15140122

Triphenyltetrazolium chloride Solarbio Lot IT0160

Evans blue dye Sigma-Aldrich Cat#E2129

FITC-dextran Sigma-Aldrich Cat#FD40S-100MG

Bovine serum albumin Sigma-Aldrich Lot 10711454001

RIPA lysis buffer Sigma-Aldrich Cat#20-188

Enhanced chemiluminescence reagents MIKX Lot MK-S500

RIPA buffer Beyotime Lot PO013B

Critical commercial assays

BCA Protein Quantification Kit Yeasen Cat#20201ES76

Experimental models: Cell lines

bEnd.3 Procell Cat#CL-0598

Oligonucleotides

Primers for qRT-PCR, see Table S1 This paper N/A

Software and algorithms

ImageJ National Institutes of Health N/A

SPSS v22.0 IBM https://www.ibm.com/support/pages/spss-statistics-220-
available-download

Zen 2 Zeiss N/A
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Mei Yuan
(2012020002@usc.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e 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

The Ethics Committee for Scientific Research of the University of South China approved all the approaches used for breeding, caring for, and
testing the experimental animals. We purchased wild-type (WT) C57BL/6J mice (age, 8-10 weeks; weight, 20-23 g) from SJA Laboratory An-
imal (Hunan, China). Since the female estrous cycle induces changes in estrogen levels that could cause changes in infarct size and neurolog-
ical outcomes, this study used male mice only. Mice were housed in a temperature- and humidity-controlled animal facility with a 12-h light-
dark cycle. Food and water were provided ad libitum. Animals were randomly assigned to the sham surgery, stroke, or post-stroke treatment
groups. The core temperature of the mice was maintained at 37°C + 0.5°C by using a heating pad throughout the experiment.

MCAO model mice and drug administration

Mice were anaesthetized (ketamine/xylazine/acepromazine, 50:5:1 mg/kg, i.p.) until they failed to respond to the tail-pinch test. A tethered
thread with a silicon-coated tip was inserted into the common carotid artery, advanced to the origin of the MCA, and left in place. After 2 h of
ischemia, reperfusion was achieved by removing the suture for 24 h. Rectal temperature was maintained at 37.0°C £ 0.5°C during the surgery
by using a temperature-controlled heating pad. Sham-operated animals underwent exactly the same anesthesia and surgical procedures,
except for the MCAO occlusion.”? TFP (Solarbio, Beijing, China) was dissolved in normal saline and prepared at various concentrations.
The TFP solution was administered intraperitoneally at doses of 2 mg/kg, 5 mg/kg, 10 mg/kg, and 20 mg/kg at 30 min before stroke induction
and 1 h after stroke induction. The selection of the dosage and timing of administration was based on previous literature examining the effects
of TFP in rodent models.'é2%C

Cell culture and reagents

The mouse brain endothelial cell (EC) line bEnd.3 was obtained from Procell (Wuhan, China). The bEnd.3 cells were cultured in Dulbecco
modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Inner Mongolia Opcel Biotechnology, Inner Mongolia,
China), 1% penicillin, and 1% streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) in a humidified incubator (at 37°C with 5% CO,
and 95% air). The medium was changed every 2-3 days, and the cells were passaged no more than 3 times before use.

METHOD DETAILS

Measurement of infarct volume

Infarct volumes were calculated as described previously.”' Mice were anaesthetized and sacrificed at 24 h after MCAQ, and their brains were
cut into 5 coronal sections (1 mm thick) and stained with 2% triphenyltetrazolium chloride (TTC; Solarbio, Beijing, China) for 20 min at 37°C.
After fixation in 4% paraformaldehyde, the sections were photographed and analyzed using ImageJ software. Infarct volume was calculated
as a percentage of the whole brain after correction for edema. The volume of the non-ischemic ipsilateral cerebral hemisphere was subtracted
from the volume of the whole contralateral hemisphere to obtain the volume of the infarct, which was expressed as a percentage of the total
volume of the contralateral hemisphere.

Evans blue dye assays

After I/R, the mice were injected via the tail vein with 0.1 mL of 2% Evans blue (EB; Sigma-Aldrich, St. Louis, MO, USA) or 0.1 mL of 2% fluo-
rescein isothiocyanate (FITC)-dextran (MW: 40 kD; Sigma-Aldrich, St. Louis, MO, USA). The appearance of blue in the eyes and skin of the mice
was observed after the EB/FITC injection. At 1 h after the injection, the mice were perfused with phosphate-buffered saline (PBS), and their
brain tissues were harvested after the mice were euthanized with cervical dislocation. Fluorescence imaging was performed using a fluores-
cence microscope (Zeiss Apotome 2, JPN), and the images were analyzed and quantified using ImageJ software.>
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Behavioral tests

The modified Neurological Severity Score (mNSS) was used as the behavioral test, which includes a comprehensive analysis of sensory func-
tion, motor function, autonomic dysreflexia, and balance. A normal score is 0, and higher scores reflect more severe neurological deficits.”®
The behavioral tests were conducted in a double-blind manner.

Oxygen-glucose deprivation and reoxygenation

We subjected bEnd.3 cells to oxygen-glucose deprivation (OGD), as previously described, to mimic the in vivo ischemic-hypoxic environ-
ment.”* In brief, after being washed with warm glucose-free DMEM (Thermo Fisher Scientific, Waltham, MA, USA), the cells were transferred
to an anaerobic chamber containing 94% Ny, 5% CO,, and 1% O, at 37°C for 4 h. The cells were returned to normoxic culture conditions for 4 h
for recovery. Some bEnd.3 cells that were treated identically, except for the OGD, served as a control group.?’

In vitro trans-endothelial permeability assay

FITC-dextran was used to determine trans-endothelial permeability. First, bEnd.3 cells were seeded in the upper chamber of a 24-well Transwell
chamber with a 0.4-um filter insert (Corning, NY, USA). The cells were allowed to reach full confluence. After OGD, 40-kDa FITC-dextran (1 mg/mL;
Sigma-Aldrich, St. Louis, MO, USA) was injected into the upper chamber. The fluorescence intensity was detected at 490 nm and 520 nm, by using
Varioskan LUX (Thermo Fisher Scientific, Waltham, MA, USA) after 40 pL of the medium was removed from the lower chamber and shaken for 1 h.
The negative control cells were treated with PBS, and the positive control cells were treated with FITC-dextran. The positive controls were initially
added to the upper chamber. Trans-endothelial permeability was estimated by calculating the percentage of FITC-dextran transported into the
lower chamber as follows: FITC-dextran transport (%) = (lower chamber medium fluorescence intensity — negative control)/positive control.

Lentiviral transfection

GENECHEM (Shanghai, China) generated a lentivirus overexpressing myosin light chain kinase (MLCK) by utilizing the GV341 vector. For the
in vitro experiments, bEnd.3 cells were grown uniformly in 6-well culture plates, and used for transfection experiments when the cells grew to
approximately 60%-80% confluence. For the in vivo experiments, the lentiviral vector was injected into the mouse brain as previously re-
ported.”>*° In brief, injections were administered at the following coordinates, which were located using a stereotaxic instrument: 0.5 mm
anterior to the bregma, 2.0 or 3.0 mm lateral (right) to the sagittal suture, and 1.0 or 2.8 mm from the cranial surface. Concentrated lentivirus
(0.5 pL total, 2¥107 transducing units/mL) was injected at the above sites at a rate of 0.5 uL/min. After the lentivirus injection, the needle was
held in place for 5 min, and then slowly removed to allow the lentivirus to be well absorbed. At 4 weeks after the lentivirus microinjections, the
mice were randomly assigned to the sham operation group or stroke model group.

Immunofluorescence assay

Tissue or cell samples were washed 3 times with PBS and then treated with 0.5% Triton X-100 in PBS for 30 min before being fixed in 5% bovine
serum albumin (Sigma-Aldrich, St. Louis, MO, USA) in PBS for 1 h. Next, the samples were incubated with the primary antibodies at 4°C for
16-20 h. After being rinsed with PBS, the samples were incubated with the secondary antibodies at 37°C for 1 h. Finally, the samples were
mounted using Fluoroshield™ (GeneTex Inc.) containing DAPI, and examined using fluorescence microscopy (Zeiss Apotome 2, JPN). Quan-
titative analysis was performed using ImageJ software.

We used the following primary antibodies and secondary antibodies at the indicated dilutions: goat anti-CD31 Alexa Fluor 488-conjugated
antibody (1:400, R&D, Minneapolis, MN, USA), rabbit anti-Claudin-5 (1:100, Abcam, Cambridge, MA, USA), rabbit anti-Occludin (1:100, CST, Dan-
vers, MA, USA), rabbit anti- zonula occludens (ZO)-1 (1:200, Invitrogen, Carlsbad, CA, USA), rabbit anti-MLCK (1:200, Abcam, Cambridge, MA,
USA), rabbit anti-p-MLC (1:50, CST, Danvers, MA, USA), and anti-rabbit Alexa Fluor 488 or Alexa Fluor 594 (1:400, Abcam, Cambridge, MA, USA).

Western blotting

Total protein was extracted using radioimmunoprecipitation assay (RIPA) lysis buffer (Sigma-Aldrich, St. Louis, MO, USA) and quantified using
the BCA Protein Quantification Kit (Yeasen, Shanghai, China). Equal quantities of protein from each sample were mixed with the loading
buffer and boiled for 5 min. The final fractionation was performed using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE); then, the samples were transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, USA) and subjected
to SDS-PAGE splitting. Finally, the protein samples were validated using ChemiDoc XRS Plus (Bio-Rad, Hercules, CA, USA) and enhanced
chemiluminescence reagents (MIKX, Shenzhen, China). The data obtained were validated using rabbit anti-CaM antibody (1:1000, Abcam,
Cambridge, MA, USA), rabbit anti-Claudin-5 antibody (1:1000, Abcam, Cambridge, MA, USA), rabbit anti-Occludin antibody (1:1000, CST,
Danvers, MA, USA), rabbit anti-ZO-1 antibody (1:1000, Invitrogen, Carlsbad, CA, USA), rabbit anti-MLCK antibody (1:1000, Proteintech, Wu-
han, China), rabbit anti-MLC antibody (1:1000, Abcam, Cambridge, MA, USA), and rabbit anti-p-MLC antibody (1:1000, CST, Danvers, MA,
USA). Protein loading was detected with rabbit anti-B-actin antibody (1:5000, CST, Danvers, MA, USA).

Co-immunoprecipitation assay

Mouse brain tissue was harvested, lysed in RIPA buffer (Beyotime, Shanghai, China), and quantified using the BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA). Next, 1 mg total protein extract was incubated with 2 pg mouse anti-CaM antibody (1:200, Abcam,
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Cambridge, MA, USA) at 4°C for 12-16 h. The mixture was then incubated with protein A+G agarose beads (Beyotime, Shanghai, China) for
4 h, washed at least 4 times with PBS, and boiled in SDS sample buffer (Haoran Bio, Shanghai, China) for 5 min. The protein samples were
separated using 10% SDS-PAGE gels and transferred to PVDF membranes (MilliporeSigma, Burlington, MA, USA). For co-immunoprecipita-
tion, the PVDF membranes were incubated overnight with rabbit anti-MLCK antibody (1:1000, Proteintech, Wuhan, China) at 4°C, and then,
the blots were incubated with goat anti-rabbit IgG (H+L) and goat anti-mouse 1gG (H+L) (1:5000, Elabscience, Wuhan, China) after being
rinsed with TBST, for 1 h at ambient temperature.

Quantitative real-time polymerase chain reaction assay

Total RNA was extracted from tissues and cells by using Trizol reagent (Invitrogen, Carlsbad, CA, USA). Reverse transcription was performed
using the GoScript™ Reverse Transcription System Reverse Transcription Kit (Promega, Madison, WI, USA). The GoScript™ gPCR Master Mix
Kit (Promega, Madison, WI, USA) was used for fluorescence real-time quantitative polymerase chain reaction (RT-qPCR) assays, according to
the manufacturer’s instructions. Gene expression was calculated using the 2-AACT method with GAPDH as an internal reference. Table S1
shows the sequences of the primers used for gRT-PCR.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experimental data were analyzed using SPSS v22.0 statistical analysis software. Data were expressed as mean + standard error of mean.
Independent-samples t-tests were used for comparisons between 2 groups. Paired-samples t-tests were used for comparisons between pre-
and post-treatment values. One- or two-way analysis of variance (ANOVA) with the Tukey post-hoc test was used to analyze differences be-
tween 3 or more groups or between groups over time. Statistical significance was defined as P <0.05. Data are represented as mean + SEM.
ns, P> 0.05, *P < 0.05, **P < 0.01.
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