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Carotid artery vascular stenosis 
causes the blood-CSF barrier damage 
and neuroinflammation
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Abstract 

Background The choroid plexus (ChP) helps maintain the homeostasis of the brain by forming the blood-CSF bar-
rier via tight junctions (TJ) at the choroid plexus epithelial cells, and subsequently preventing neuroinflammation 
by restricting immune cells infiltration into the central nervous system. However, whether chronic cerebral hypoper-
fusion causes ChP structural damage and blood-CSF barrier impairment remains understudied.

Methods The bilateral carotid stenosis (BCAS) model in adult male C57BL/6 J mice was used to induce cerebral 
hypoperfusion, a model for vascular contributions to cognitive impairment and dementia (VCID). BCAS-mediated 
changes of the blood-CSF barrier TJ proteins, apical secretory  Na+-K+-Cl− cotransporter isoform 1 (NKCC1) protein 
and regulatory serine-threonine kinases SPAK, and brain infiltration of myeloid-derived immune cells were assessed.

Results BCAS triggered dynamic changes of TJ proteins (claudin 1, claudin 5) accompanied with stimulation of SPAK-
NKCC1 complex and NF-κB in the ChP epithelial cells. These changes impacted the integrity of the blood-CSF barrier, 
as evidenced by ChP infiltration of macrophages/microglia, neutrophils and T cells. Importantly, pharmacological 
blockade of SPAK with its potent inhibitor ZT1a in BCAS mice attenuated brain immune cell infiltration and improved 
cognitive neurological function.

Conclusions BCAS causes chronic ChP blood-CSF damage and immune cell infiltration. Our study sheds light 
on the SPAK-NKCC1 complex as a therapeutic target in neuroinflammation.

Keywords Chronic cerebral hypoperfusion, SPAK-NKCC1 complex, Tight junction damage, The blood-CSF barrier, 
Vascular dementia
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Background
Vascular contributions to cognitive impairment and 
dementia (VCID) have been identified as an important 
pathologic process in the initiation and progression of 
vascular dementia and Alzheimer’s disease (AD), which 
together account for approximately 60–80% of demen-
tia worldwide [1, 2]. Chronic cerebral hypoperfusion 
resulting from either large or small cerebral vessel dis-
eases (such as carotid atherosclerosis or arteriosclero-
sis) causes cognitive impairment and dementia [1, 3]. 
Characteristic pathology of VCID includes white matter 
lesions, cerebral atrophy, gliosis, and endothelial dam-
age [1, 4]. Neuroinflammation has been determined 
as one of principal contributors to these pathological 
alterations [1, 5, 6]. The choroid plexus (ChP), located 
in the brain ventricles, is considered a key entry point 
for immune cells into the central nervous system 
(CNS) and acts as a regulatory barrier for immune cells 
between the peripheral and CNS [7–9]. The ChP con-
sists of highly vascularized stroma surrounded by a 
continuous layer of epithelial cells held together by tight 
junctions (TJs) as the blood-CSF barrier, that allows for 
a tightly regulated bidirectional immunosurveillance 
system in which immune cells can traffic through the 
ChP into the CNS, but also vice versa [7, 8]. In animal 
models of AD, β-amyloid can induce an upregulation of 
inflammatory cytokines (IL-1, IL-6, TNF-α) and matrix 
metalloproteinases (MMP-3, MMP-9) and downregula-
tion of TJs (ZO-1, claudin-1, claudin-5, occludin), lead-
ing to an early disruption of the blood-CSF barrier and 
neuroinflammation [10] [11] and progression of the dis-
ease [11]. However, whether chronic cerebral hypoper-
fusion causes impaired blood-CSF barrier structure and 
integrity and neuroinflammation remains unknown. 
Moreover, the ChP epithelial serine-proline-alanine 
kinase (SPAK) plays a multifaceted role by mediating 
immune cell signaling and modulating the secretion 
of CSF via phosphorylation and activation of the api-
cal secretory ion transporter Na–K–Cl Cotransporter 
(NKCC1) [12, 13]. This regulatory function is facilitated 
through the interaction of SPAK with the upstream 
tumor necrosis factor-alpha (TNF-α) receptor and the 
downstream ion transporter NKCC1, thus establishing 
SPAK as a critical regulatory protein in the homeosta-
sis of CSF [12, 13]. Post-infectious hydrocephalus and 
post-hemorrhagic hydrocephalus trigger activation of 
SPAK-NKCC1 protein complex in the ChP [14]. Acti-
vation of NF-kB also plays an important role in patho-
logical activation of NKCC1 in ChP epithelial cells [12, 
13, 15] and other brain cells (astrocytes, microglial, 
neurons) [16–18]. Whether the chronic hypoperfusion 
induces any changes in ChP SPAK-NKCC1 cascade also 
remains unknown.

In this study, using mouse bilateral carotid stenosis 
(BCAS)-induced VCID model, we report that BCAS led 
to chronic reduction of cerebral blood flow (CBF) by 
20–40%. At 4–8 weeks (weeks) post-BCAS, the ChP epi-
thelial cells displayed dynamic changes of TJ proteins and 
sustained upregulation of NKCC1 and dynamic changes 
of SPAK (total and phosphorylated). These changes 
were accompanied with the infiltration of myeloid-
derived immune cells in the ChP and cerebral brain tis-
sues. Importantly, post-BCAS pharmacological blockade 
of SPAK with the inhibitor ZT-1a attenuated the above 
pathological ChP damages and improved cognitive neu-
rological function in mice. Our study sheds light on the 
SPAK-NKCC1 complex as a therapeutic target in neuro-
inflammation in VCID.

Materials and methods
Materials
Novel SPAK inhibitor ZT-1a was developed as described 
before [19]. Rabbit anti-pSPAK/pOSR1 (pSer383 SPAK/
pSer325 OSR1), rabbit anti-SPAK/OSR1 were developed 
by Dr. Yang at Taiwan National University [20, 21], rab-
bit anti-SPAK was from Cell Signaling Technology (Cat# 
2281S, USA), and rabbit anti-pSPAK was from EMD 
Millipore (Cat# 07-2273, USA). Rabbit anti-NKCC1 
(S1c12a2) was from BiCelln (Cat#20302, USA), mouse 
monoclonal anti-NKCC (T4) was from the Develop-
mental Studies Hybridoma Bank (Cat# T4, Iowa City, 
IA), and rabbit anti-pNKCC1 was from EMD Millipore 
Novel (Cat# ABS1004, USA). Rabbit anti-ZO-1 was from 
Invitrogen (Cat# 40-2200, USA), rabbit anti-claudin-1 
was from Invitrogen (Cat# 51-9000, USA), mouse anti-
claudin-5 was from Invitrogen (Cat# 35-2500, USA), and 
mouse anti-cytokeratin was from Sigma (Cat# C2562, 
USA). Goat anti-rabbit 546 (Cat# A11035, USA) and 
goat-anti-rabbit 488 (Cat# A11008, USA) were from 
Thermo Fisher, and rabbit anti-GAPDH was from Cell 
Signaling (Cat# 2118S, USA). RIPA buffer (Cat# 89901, 
USA), protease inhibitor cocktail (Cat# 78438, USA), the 
mixture of BCA Reagent A solution (Cat#23228, USA) 
and BCA Reagent B solution (Cat#23224, USA) were 
from Thermo Fisher Scientific. The phosphatase inhibitor 
cocktail was from Roche (Cat# 04906837001, UAS). All 
are as described in Supplemental Table -1.

Animals
All animal studies were approved by the University of 
Pittsburgh Medical Center Institutional Animal Care 
and Use Committee, which adhere to the National Insti-
tutes of Health Guide for the Care and Use of Laboratory 
Animals and reported in accordance with the Animal 
Research: Reporting In  Vivo Experiments (ARRIVE) 
guidelines 2.0 [22]. The C57Bl/6  J strain mice used in 
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the study were purchased from Jackson laboratories (Bar 
Harbor, ME). Mice were housed in a temperature-con-
trolled room on a 12-h light/12-h dark cycle with stand-
ard mouse diet and water ad  libitum. All efforts were 
made to minimize the number of animals used.

Bilateral common carotid artery stenosis (BCAS) model
A bilateral common carotid artery stenosis (BCAS) 
model in C57BL/6 J mice (male and female, 12–16 weeks 
old, weighing 25–35 g) was induced to simulate vascular 
cognitive impairment and dementia (VCID). For BCAS 
surgery, mice were anesthetized with 3% isoflurane in a 
mixture of  N2O and  O2 (3:2) and maintained with 1.5% 
isoflurane while their body temperature was kept at 
36.5 ± 0.5  °C using a heating pad as described before 
[23]. Mice were placed in a supine position on the sur-
gical table after shaving and disinfecting the neck skin. 
A 2-cm vertical incision was made in the midline of the 
neck at 0.5 cm above the sternum. The subcutaneous tis-
sue was bluntly dissected under a surgical microscope 
to expose the bilateral common carotid arteries. The left 
common carotid artery was separated from the left vagus 
nerve and surrounding tissues. Two 7-0 silk sutures were 
passed through the proximal and distal ends of the left 
common carotid artery. The artery was gently lifted with 
the sutures, and a 0.18 mm internal diameter spring wire 
coil (Sawane Spring Company, Japan) was rotated and 
wrapped around the left common carotid artery below 
the carotid bifurcation. The right common carotid artery, 
vagus nerve, and surrounding tissues were then similarly 
separated, and the spring wire coil was wrapped around 
the right common carotid artery. The incision was closed 
and 50  μL of 0.25% bupivacaine hydrochloride was 
locally infiltrated for anesthesia. The mice were allowed 
to recover from anesthesia before being returned to their 
normal cages for daily food and water intake. Animals in 
the sham surgery group underwent the same procedure, 
except that the spring wire coil was not placed on the 
common carotid arteries. Sham or BCAS mice at 4-, 6-, 
and 8-week (wk) post-surgery were subjected to either 
neurological function assessment or biochemical studies.

Cerebral blood flow (CBF) measurement
A two-dimensional laser speckle contrast analysis sys-
tem (PeriCam PSI High Resolution with PIMSoft, Per-
imed, Sweden) was used to measure relative changes of 
cerebral blood flow (rCBF) in the mice. Mice were anes-
thetized with 3% isoflurane in a mixture of  N2O and  O2 
(3:2) and maintained with 1.5% isoflurane as described 
above. After removing the fur on the scalp and disinfect-
ing the skin, a midline incision was made on the scalp, 
and the exposed skull surface was washed with sterile 
physiological saline. The speckle images were captured 

using a camera placed 10-cm above the skull surface, cov-
ering two symmetrical and identical regions of interest 
(ROI) at each hemisphere including the cerebral frontal 
cortex and cerebellum. The CBF values were measured 
at 10–20  min before surgery, 10  min, 3  days, 7  days, 
14  days, 28  days and 56  days after Sham or BCAS sur-
gery. The percentage change of rCBF at each time point 
was calculated by comparing the mean signal intensity 
with the baseline signal intensity. To avoid potential con-
founding effects of the isoflurane on CBF, 3% isoflurane 
for induction and 1.5% isoflurane for maintenance were 
consistently used for each rCBF measurement. Different 
n values in the Sham and BCAS groups in Fig. 1C were 
due to over scheduled experiments and missing data col-
lection for 1–3 mice at day 3 and day 28 post-surgery.

Administration of SPAK inhibitor ZT‑1a
BCAS mice were randomly assigned to receive either 
vehicle (Veh) (100% DMSO, 2  ml/kg body weight/day, 
n = 30) or ZT-1a (5  mg/kg in DMSO body weight/day, 
n = 30) every 2  days via intraperitoneal (i.p.) injection 
from 14–28 days or 28–56 days post-surgery. For Fig. 3, 
the stock concentration of ZT-1a was 1.25  mg/ml (dis-
solved in 100% DMSO) and ZT-1-treated mice received 
4  ml/kg DMSO, which is within the tolerable DMSO 
dose (10  ml/kg) [24]. To reduce DMSO administration 
for Figs.  4, 5, 6, 7, 8, 9, the ZT-1a stock concentration 
was increased to 2.5 mg/ml and the ZT-1a-treated mice 
received 2 ml/kg DMSO every 2 days, which was identi-
cal to the vehicle groups.

Neurological behavioral tests
Mice were subject to neurobehavioral tests, including 
the open field test for anxiety and locomotor activity 
and the Y-maze spontaneous alternation test and novel 
spatial recognition (NSR) test for assessing spatial work-
ing memory changes. Open field test: Mice were placed 
in the center of a square apparatus measuring 40 cm in 
length, width, and height. A camera was placed on top 
of the box and connected to a behavior tracking soft-
ware (Fusion) to record the total distance traveled by the 
mice (in centimeters), vertical activity counts (measured 
by the number of beam breaks), and time spent at the 
periphery of the box over a 60-min period. Y-maze spon-
taneous alternation test: Mice were placed in a Y-shaped 
transparent arena consisting of three arms, each measur-
ing 33.7 cm in length, 6 cm in width, and 5 cm in height, 
and allowed to freely explore for 8 min. Behavior tracking 
software (Noldus Ethovision XT) was used to record the 
number of entries into each arm (counted as one entry 
when all four paws of the mouse were inside the arm) 
and the number of spontaneous alternations (defined as 
consecutive entries into each of the three arms). Y-Maze 
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Fig. 1 Bilateral carotid artery stenosis (BCAS) in mice induces sustained cerebral hypoperfusion. A Illustration of BCAS model modified 
from the paper by Ref Eun et al. [28]. B Experimental protocol. Mice underwent Sham or BCAS surgery. Arrowheads: indicate the time points 
at which the cerebral blood flow (CBF) or immunostaining (IF) were performed. C Representative periCam PSI images by a two-dimensional laser 
speckle contrast analysis system (PSI analysis) of regional CBF (rCBF) in male C57/B6J mice before, 10 min, 3 days, 7 days, 14 days, and 28 days 
after Sham or BCAS surgery. Dashedcircle: region of interest (ROI). D–F Quantification analysis of rCBF. Data are expressed as mean ± SD. n = 5–8 
per group. *p < 0.05, **p < 0.01 vs. Sham. One Sample t-test
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novel spatial recognition (NSR) test: Mice were placed 
in the Y-shaped transparent arena with three arms. The 
test was conducted in two phases: the familiarization 
phase and the test phase. Familiarization Phase: Mice 
were allowed to explore two arms of the Y-maze for 
10 min, with one arm blocked off. After the familiariza-
tion period, mice were returned to their home cage. Test 
Phase: The blocked arm was opened, and the mouse 
was returned to the Y-maze. The mouse was allowed 
to explore all three arms freely for 5 min. And behavior 
tracking software (Noldus Ethovision XT) was used to 
record the number of entries into each arm (counted as 
one entry when all four paws of the mouse were inside 
the arm) and the time spent in each arm. To assess the 
mouse’s preference for the novel arm, the Recognition 
Index was calculated as a ratio of Time spent in the novel 
arm / Total time spent in all three arms.

Immunofluorescent staining and image analysis
Mice were anesthetized with 3% isoflurane and tran-
sracially perfused with physiological saline and 4% 
paraformaldehyde. Brain tissue was stored in 4% para-
formaldehyde for 24  h and then transferred to a 30% 
sucrose solution for cryopreservation. Coronal brain 
slices (16 µm or 25 µm thickness) containing lateral ven-
tricle ChP (LVCP, located at − 0.5 to − 1.0 mm from the 
bregma approximately, 20–30 slices) were selected from 
each mouse and then blocked with blocking solution 
(10% normal goat serum (NGS) and 0.5% Triton X-100) 
at room temperature (RT) for 1 h, followed by incubation 
with primary antibodies overnight at 4  °C. On the sec-
ond day, the brain slices were washed with PBS and incu-
bated with corresponding secondary antibodies at RT 
for 1  h. After three washes, the cell nuclei were stained 
with DAPI (1:1000, dissolved in blocking solution) and 
the slices were then mounted with Vectashield antifade 
mounting medium (Vector Laboratories, Burlingame, 
CA). Negative controls were performed in brain slices 
stained only with secondary antibodies without primary 
antibodies (Supplemental Figure S2).

Fluorescent images of LVCP were acquired using 
Nikon A1R Confocal Microscope system, and a 40 × oil 

immersion objective. Three regions of interest (ROI 1–3) 
were selected from each side of the LVCP (as illustrated 
in Fig. 2A), totaling 6 ROIs/mouse brain. The same digi-
tal imaging acquisition parameters were used through-
out the study, and fluorescent images were analyzed by a 
blinded observer using Image J software for quantitative 
analysis. The mean fluorescence intensity of these 6 ROIs 
per brain (ROI 1, 2, and 3 from each side) was used for 
quantification of the mean values, represented as a single 
point on the graph for each brain. Therefore, all points on 
the graphs represented independent values from different 
mice.

Imaris 3D reconstruction of the ChP epithelial cells
Z-stacks analysis and 3D cell reconstruction of the ChP 
epithelial cells were executed using Imaris 10.0.1 pro-
gram (Andor Technology, Belfast, UK). Three differ-
ent surface analyses with Channel 2—FITC, Channel 
3—Cy3, and DAPI as the source channels were done 
to reconstruct immunostaining images of claudin-1, 
claudin-5, E-cadherin and the DAPI nuclei as 3D struc-
tures of the ChP epithelial cells, respectively. We used 
the built-in “XTension” called “Set angle of the camera”, 
which enables to set specific values for the angle, eleva-
tion, and azimuth of the camera. A similar value for the 
angle was used when taking representative images of the 
ChP epithelial cells. Identical surface detail value and 
thresholding were applied in the analysis of each channel 
respectively. To quantify nuclear pNF-kB immunosignal, 
the surface tool was used to reconstruct DAPI and uni-
form XY diameter was applied across all stacked images. 
Using the spots tool, a filter was applied to remove all 
spots outside the reconstructed DAPI surface, retaining 
only the reconstructed pNF-kB immunoreactive spots 
within the reconstructed structures. Subsequently, the 
‘Total Number of Spots’ divided by the “Total Number of 
Surfaces” was plotted for each stacked image for quantifi-
cation of nuclear pNF-kB immunosignal density.

ChP tissue preparation and immunoblotting
Mice were euthanized with  CO2 and transcardially per-
fused with ice-cold PBS as described before [25]. LVCP 

Fig. 2 BCAS induces dynamic changes of ChP SPAK-NKCC1 complex protein expression. A Representative images of left and right LVCP of Sham 
brains stained for epithelial cytoskeletal cytokeratin protein. Dashed box: ROI for data quantification. B Representative images of immunofluorescent 
staining of SPAK and NKCC1 proteins in LVCP of Sham or BCAS mice at 4, 6, or 8 weeks after surgery. Arrowheads: ROI of apical membrane 
SPAK or NKCC1 protein expression. Arrows: BCAS-induced changes of SPAK and NKCC1 protein. C Quantification analysis of SPAK and NKCC1 
immunofluorescence intensity in each group. Data are expressed as mean ± SD. n = 4 mouse brains. *p < 0.05, **p < 0.01, ***p < 0.001. One Sample 
t-test. Unpaired t-test. D Representative immunofluorescent staining images of phosphorylated SPAK (pSPAK), and NKCC1 protein (pNKCC1) in LVCP. 
Arrowheads: apical membrane expression of pSPAK or pNKCC1 protein. Arrows: BCAS-induced changes of pSPAK and pNKCC1 protein expression. 
E Quantification analysis of pSPAK and pNKCC1 immunofluorescence intensity in each group. Data are expressed as mean ± SD. n = 4 mouse brains. 
*p < 0.05. One Sample t-test. Unpaired t-test

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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was isolated under a microscope and placed in 1.5  ml 
tubes with ice-cold PBS. LVCP were incubated in RIPA 
buffer containing a phosphatase inhibitor cocktail and 
2 mM protease inhibitor cocktail. The samples were then 
centrifuged at 14,000 rpm for 10 min (4 °C). Supernatant 
was pipetted into a 0.5  ml tube and stored at −  80  °C. 
The protein concentration was determined by the BCA 
method (with a mixture of BCA Reagent A solution and 
BCA Reagent B solution (at 50:1). Protein samples (20–
30  µg) were boiled for 5  min in sample buffer at 95  °C, 
separated by 4–15% SDS-PAGE, and transferred onto a 
nitrocellulose membrane. The membrane was blocked 
with 1% BSA in PBS-T at RT for 1 h, and then incubated 
with the appropriate primary antibodies overnight at 
4 ℃. The membrane was washed with PBS-T and incu-
bated with  IRDye® horseradish peroxidase-conjugated 
secondary antibodies (1:20,000) at RT for 1  h. Protein 
bands were visualized directly using  Odyssey® Imag-
ing Systems. The density of protein bands were analyzed 
using Image J with actin expression as a loading control.

ELISA measurement of albumin in CSF and serum
Blood sample (0.5  ml) from each mouse was obtained 
by cardiac puncture from isoflurane anesthetized mice 
and left in the test tube at RT for 30  min for clotting. 
After centrifuge at 1500×g (4  °C) for 15 min, the serum 
layer was collected and stored at − 80  °C. To collect cer-
ebrospinal fluid (CSF) from the cisterna magna, mouse’s 
head was positioned at a 135° angle from the body using 
a stereotaxic frame. A capillary was punctured into the 
cisterna magna and 4–8 μL CSF was withdrawn. After 
centrifugation at 1500×g (4  °C) for 10  min, the CSF 
supernatant was obtained and stored at − 80 °C. Albumin 
concentrations in CSF and sera were measured by using 
RayBio mouse albumin ELISA kit (RayBiotech, Catalog# 
ELM-Albumin) with the dilution of CSF (1:2000) and 
serum (1: 1.5 ×  106). The assay was performed accord-
ing to the manufacturer’s instructions. The ratio values 
of CSF Albumin/Serum Albumin were calculated for 
the assessment of blood-CSF brain barrier permeability 
changes.

Flow cytometric analysis of immune cells in cerebral 
hemisphere and ChP
Animals were deeply anesthetized with 5% isoflurane 
and transcardially perfused with ice-cold PBS [15] in 
which the CSF was removed during the myocardial 
perfusion and brain harvesting. Cerebral hemisphere 
tissues (including cortex, striatum, and periventricu-
lar surrounding tissues) and the LVCP were harvested, 
respectively. The inflammatory cells infiltrated in the 
periventricular surrounding tissues have been included in 
the cerebral hemisphere tissue data but not in the LVCP 

data collection. Bilateral LVCP were isolated and enzy-
matically digested in collagenase type IV (400 U/ml in 
PBS, 45 min, 37 °C), and then triturated several times to 
obtain single cell suspension using a pipette as described 
before [26]. In addition, bilateral cerebral hemispheric 
tissues were collected and cut into small pieces and dis-
sociated into a single cell suspension by gentle physical 
disruption and enzymatic digestion using a tissue dis-
sociation kit according to manufacturer’s instructions 
(Miltenyi Biotech Inc, Bergisch Gladbach, Germany). The 
single cell suspension sample of cerebral hemispheric tis-
sues was centrifuged through 30/70 Percoll (GE Health-
care, Little Chalfont, UK) gradient solution at 500  g for 
30 min to remove myelin. Brain cells were collected from 
the middle layer and washed twice with HBSS contain-
ing 1% fetal bovine serum (FBS) [25]. Both cerebral hemi-
spheric tissues and ChP samples were stained with a mix 
of antibodies (Supplemental Tabel 1) for 20 min at 4  °C 
in the dark. Data were acquired using an LSRFortessa 
flow cytometer (BD Biosciences, USA) equipped with 
FACS Diva software, and a minimum of 20,000 events 
were recorded for each ChP sample, while hemispheric 
samples were documented with 50,000 to 100,000 events. 
Data were analyzed using the Flow Jo software (BD Bio-
sciences, USA) [15] and gating plots were shown in Sup-
plemental Figure S6 and S7.

Statistical analysis
A total of 140 mice were used in this study, including 124 
males and 16 females, and all data were included except 
5 mice which died during surgery or drug injection. Data 
were presented as mean and standard deviation (SD) if 
data was normally distributed. GraphPad Prism software 
was used for statistical analyses (GraphPad Software, 
Inc., CA, USA). Researchers blinded to the experimental 
group assignments evaluated the experimental data. Sta-
tistical significance was determined by one sample t test, 
unpaired t test, one-way analysis of variance (ANOVA) 
or two-way ANOVA as indicated. When the Sham con-
trol group or baseline level group was set to a hypotheti-
cal value such as 1 or 100, One Sample t-test method was 
used to compare with other experimental groups against 
the hypothetical value for assessment. Unpaired t-test 
was used to compare data between experimental groups. 
A p value < 0.05 was considered statistically significant.

Results
BCAS induces chronic reduction in rCBF
Sham control (Ctrl) or BCAS surgeries were performed 
in C57BL/6 J male mice (Fig. 1A, B) and BCAS-induced 
cerebral hypoperfusion was assessed by PeriCam laser 
speckle contrast analysis. We measured the rCBF in the 
cerebral hemisphere including cerebral frontal cortex, 
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and cerebellum regions (Fig. 1C, D, E, F). Figure 1C illus-
trates representative PeriCam laser speckle images of 
rCBF before, 10 min, 3 days, 7 days, 14 days, and 28 days 
after either Sham or BCAS surgery. As shown in Fig. 1C, 
D, there were no significant changes in rCBF in in the 
cerebral hemispheres of the Sham Ctrl group between 
the pre-surgery baseline and 3–28  days post-surgery 
time points (p > 0.05, Fig. 1C, D). In contrast, the BCAS 
group exhibited an approximately 20% decrease in hemi-
spheric rCBF at 10  min post-BCAS surgery (**p < 0.01) 
and this cerebral hypoperfusion sustained at 3–28  days 
post-BCAS (*p < 0.05, **p < 0.01, respectively, Fig.  1C, 
D). In addition, we have analyzed CBF changes in the 
cerebral frontal cortex and cerebellum in the Sham and 
BCAS brains (Fig.  1E, F  and Supplemental Figure S1C, 
D). It shows that BCAS male mice displayed reduced 
rCBF in the frontal cortex regions approximately by 
25% (10  min post-BCAS) and by 18% (3  days post-
BCAS) (****p < 0.0001, *p < 0.05, Fig.  1E). Additionally, 
the rCBF in the cerebellum also decreased significantly 
at 10 min (by ~ 29%) and at 3 days (by 21%) post-BCAS 
(****p < 0.0001, *p < 0.05, Fig.  1F). By 7  days post-BCAS, 
the rCBF in both regions had recovered to > 90% of the 
baseline levels (p > 0.05, Fig. 1E, F).

Since vascular dementia appears to be more com-
mon in males in clinical settings, we assessed whether 
male and female mice displayed different responses after 
BCAS. In female mice, the rCBF in the cerebral fron-
tal and cerebellum regions decreased by approximately 
24% and 20%, respectively, at 10 min post-BCAS surgery 
(*p < 0.05, **p < 0.01, Figure S1C, D). By 3 days post-sur-
gery, the rCBF in both regions had recovered to > 90% of 
the baseline levels (p > 0.05, Figure S1C, D). The female 
mice dropped approximately 4–5% more in the CBF of 
hemispheres than in males at 10  min post-BCAS (Sup-
plemental Figure S1E, p > 0.05) but followed with a faster 
recovery (a 9%-10% CBF increase) during the compensa-
tion period from 3 to 28  days post-BCAS (Figure S1 E, 
p > 0.05). This sex difference is consistent with human 
studies, as vascular dementia, which is caused by a reduc-
tion of blood flow to the brain, is more frequent in males 
[27], perhaps pointing to reduced compensation of blood 
flow after neurovascular events in males. Due to early 
recovery of the rCBF in female mice post-BCAS, we only 
conducted experiments in male mice in the rest of the 
study.

BCAS induces changes of ChP SPAK‑NKCC1 protein 
complex
We then investigated whether BCAS-induced any 
changes of ChP structures. Figure  2A illustrate three 
regions of interest (ROI 1–3) selected from each side of 
the LVCP. We examined whether BCAS triggers changes 

of the ChP secretory ion transport protein complex 
SPAK-NKCC1. Sham ChP show total non-phospho-
rylated SPAK and NKCC1 protein enriched at the api-
cal (luminal) membrane of ChP epithelial cells, but less 
in the basolateral membrane. In contrast, BCAS mice 
displayed sustained upregulation of both total NKCC1 
protein (~ 1.85-, ~ 2.55- or 2.83-fold, respectively) and 
pNKCC1 protein (~ 1.88-, ~ 1.85-, ~ 2.65-) at 4-, 6- and 
8-weeks post-BCAS (*p < 0.05, **p < 0.01, Fig.  2B, C, D, 
E.). However, the regulatory serine-threonine kinases 
SPAK and phosphorylated SPAK (pSPAK) showed oppo-
site responses, with initial significant reduction of api-
cal SPAK expression (by 46%) (**p < 0.01, Fig.  2B, C), 
but elevated pSPAK protein expression by twofold at 
4-weeks post-BCAS (*p < 0.05, Fig.  2D, E). At 6-weeks 
post-BCAS, SPAK levels significantly increased to twice 
that of the Sham Ctrl, and by 8-weeks post-BCAS, SPAK 
immunostaining intensity nearly returned to the basal 
levels (**p < 0.01, *** < 0.001, Fig. 2B, C). pSPAK began to 
return to the basal levels starting at 6-weeks post-BCAS 
(*p < 0.05, Fig. 2D, E). Taken together, these data demon-
strate that BCAS causes dynamic changes of ChP secre-
tion function-related proteins SPAK and NKCC1 at 4–8 
weeks post-BCAS.

BCAS mice display neurological behavioral deficit 
and sensitivity to SPAK inhibitor ZT‑1a treatment at 2–4 
weeks post‑BCAS
We next assessed whether BCAS triggered neurologi-
cal deficits in mice, and if they were sensitive to SPAK 
inhibitor ZT-1a treatment. C57BL/6  J male mice were 
subjected to sham or BCAS surgery with treatment 
regimens with either BCAS + Veh (100% DMSO, 2  ml/
kg body weight/day) or BCAS + ZT-1a (5  mg/kg body 
weigh/day, i.p.) at 14–28 days post-surgery (Fig. 3A). The 
neurological function was determined with Open Field 
(OF) and Y maze tests. In the OF tests, the total distance 
traveled is used to assess the exploratory behavior and 
activity inclination of mice, while the number of verti-
cal activity counts is used to evaluate exploratory behav-
ior and curiosity [29, 30]. Compared to the sham group, 
the BCAS + Veh group showed a marked reduction in 
both total travel distance (by 58%, **p < 0.01) and vertical 
activities (by 54%, *p < 0.05, Fig. 3B, C), revealing reduced 
locomotor activity and exploratory drive at 4-weeks post-
BCAS. However, the BCAS + ZT-1a group displayed 
similar performance on total travel distance and vertical 
activity counts as the sham group (Fig. 3B, C). These find-
ings suggest that BCAS-induced anxiety and/or motor 
dysfunction can be effectively mitigated by pharmaco-
logical blockade of SPAK protein using the SPAK inhibi-
tor ZT-1a at 2–4 weeks post-BCAS. In testing changes 
of spatial working memory in these mice in the Y-maze 
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test, there were no differences in the total arm entries or 
spatial working memory among the three groups of mice 
(p > 0.05, Fig. 3D).

Considering that cerebral hypoperfusion has been 
reported to induce optic nerve damage and visual impair-
ment [31], which could affect the outcomes of neurological 
behavioral tests, we assessed reactive astrocyte activation 
in optic nerves of the Sham and BCAS-Veh, and BCAS-
ZT-1a brains. As shown in Supplemental Figure S3, the 
optic nerve of Sham mice exhibited low astrocytic GFAP 
mean fluorescence intensity (MFI). Some localized eleva-
tion in astrocytic GFAP MFI was detected in the optic 
nerves of some BCAS-Veh mice, however, overall differ-
ences between the Sham and BCAS-Veh mice are not 
statistically significant (p > 0.05, Figure S3A, B). These 
data suggest that the BCAS model in mice did not cause 
severe optic nerve damage at 4 weeks post-BCAS, which 

is consistent with previous report on a mild demyelination 
in the optic tract post-BCAS [32]. The lack of the optical 
nerve damage in the BCAS mouse model could be due to 
preserved blood flow in the ophthalmic branch artery [33, 
34]. Interestingly, the optic nerves of BCAS-ZT-1a mice 
displayed significantly attenuated GFAP MPI, compared to 
the Sham or BCAS-Veh group while without performance 
differences among the three groups in the Y-maze test. 
These data further imply that potential contribution of the 
differences in optic nerve damage or visual capacity is neg-
ligible in assessing the OFT and Y-maze tests at 4-weeks 
post-BCAS.

Fig. 3 Administration of SPAK inhibitor ZT-1a at 2–4 weeks post-BCAS attenuates neurological behavioral deficits in mice. A Experimental protocol. 
C57BL/6 J mice underwent sham or BCAS surgery. BCAS mice received either vehicle (100% DMSO, 2 ml/kg body weight/ day) or ZT-1a (5 mg/
kg body weigh/day) via intraperitoneal injection (i.p.) from 14 to 28 days. Arrowheads: indicate the time points at which drug treatment, behavior, 
IF, WB or flow cytometry were performed. B Illustration of animal total distance traveled in the Open field test. C Summary of travel distance 
and vertical movement counts. Data are represented as mean ± SD. n = 7–8 mice. *p < 0.05, **p < 0.01. One-way analysis of variance (ANOVA). D 
Y-maze spontaneous alternation test. The percentage of spontaneous alternation and total entry in Y maze test was shown. Data are mean ± SD, 
n = 6–8 mice. *p < 0.05. One-way analysis of variance (ANOVA)
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SPAK inhibitor ZT‑1a reduces stimulation of ChP 
pSPAK‑pNKCC1 complex and pNF‑kB protein at 2–4 weeks 
post‑BCAS
We then evaluated the effect of pharmacological inhibi-
tion of SPAK protein on SPAK-NKCC1 complex activa-
tion and NF-κB activation. In the Veh-treated BCAS 
brain, the expression levels of pSPAK and pNKCC1 
(arrows) in the ChP were elevated by twofold and three-
fold, respectively, compared to the Sham Ctrl (*p < 0.05 
for pSPAK, ***p < 0.001 for pNKCC1, Fig. 4A, B). In con-
trast, treatment with ZT-1a prevented such upregulation 
of pSPAK and pNKCC1 in the ChP epithelial cells of the 
BCAS + ZT-1a brains, which showed at 80% and 70% of 
the Sham Ctrl levels (Fig. 4A, B). This is significantly dif-
ferent from data in the BCAS + Veh ChP (**p < 0.01 for 
pSPAK, ****p < 0.0001 for pNKCC1). SPAK functioning 
as an inflammatory node involves NF-κB activation [12, 
13]. We further evaluated changes of pNF-κB protein 
in ChPs from the BCAS + Veh and the BCAS + ZT-1a 
brains. NF-κB dimers (p65/p50) are normally seques-
tered in the cytoplasm by inhibitory factor-KB proteins 
(IκBα/β/ε). However, when the IκB kinase (IκK) becomes 
activated, it phosphorylates IκB, causing its dissociation. 
This enables the NF-κB complex to translocate from the 
cytosol to the nucleus, initiating transcription [18]. Sham 
Ctrl showed low expression levels of NF-κB or pNF-κB 
in the choroid plexus epithelial cells (Fig.  4C, D). But, 
in the Veh-treated BCAS brain, pNF-κB (Ser536) in the 
choroid plexus epithelial cells was increased significantly 
(2.29-fold), compared to the Sham Ctrl (****p < 0.0001, 
Fig. 4D), while the rise in NF-κB expression was less pro-
nounced (p > 0.05). Administration of the SPAK inhibitor 
ZT-1a post-BCAS reduced the upregulation of pNF-κB 
by 56% (****p < 0.0001, Fig. 4D). To further detect changes 
of nuclear p-NF-kB signals, using Imaris reconstruct tool 
(the spot tool), we quantified changes of p-NF-κB immu-
nostaining signals within the  DAPI+-reconstructed struc-
tures (Fig. 4D). For each stack image, the “total number 
of p-NF-κB immunostaining spots” were divided by the 
“total number of  DAPI+ surfaces” to represent p-NF-κB 
puncta density in the nucleus. Figure  4D showed that 
the BCAS + Veh ChP epithelial cells showed a 1.39-fold 
increase in the p-NF-κB puncta density compared to the 
Sham Ctrl (*p < 0.05, Fig.  4D). But the BCAS + ZT-1a 

ChP illustrated a 35% reduction of the p-NF-κB puncta 
density compared with the BCAS + Veh ChP (p = 0.1681, 
Fig.  4D). These data demonstrate the involvement of 
SPAK in the post-BCAS induced activation of pNF-κB 
inflammatory pathway.

Changes of the SPAK-NKCC1 complex in LVCP at 4 
weeks post-BCAS were also analyzed in immunoblots. 
LVCP homogenates from the Sham, BCAS + Veh and 
BCAS + ZT-1a brains showed similar levels of expres-
sion of SPAK and pSPAK proteins, NKCC1 and pNKCC1 
proteins or claudin-1 (p > 0.05, Supplemental Figure S4A, 
B, C, D). With LVCP tissue homogenates (no isolation 
of cytosolic and nuclear fractions due to small cell num-
bers), no differences in NF-kB expression were detected 
among Sham, the BCAS + Veh and the BCAS + ZT-1a 
ChPs (p > 0.05, Figure S4E, F). The discrepancies between 
findings of immunofluorescence staining and immunob-
lotting approaches could be that Western blotting probes 
protein levels (SPAK, NKCC1, NF-kB, pNF-κB) across 
the entire LVCP, while immunofluorescence analysis ena-
bles to detect localized changes within specific ChP ROI 
regions of epithelial cells. The discrepancy between the 
immunostaining and immunoblot data could also result 
from heterogenous CBF hypoperfusion within the LVCP, 
the heterogenous damage of ChP can be detected by the 
immunostaining analysis of specific ROI but got lost in 
the whole LVCP homogenate preparation.

Pharmacological inhibition of the SPAK–NKCC1 complex 
at 2–4 weeks post‑BCAS reduces brain immune cell 
infiltration
We further investigated whether BCAS leads to neuro-
inflammation at 14-28d post-surgery and whether phar-
macological inhibition of SPAK attenuates such events. 
Changes of immune cell infiltration in the cerebral hemi-
sphere or the ChP in the BCAS + Veh or BCAS + ZT-1a 
mice were quantified at day 28 post-surgery via flow 
cytometry analysis. Compared to the Sham Ctrl, the 
BCAS + Veh cerebral hemisphere exhibited a significant 
increase in the number of  CD11b+CD45+hi myeloid cells 
(by twofold, *p < 0.05, Fig.  5A). In contrast, 50% reduc-
tion was detected in the number of  CD11b+CD45+lo 
myeloid cells (**p < 0.01, Fig. 5A). Additionally, a 1.63-fold 
increase in  CD11b+CD45+/Ly6G+ neutrophils (*p < 0.05, 

Fig. 4 ZT-1a treatment at 2–4 weeks post-BCAS attenuates SPAK-NKCC1 complex and pNF-kB activation. A Representative immunofluorescent 
staining image of pSPAK and pNKCC1 in the Sham or BCAS + Veh, BCAS + ZT-1a LVCPs. Arrowheads: low level expression of pSPAK or pNKCC1. 
Arrows: elevated pSPAK or pNKCC1 expression. B Quantification summary. Data are mean ± SD (n = 4 mice). *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. One-way analysis of variance (ANOVA). C. Representative immunofluorescent staining Max IP image of NF-κB and pNF-κB, and 3D 
cell reconstruction images of nuclear pNF-kB. D Quantification summary. Data are mean ± SD (n = 4–6 mice). *p < 0.05, ****p < 0.0001 vs Sham. 
One-way analysis of variance (ANOVA), One Sample t-test or unpaired t-test

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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Fig. 5 Administration of ZT-1a at 2–4 weeks post-BCAS reduces immune cell infiltration into hemisphere and ChP. A Representative flow cytometric 
plots of  CD11b+CD45+hi or  CD11b+CD45+lo myeloid cells from cerebral hemisphere at 4 weeks post-BCAS surgery with the percentage of total 
number of  CD11b+CD45+hi or  CD11b+CD45+lo myeloid cells in the single cells. Data are mean ± SD (n = 7 mice). *P < 0.05, **p < 0.01. One Sample 
t-test. Unpaired t-test. B Percentage of anti-inflammation  CD11b+CD45+hi/CD206+ and  CD11b+CD45+lo/CD206+ cells. Data are mean ± SD (n = 7 
mice). *p < 0.05. One Sample t-test. Unpaired t-test. C. The percentage of total number of  CD3+ lymphocyte in the single cells and  CD11b+CD45+/
Ly6G+ neutrophils. Data are mean ± SD (n = 8 mice). *p < 0.05, **p < 0.01. One Sample t-test. Unpaired t-test. D Representative flow cytometric plots 
of  CD11b+CD45+hi or  CD11b+CD45+lo myeloid cells from the LVCP and the percentage in the single cells. Data are mean ± SD (n = 8–9 mice). One 
Sample t-test. Unpaired t-test. E Percentage of anti-inflammatory  CD11b+CD45+hi/CD206+ and  CD11b+CD45+lo/CD206+ cells. Data are mean ± SD 
(n = 8–9 mice), *p < 0.05, ** < 0.01. One Sample t-test. Unpaired t-test. F The percentage of total number of  CD3+ lymphocyte and  CD11b+CD45+/
Ly6G+ neutrophils in the single cells. Data are mean ± SD (n = 8–9 mice), *p < 0.05. One Sample t-test. Unpaired t-test
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Fig. 5C) and a 35% decrease in  CD11b+CD45+lo/CD206+ 
anti-inflammatory myeloid cells was detected in the 
BCAS + Veh cerebral tissues (*p < 0.05, Fig. 5B). No signif-
icant changes in  CD3+ T cells were observed (p = 0.6230, 
Fig.  5C), compared to the sham Ctrl. In contrast, the 
BCAS + ZT-1a cerebral hemisphere tissues displayed 
reduced quantity of  CD11b+CD45+hi cells (p = 0.0549, 
Fig.  5A), increased anti-inflammatory  CD11b+CD45+lo/
CD206+ myeloid cells (p = 0.1750, Fig. 5B), and reduced 
infiltration of neutrophils (**p < 0.01, Fig. 5C).

In flow cytometry analysis of immune cell infiltra-
tion in the ChPs, the landscape is very different. Com-
pared to the sham Ctrl, the BCAS + Veh ChPs exhibited 
less increase in  CD11b+CD45+hi and  CD11b+CD45+lo 
myeloid cells (p = 0.1977, p = 0.1259, Fig.  5D). However, 
a significant reduction of CD11b +  CD45+hi/CD206+ 
(26%) and  CD11b+CD45+lo/CD206+ (18%) myeloid cells 
were detected (*p < 0.05, Fig.  5E). An obvious increase 
in  CD11b+CD45+/Ly6G+ neutrophils (*p < 0.05, Fig.  5F) 
and a 1.68-fold increase in  CD3+ T cells (*p < 0.05, 
Fig.  5F) were detected in the BCAS + Veh ChPs at 
4-weeks post-BCAS. Treatment with ZT-1a normalized 
the level of anti-inflammatory  CD11b+CD45+hi/CD206+ 
and  CD11b+CD45+lo/CD206+ myeloid cells near to the 
sham Ctrl levels (p = 0.1198, **p < 0.01, Fig. 5E), while also 
reducing the infiltration of neutrophils and  CD3+ T cells 
into the ChP (p = 0.0797, p = 0.1489, Fig. 5F).

To further assess changes immune cell infiltration 
in the cortex, peri-ventricle, and ChP regions, we per-
formed immunofluorescence staining for  Iba1+ cells in 
these regions. Compared to the Sham group, the number 
of  Iba1+ cells was significantly increased in the peri-ven-
tricle region of the BCAS + Veh brains (*p < 0.05, Sup-
plemental Figure S5A, C), a less profound elevation was 
detected in the cortex and ChP (p > 0.05, Figure S5A, C). 
Consistently, the BCAS + ZT-1a brains (the cortex, peri-
ventricle, or ChP regions) did not show statistically sig-
nificant changes in  Iba1+ counts, compared to the Sham 
Ctrl (p > 0.05, Figure S5A, C). In summary, these findings 
clearly demonstrate a role of the SPAK in immune cell 
infiltration in BCAS cerebral tissues and ChP.

ZT‑1a administered at 4–8 weeks post‑BCAS remains 
protective
We further investigated whether administration of SPAK 
inhibitor ZT-1a during 4–8 weeks post-BCAS remains 
protective against hypoperfusion-induced damage. The 
BCAS + Veh mice (100% DMSO, 2  ml/kg body weight/
day) or BCAS + ZT-1a mice (5  mg/kg body weight/
day, i.p.) received treatment regimens from day 28 to 56 
post-BCAS, as shown in Fig.  6A. The sham Ctrl group 
did not show significant changes in rCBF between the 
pre-surgery baseline throughout 8-weeks post-surgery 

(p > 0.05). In contrast, the BCAS + Veh mice exhib-
ited an approximate 40% reduction in rCBF at 8-weeks 
post-BCAS (***p < 0.001, Fig.  6B, C). Interestingly, in 
the BCAS + ZT-1a mice, the rCBF was preserved at 
83% of the pre-surgery level, showing significantly less 
hypoperfusion (*p < 0.05, Fig.  6B, C). In assessing their 
performance in the Y-maze for the Spontaneous Alter-
nation and Novel Spatial Recognition (NSR) tests, the 
BCAS + Veh mice showed 20% reduction in the sponta-
neous alternation test, indicating deficits in spatial work-
ing memory (*p < 0.05, Fig. 6D), which was absent in the 
BCAS + ZT-1a group (**p < 0.01, Fig. 6D). These findings 
were further supported by the Recognition Index data of 
the NSR test, which was defined as the duration in novel 
arm divided by the total duration spent on both famil-
iar and novel arms, to represent changes in the mice’s 
curiosity towards previously unvisited areas. The Sham 
Ctrl group exhibited an intact working memory with a 
higher recognition index. In contrast, the BCAS + Veh 
group showed 34% reduction in the Recognition Index 
(**p < 0.01, Fig. 6E). The BCAS + ZT-1a mice did not dis-
play any differences from the Sham Ctrl group (Fig. 6E). 
Taken together, these findings clearly show that pharma-
cological blockade of SPAK protein with ZT-1a at 4–8 
weeks post-BCAS can effectively improve the recovery of 
CBF as well as preserving spatial working memory.

ZT‑1a‑mediated sustained attenuation of immune cell 
infiltration into the cortical hemisphere and ChP treatment
We then assessed whether post-BCAS ZT-1a admin-
istration reduced immune cell infiltration in the cer-
ebral hemisphere and ChP at 8-weeks post-BCAS. 
The flow cytometry analysis revealed that at 8-weeks 
post-BCAS, there was a persistent increase in the num-
ber of  CD11b+CD45+hi myeloid cells, but not the 
 CD11b+CD45+lo myeloid cells, in the cerebral corti-
cal hemisphere of the BCAS + Veh mice, compared to 
the sham Ctrl (**p < 0.01, Fig. 7A). Additionally,  CD3+ T 
cells in the BCAS + Veh cerebral hemisphere remained 
significantly elevated (*p < 0.05, Fig.  7C), accompanied 
with a 25% decrease in CD11b +  CD45+hi/CD206+ mye-
loid cells (*p < 0.05, Fig.  7B). In contrast, the immune 
cell infiltration profiles in the BCAS + ZT-1a cerebral 
hemisphere are significantly different, with a reduc-
tion of  CD11b+CD45+hi (p < 0.05, Fig.  7A) and  CD3+T 
cell infiltration (**p < 0.01, Fig.  7C) and an increase in 
anti-inflammatory  CD11b+CD45+hi/CD206+ myeloid 
cells (p = 0.2835, Fig.  7B). Interestingly, in the ChP, the 
BCAS + Veh mice showed sustained 2.3-fold increase in 
 CD11b+CD45+/Ly6G+ neutrophils, while no significant 
changes in anti-inflammatory myeloid cell or  CD3+ T 
cell infiltration, indicating partial recovery from inflam-
matory responses by 8-weeks post-BCAS. In contrast, 
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the  CD11b+CD45+/Ly6G+ neutrophil infiltration into the 
ChP was absent in the BCAS + ZT-1a brains (**p < 0.01, 
Fig.  7F). These findings indicated the evolution of neu-
roinflammation between 4 and 8 weeks post-BCAS. 

Blocking the SPAK-NKCC1 complex with ZT-1a attenu-
ated BCAS-induced immune cell infiltration into the cer-
ebral hemisphere and ChP.

Fig. 6 Protective effects of SPAK inhibitor ZT-1a at 4–8 weeks post-BCAS. A Experimental protocol. C57BL/6 J mice underwent sham, BCAS + Veh 
(100% DMSO, 2 ml/kg body weight/ day, i.p.), or BCAS + ZT-1a (5 mg/kg/day, via intraperitoneal injection, i.p.) at 28-56d. Arrowheads: indicate 
the time points at which drug treatment, CBF or behavioral test were performed B Representative periCam PSI images of rCBF at 56 days (8-weeks) 
after surgery. Dashed circle: region of interest (ROI). C Quantification analysis of rCBF. Data are expressed as mean ± SD. n = 4 mice. *p < 0.05, 
***p < 0.001 vs. Sham. One-way analysis of variance (ANOVA). D The percentage of spontaneous alternation and total entry in Y maze test. n = 10–12 
mice. *p < 0.05, **p < 0.01. One-way analysis of variance (ANOVA). E The recognition index of the Novel Spatial Recognition (NSR) test. Data are 
represented as mean ± SD. n = 8–10 mice. *p < 0.05, ** < 0.01 vs. sham. One-way analysis of variance (ANOVA)
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Fig. 7 ZT-1a treatment at 4–8 weeks post-BCAS attenuated chronic immune cell infiltration into the hemisphere and ChP. A Representative 
flow cytometric plots of CD11b + CD45 + hi or  CD11b+CD45+lo myeloid cells in the single cells from hemisphere at 8-weeks post-surgery. Data 
are mean ± SD (n = 7 mice). *P < 0.05, **p < 0.01. One Sample t-test. Unpaired t-test. B Fold changes of anti-inflammation  CD11b+CD45+hi/
CD206+ and CD11b +  CD45+lo/CD206+ cells. Data are mean ± SD (n = 7 mice). *p < 0.05. One Sample t-test. Unpaired t-test. C Fold changes of total 
number of  CD3+ lymphocyte and  CD11b+CD45+/Ly6G+ neutrophils. Data are mean ± SD (n = 7 mice). *p < 0.05, ** p < 0.01. One Sample t-test. 
Unpaired t-test. D Representative flow cytometric plots of  CD11b+CD45+hi or CD11b +  CD45+lo myeloid cells from the LVCP and the percentage 
in the single cells. Data are mean ± SD (n = 7–8 mice). One Sample t-test. Unpaired t-test. E Fold changes of anti-inflammatory  CD11b+CD45+hi/
CD206+ and  CD11b+CD45+lo/CD206+ cells. Data are mean ± SD (n = 7–8 mice), p > 0.05. One Sample t-test. Unpaired t-test. F Fold changes of  CD3+ 
lymphocyte and  CD11b+CD45+/Ly6G+ neutrophils in the single cells. Data are mean ± SD (n = 7–8 mice), *p < 0.05. One Sample t-test. Unpaired 
t-test
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Pharmacological inhibition of the SPAK–NKCC1 complex 
preserves the ChP blood‑CSF barrier structure in BCAS 
brains
To further investigate whether pharmacological inhibi-
tion of SPAK protein protects the blood-CSF barrier, 
we examined changes of claudin-1 expression in the 
ChP epithelial cells in the Veh vs ZT-1a treated mice at 
4-weeks post-BCAS. In the Sham ChP, the normal loca-
tion of claudin-1 TJ proteins was observed between the 
epithelial cells of the ChP (Fig.  8A). In the BCAS + Veh 
ChP, there was a significant increase in the immunofluo-
rescence intensity of claudin-1, approximately 1.8 times 
higher than that of the Sham group (*p < 0.05, Fig. 8A, B), 
that especially appeared near the epithelial apical mem-
branes (as indicated by sector-shaped box and arrow, 
*p < 0.05, Fig. 8A, B). IMARIS 3D reconstruction of these 
images illustrated that BCAS-induced loss of polarity of 
claudin-1 protein expression at the ChP epithelial cells 
(as indicated by arrowhead), with the increased vol-
ume of claudin-1+ stained structure than the Sham Ctrl 
(*p < 0.05, Fig. 8A, C), collectively indicating maldistribu-
tion of TJ proteins at the blood-CSF barrier after BCAS. 
In contrast, in the BCAS + ZT-1a ChPs, the immunofluo-
rescence intensity of claudin-1 and its abnormal loca-
tion at the apical membranes of ChP epithelial cells were 
decreased to a level like the Sham Ctrl (*p < 0.05, Fig. 8A, 
B). We further investigated changes in expression of 
claudin-5 and E-cadherin in the ChP at 4-weeks post-
BCAS. In Sham ChP, the claudin-5 protein was primarily 
expressed in ChP epithelial cells (Fig.  9A). The immu-
nofluorescence intensity of claudin-5 was significantly 
increased in the BCAS + Veh ChP, compared to the Sham 
group (by 2.7-fold, *p < 0.05, Fig. 9A, C). In contrast, such 
a change in claudin-5 in the BCAS + ZT-1a Chp is not 
significant (p = 0.0865, Fig.  9A, C). As for E-cadherin, 
it was abundantly distributed in the ChP epithelial cells 
(Fig.  9B), which was elevated in the BCAS + Veh group 
(p = 0.1407, Fig. 9B, D). Taken together, BCAS triggered 
changes of claudin-1, claudin-5, and E-cadherin proteins 
in a similar trend. To further assess if the permeability of 
the blood-CSF barrier is compromised at 4-weeks post 
BCAS, we conducted an initial evaluation by measuring 
albumin leakage into the CSF. We measured albumin lev-
els in the CSF and serum from the Sham, BCAS + Veh, 

and BCAS + ZT-1a mice at 4 weeks post-BCAS. The ratio 
of CSF Albumin/Serum Albumin in the BCAS + Veh 
mice was 1.34-fold of the Sham mice (p = 0.4940, Fig. 9E). 
The BCAS + ZT-1a mice displayed a similar value in the 
CSF Albumin/Serum Albumin ratio (p = 0.3595). These 
data indicate that despite of BCAS-induced cellular 
structural changes in the blood-CSF barrier, its perme-
ability for large proteins such as albumin (66.5 kDa) is not 
compromised (Fig. 10).  

Discussion
Chronic cerebral hypoperfusion‑mediated changes of ChP
Previous research identified reduction of the blood-CSF 
barrier integrity in AD patients through downregulation 
of TJ proteins, including claudin-1 and -5, and upregula-
tion of matrix metalloproteases [35]. This leads to over-
all atrophy of the ChP and subsequent diminished Aβ 
clearance [36]. There are also changes in immune signal-
ing at the ChP of dementia patients of the AD type with 
decreased leukocyte trafficking but increased levels of 
IFN-γ and TNF-α [35, 37]. In our study, using the carotid 
artery stenosis-induced chronic cerebral hypoperfusion 
model, we observed a significant dynamic increase in 
TJs, such as claudin-1 and claudin-5. The initial increased 
expression of TJ proteins may represent a compensatory 
response to the chronic cerebral hypoperfusion patho-
logical conditions, aiming to maintain the integrity of 
the blood-CSF barrier. However, such upregulation of 
TJ proteins are not always beneficial, as evidenced by the 
inflammation-dependent increase in the expression of 
claudin-1 and claudin-2 in inflammatory bowel disease 
and their role in early tumor transformation [38]. Fur-
thermore, previous studies have shown that in inactive 
Crohn’s disease, TJ proteins such as claudins dislocate 
from their normal position at the apical TJs to the baso-
lateral side, potentially misplacing TJ proteins and dam-
aging the barrier function, thereby allowing gut antigens 
to invade [39]. Moreover, a differential role of TJ proteins 
in maintaining tight junction stability rather than tight 
junction assembly has been reported in the intestinal 
epithelial barrier integrity [40]. We speculate that BCAS-
induced changes of ChP epithelial cells TJ expression and 
polarization may have significant impact on the blood-
CSF barrier function. However, measuring albumin levels 

Fig. 8 Effects of ZT-1a on changes of ChP TJ protein expression after BCAS. A Representative immunofluorescent staining of claudin-1 in the sham, 
BCAS + Veh, or BCAS + ZT-1a brains (2–4 weeks post-BCAS) treatment in single-layer images, Z-Stacks Max IP, and 3D cell reconstruction 
of immunofluorescent staining images derived from these Z-stacks. Arrows and sector-shaped boxes: the ectopic localization of claudin-1 
at the apical membrane of the ChP epithelial cells; Arrowheads: expression of claudin-1. B Quantification summary. Data are mean ± SD (n = 5 mice). 
*p < 0.05. One Sample t-test. Unpaired t-test. C Quantification summary. Data are mean ± SD (n = 5 mice). *p < 0.05. One Sample t-test. Unpaired 
t-test

(See figure on next page.)
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Fig. 8 (See legend on previous page.)
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in the CSF and serum from the Sham, BCAS + Veh, and 
BCAS + ZT-1a mice at 4 weeks post-BCAS did not detect 
compromised permeability of the blood-CSF barrier for 
albumin (66.5 kDa). Additional studies are warranted for 
testing different sizes of permeability tracers.

ChP damage and neuroinflammation
The presence of various immune cells in the ChP have 
been detected under embryonic, adult, and aged mice, 

including macrophages, neutrophils, dendritic cells, and 
lymphoid cells (B cells and T cells) [41]. During inflam-
mation, the ChP releases cytokines into the CSF, provid-
ing a chemotactic driving force for the entry of immune 
cells into the CNS [28, 41]. In our studies, we found a 
significant increase in  CD3+ T-cells and neutrophils in 
the ChPs at 4 weeks post-BCAS, indicating the active 
phase of an inflammatory response induced by chronic 
cerebral hypoperfusion. Additionally, a decrease in 

Fig. 9 Effects of ZT-1a on changes of ChP claudin-5 and E-cadherin expression after 4 weeks post-BCAS. A Representative immunofluorescent 
staining images of claudin-5 in the sham, BCAS + Veh, BCAS + ZT-1a ChP (including single-layer images, Z-Stacks Max IP, and 3D cell reconstruction 
images derived from these Z-stacks). Rectangular boxes: indicate the regions presented in the Z-stacks maximum intensity projection (Max 
IP) and 3D reconstruction images; Arrowheads: indicate the expression of claudin-5. B Representative immunofluorescent staining images 
of E-cadherin. Rectangular boxes: indicate the regions presented in the Z-stacks maximum intensity projection (Max IP) and 3D reconstruction 
images. Arrowheads: indicate the expression of E-cadherin. C–E Quantification summary. Data are mean as ± SD (n = 5 mice). *p < 0.05. One Sample 
t-test. Unpaired t-test. Quantification of albumin in CSF and serum in E was by ELISA 
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the anti-inflammatory  CD11b+CD45+hi/CD206+ and 
 CD11b+CD45+lo/CD206+ myeloid cells were observed. 
 CD11b+CD45+hi cells represent activated myeloid cells 
such as macrophages and microglia [42] in exerting 
pro-inflammatory functions, helping to clear pathogens, 
and limiting the spread of infection [43]. The number of 
 CD11b+CD45+lo myeloid cells represents non-activated 
or resting myeloid cells, including monocytes and micro-
glia under physiological conditions [42]. Our data dem-
onstrate that chronic cerebral hypoperfusion induces 
phenotypic shift towards a pro-inflammatory state in 
microglia/macrophages. Moreover, increased percent-
ages of  CD45+CD11b+ cells and  CD45+hi  CD11b+ 
 Ly6g+ neutrophils have been detected in the ChP of 
neonatal stroke mice at 3 h post-stroke, with only a few 
leukocytes entering the ischemic-reperfused cortex 
[44]. Additionally, at the third day post-transient mid-
dle cerebral artery occlusion in adult mice, we previ-
ously detected significant increase in pro-inflammatory 
cells in the ChP, including  CD11b+CD45+hi myeloid 
cells,  CD11b+CD45+Ly6G−Ly6C+hi inflammatory cells, 
 CD11b+  CD45+/Ly6G+ neutrophils, and  CD3+ T cells 
[15]. Our current study reports novel findings that 

the chronic cerebral hypoperfusion triggers sustained 
inflammatory immune response in the ChP at 4–8 weeks 
post BCAS. Moreover, a similar inflammatory cell infil-
tration profile was detected in the cerebral cortex at 4–8 
weeks post-BCAS, including increases in neutrophils 
and  CD11b+CD45+hi myeloid cells and a significant 
reduction in  CD11b+CD45+lo myeloid cells as well as in 
anti-inflammatory  CD11b+CD45+lo/CD206+ myeloid 
populations. This is in contrast to previous report about 
only increase in  CD68+ microglia [45] and a lack of sig-
nificant changes in the  CD3+ and  CD4+ lymphocytes in 
the cortex at 4 weeks post-BCAS [46]. Our new findings 
expanded information about BCAS-mediated leuko-
cyte infiltration landscape in the cerebral cortex. Taken 
together, we report here that chronic cerebral hypoperfu-
sion-induced structural damage to the blood-CSF barrier 
is associated with infiltration of immune cells into both 
the ChP and cerebral hemispheres.

Impact of pharmacological inhibition of SPAK‑NKCC1 
complex on the ChP damage
The SPAK-NKCC1 signaling pathway is essential in regu-
lating ChP epithelial cell volume and CSF secretion [47, 

Fig. 10 Schematic summary of the brain-ChP barrier damage after BCAS. The ChP, with tight junctions (TJ) at the apical membrane of the ChP 
epithelial cells, prevents inflammation by blocking immune cells from entering the brain.  Na+-K+-Cl− cotransporter isoform 1 (NKCC1) and its 
regulatory serine-threonine kinase, SPAK, located at the apical membrane, are essential in regulating choroid plexus epithelial cell volume and CSF 
secretion/clearance. BCAS stimulates dynamic changes of TJ proteins and the SPAK-NKCC1 complex, which contributes to altered ChP TJ proteins 
and infiltration of immune cells. Inflammatory signals activate the IκB kinase (IKK) complex, leading to the phosphorylation and dissociation 
of IκB proteins (IκBα/β/ε) that normally sequester NF-κB dimers (p65/p50) in the cytoplasm. This process allows NF-κB to move from the cytosol 
to the nucleus, where it promotes the transcription of target genes like SPAK and NKCC1. Pharmacological inhibition of SPAK with its potent 
inhibitor ZT-1a provides protective effects via attenuating BCAS-induced structural changes at the ChP and neuroinflammation
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48]. The activation of NKCC1 protein plays a pivotal 
role in the homeostatic regulation of CSF, which can be 
modulated by the upstream SPAK [12] or directly influ-
enced by the levels of potassium ions within the CSF [14]. 
Furthermore, the SPAK-NKCC1 complex is instrumen-
tal in immune cell signaling during post-hemorrhagic 
hydrocephalus [12]. The pro-inflammatory cytokine IL-6 
significantly increases the abundance of pNKCC1 and 
pSPAK in cultured choroid plexus epithelial cells [49]. In 
our study, we discovered that ChP epithelial cells exhib-
ited a continuous increase in total NKCC1 and pNKCC1 
proteins from 4 to 8 weeks post-BCAS. In contrast, the 
regulatory kinase pSPAK only showed a transient eleva-
tion at 4 weeks post-BCAS. This motivated us to admin-
ister the SPAK protein inhibitor ZT-1a during 2–4 or 4–8 
weeks post-BCAS. ZT-1a treatment inhibited the phos-
phorylatory activation of SPAK and NKCC1 in the ChP 
at 4 weeks post-BCAS. It also reduced the infiltration 
of neutrophils and T cells in the ChP and increased the 
presence of anti-inflammatory  CD11bCD45hi/CD206+ 
and  CD11bCD45lo/CD206+ myeloid cells, suggest-
ing that the ChP inflammatory response induced by the 
chronic cerebral hypoperfusion is attenuated by blocking 
the SPAK-NKCC1 pathway. It has been noted that SPAK 
can integrate and conduct environmental stress signals, 
including NF-κB dependent inflammatory signals [13], 
but it remains unclear whether the BCAS-mediated ChP 
immune inflammatory response involves NF-κB activa-
tion. Our study shows that BCAS induces phosphoryla-
tion activation of NF-κB, reflected by increased pNF-κB 
expression. Administration of SPAK protein inhibitor 
ZT-1a in the BCAS mice also reduced the expression of 
pNF-κB in the ChP. Interestingly, it has been reported 
that there is significant reduction of pNF-κB in renal tis-
sues associated with IgA nephropathy in SPAK knockout 
mice [50]. These results collectively suggest a possible 
crosstalk between SPAK and NF-κB in different signal-
ing pathways. The underlying mechanisms are not clear. 
Future studies are warranted to investigate signaling 
pathways in ZT-1a-mediated suppression of NF-κB phos-
phorylation and a possibility of inhibiting other kinase 
activities, as previously reported in  vitro enzymatic 
assays [19].

SPAK inhibitor ZT‑1a attenuates BCAS‑induced 
neurological function deficit
In testing impact of ZT-1a treatment on neurologi-
cal function impairment after BCAS, we conducted OF 
test and Y-maze test. OF test is employed to analyze 
locomotor behavior and anxiety states in rodents, with 
changes in behavior or locomotion potentially indicat-
ing changes in neural processes, and thus reflecting dys-
function in brain. Total distance traveled was used to 

assess the exploratory behavior and activity inclination 
of mice, and the number of vertical activities was used 
to assess exploratory behavior and curiosity [30, 51]. 
The BCAS + Veh group at 4-weeks post-BCAS exhibited 
a significant reduction in both total travel distance and 
vertical activities compared to the sham group, revealing 
a decrease in locomotor activity and exploratory drive 
following BCAS. However, the BCAS + ZT-1a group dis-
played no differences from the sham group. These find-
ings suggest that the symptoms of reduced exploratory 
desire and activity inclination caused by BCAS can be 
effectively improved by the SPAK inhibitor ZT-1a. In the 
Y-maze test evaluating spatial working memory changes 
in these mice, there were no significant differences 
among the three groups (Sham, BCAS, BCAS + ZT-1a) 
in total arm entries or spontaneous alternation rates, 
indicating no impairment in spatial short-term memory 
function in the 4 weeks post-BCAS mice. But, signifi-
cant deficits in spontaneous alternation and recognition 
index were detected in the 8-weeks BCAS + Veh mice. 
Therefore, 30-d post-BCAS is too early to detect the cog-
nitive deficit in our current study. We reported recently 
that SPAK-NKCC1 complex is involved in white matter 
damage and astrogliosis in hippocampus and corpus col-
losum after BCAS and administration of SPAK inhibitor 
ZT-1a attenuated injury in these areas [52, 53]. Therefore, 
improved neurological function recovery by blocking 
SPAK-NKCC1 complex with ZT-1a likely result from col-
lective protection of all brain regions.

Sex differences in cerebral blood flow regulation 
and effects of ZT‑1a
Following BCAS surgery, male and female mice displayed 
different responses in changes in the CBF. Cardiovascu-
lar differences likely have a role in this disparity, as the 
cardiovascular risk for vascular dementia and the risk 
for severe cardiovascular events, such as heart attacks, 
are higher in human males [54]. However, if diagnosed, 
females are more likely to have more severe cases of vas-
cular dementia, perhaps due to reduced estradiol levels, 
a potential neuro-protectant, in post-menopause females 
[27]. Sex differences in responses to CBF regulation in 
the BCAS model and its impact on cognitive function 
deficit development warrant further study.

Discrepancy in immunostaining and immunoblotting data
The causes for the discrepancy in immunostaining and 
immunoblotting data are not well understood. It could be 
due to regional hypoxic damage in the ChP in the LVCP 
resulting from different blood supply from the anterior 
choroidal artery (a branch of the internal carotid artery 
arising from the common carotid artery) and the poste-
rior choroidal arteries, which are small branches of the 
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posterior cerebral artery arising from the basilar artery 
and aorta [55–57]. The BCAS model primarily affects 
blood flow in the common carotid arteries, which pro-
vide the partial blood supply to LVCP via the anterior 
choroidal artery. Presumably, the posterior choroidal 
arteries are not affected in the BCAS model, which likely 
contributes to non-homogenous reduction in CBF in dif-
ferent segments of the LVCP. Since the anterior choroidal 
artery enters the plexus at the end of the inferior cornu 
of the lateral ventricle [57], to maintain consistency in 
assessing the LVCP segment primarily supplied by the 
internal carotid artery in immunofluorescence stain-
ing experiments, brain sections (located between − 0.5 
and − 1.0 mm from bregma, the 5th to 25th sections after 
the appearance of the LVCP) were selected. However, the 
Western blot data were from the entire LVCP tissues, 
including the LVCP region with the blood supply from 
both anterior choroidal artery and posterior choroidal 
arteries. This may explain that phenotype changes in spe-
cific sections of the LVCP are only detected by immuno-
fluorescence staining assay but not with immunoblotting 
of the entire LVCP samples. Further research is war-
ranted with improved approaches with higher detection 
sensitivity or pooled LVCP samples to separate cellular 
cytosol, membrane and nuclear fractions.

Conclusion
Considering various functions of ChP in the brain, dam-
age of ChP and loss of the blood-CSF barrier are asso-
ciated with many neurological disorders, leading to 
questions about its role in VCID. Here we report that 
BCAS model-induced chronic cerebral hypoperfu-
sion leads to structural changes in the ChP, including 
elevation and dislocation of TJ proteins claudin-1 and 
claudin-5 expression, regional upregulation of the CSF 
secretory ionic regulatory proteins SPAK-NKCC1, and 
local activation of the NF-κB cascade, but absence of 
increased permeability to albumin. These changes are 
undone by the SPAK inhibitor ZT-1a treatment, accom-
panied by reduced influx of inflammatory immune cells 
in the ChP and cerebral hemisphere tissues. These results 
serve as structural and functional evidence for ChP dam-
age following cerebral hypoperfusion. This research pro-
vides insights in chronic cerebral hypoperfusion-induced 
blood-CSF barrier damage and neuroinflammation in 
VCID.
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