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Abstract. Surgical brain injury (SBI) can disrupt the func‑
tion of the blood‑brain barrier (BBB), leading to brain 
edema and neurological dysfunction. Thus, protecting 
the BBB and mitigating cerebral edema are key factors 
in improving the neurological function and prognosis of 
patients with SBI. The inhibition of WNK lysine deficient 
protein kinase/STE20/SPS1‑related proline/alanine‑rich 
kinase (SPAK) signaling ameliorates cerebral edema, and 
this signaling pathway regulates the phosphorylation of the 
downstream Na+‑K+‑Cl‑ cotransporter 1 (NKCC1). Therefore, 
the purpose of the present study was to investigate the role 
of SPAK in SBI‑induced cerebral edema and to determine 
whether the SPAK/NKCC1 signaling pathway was involved 
in SBI via regulating phosphorylation. An SBI model was 
established in male Sprague‑Dawley rats, and the effects of 
SPAK on the regulation of the NKCC1 signaling pathway on 
BBB permeability and nerve cell apoptosis by western blot‑
ting analysis, immunofluorescence staining, TUNEL staining, 

Fluoro‑Jade C staining, and brain edema and nervous system 
scores. The results demonstrated that, compared with those 
in the sham group, phosphorylated (p)‑SPAK and p‑NKCC1 
protein expression levels were significantly increased in the 
SBI model group. After inhibiting p‑SPAK, the expression 
level of p‑NKCC1, neuronal apoptosis and BBB permeability 
were significantly reduced in SBI model rats. Taken together, 
these findings suggested that SBI‑induced increases in 
p‑SPAK and p‑NKCC1 expression exacerbated post‑traumatic 
neural and BBB damage, which may be mediated via the 
ion‑transport‑induced regulation of cell edema.

Introduction

Neurosurgery improves the survival rate and quality of life 
of patients. However, the invasive nature of neurosurgery can 
occasionally induce non‑traumatic injury, namely, surgical 
brain injury (SBI) (1). Due to incision, electrocoagulation, 
bleeding and other invasive operations in the process of 
brain surgery, there will be some damage to the brain tissue 
surrounding the operation site, which may lead to peripheral 
tissue damage, edema, apoptosis and inflammation (2). Among 
these pathologies, cerebral edema leads to postoperative 
neurological dysfunction, which is one of the primary adverse 
reactions of SBI (3). Thus, the reduction of cerebral edema 
after SBI is beneficial for improving neural function, postop‑
erative recovery and patient prognosis (4,5). The prevention 
and treatment of brain edema before brain surgery has become 
a possible therapeutic target for reducing SBI (6). However, 
the mechanism and preventative treatment of postoperative 
cerebral edema requires further investigation.

As the most common complication after SBI, brain edema 
is caused by the close connection of vascular endothelial 
cells and the destruction of astrocytes and other components 
of the blood‑brain barrier (BBB), thereby damaging the 
BBB and exacerbating brain injury  (7). Previous studies 
have shown that the WNK lysine deficient protein kinase 3 
(WNK3)/STE20/SPS1‑related proline/alanine‑rich kinase 
(SPAK) signaling pathway serves an important role in the 
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process of brain edema (8‑10). It has been revealed that inhib‑
iting the expression levels of components of this signaling 
pathway can reduce BBB damage, as well as decrease the 
degree of brain edema and neurobehavioral dysfunction (11). 
SPAK is involved in brain edema via regulating the down‑
stream Na+‑K+‑Cl‑ cotransporter 1 (NKCC1) (12). NKCC1 
regulates the entry of Na+, K+, Cl‑ and water into cells, 
maintains concentrations of intracellular ions/water, ensures 
homeostasis of the intracellular environment, contributes 
to BBB‑selective ion permeability and regulates cellular 
volume (13,14). SPAK is a key effector in regulating ion flow 
and balance (15). When SPAK interacts with downstream 
NKCC1, it serves a related role in regulating ion transport, 
increasing cellular volume and influencing cellular homeo‑
stasis  (11,16). After brain injury, the expression levels of 
proteins in the WNK family are upregulated, and they associate 
with and activate SPAK via the phosphorylation of the T‑loop 
at Thr233/Thr185 (17). Upon its activation through phosphor‑
ylation by upstream kinases, phosphorylated (p)‑SPAK binds 
to specific peptides located in the cytosolic tail of NKCC1, 
whereby it phosphorylates NKCC1 and stimulates cotransport 
activity (18). Moreover, increased expression and activity of 
p‑SPAK/p‑NKCC1 increases the entry of extracellular ions 
and water into cells (19). This process induces the enlarge‑
ment of neurons, glial cells and endothelial cells, destroys 
the cytoskeleton structure of cells, and leads to cell swelling 
and apoptosis, which can damage the BBB, resulting in brain 
edema and neurological dysfunction (11,20).

The SPAK/NKCC1 signaling pathway has been reported 
to serve an important role in the pathophysiology of brain 
diseases, such as stroke (21), traumatic brain injury (22) and 
subarachnoid hemorrhage (23). However, the role and mecha‑
nism of this signaling pathway in SBI are yet to be fully 
elucidated. The aim of the present study was to investigate 
the influence of the SPAK/NKCC1 signaling pathway on the 
BBB and neural function in a rat model of SBI. Closantel, an 
anti‑parasitic agent that is widely used in livestock (24), was 
used to inhibit SPAK. Closantel inhibits SPAK by binding 
to a C‑terminal domain at a highly conserved allosteric 
site (25). Furthermore, closantel has been shown to success‑
fully inhibit SPAK, thereby reducing p‑NKCC1 expression 
in the aorta (26).

Materials and methods

Experimental design and groupings. The present study 
consisted of two separate experiments, the designs and 
groupings of which are depicted in Fig. 1A‑C.

Experiment 1: There was no significant difference in 
weight, food intake or exercise among the different groups. 
In total there were 38 rats in experiment 1, 36 of which 
survived surgeries and were randomly divided into six groups 
(n=6 per group) consisting of a sham‑operation group and 
five experimental groups (6, 12, 24, 48 and 72 h after SBI 
operations). The experimental rats were all sacrificed at their 
designated time points after SBI, at which time brain tissue 
was harvested from around the damaged area. Western blot 
(WB) analysis was performed on part of this harvested brain 
tissue, whereas the rest of the brain tissue was used for double 
immunofluorescence (IF) analyses.

Experiment 2: A total of 51 rats were included in experi‑
ment 2, 48 rats survived and were randomly divided into the 
following four groups (n=12 per group): i) Sham; ii) SBI; 
iii) SBI + vehicle; and iv) SBI + closantel. According to the 
results of experiment 1, rats (n=6 per group) were sacrificed 
at 48 h after SBI in experiment 2, and brain tissues surrounding 
the damaged area were used for WB analysis, IF, TUNEL and 
Fluoro‑Jade C (FJC) staining assays. Brain tissue from the 
remaining six rats in each group was used to measure brain 
edema. Neurological examinations were performed in all 
groups prior to sacrifice. 

Experimental animals. All experiments received approval 
from the Institute of Animal Care Committee of Zhangjiagang 
Tradit ional Chinese Medicine Hospita l (approval 
no. 2020‑10‑1; Suzhou, China), and were performed in accor‑
dance with the Chinese Association for Laboratory Animal 
Sciences (27). A total of 89 male Sprague‑Dawley rats (age, 
8 weeks; weight, 320‑350 g) were purchased from the Zhaoyan 
(Suzhou) New Drug Research Center Co., Ltd. All rats were 
raised at a temperature of ~26˚C, with a humidity of ~50%, 
and light/dark periods identical to outdoor conditions. Food 
and water were provided ad libitum.

Establishment of SBI model in rats. A rat model of SBI was 
established as previously reported (28). Sprague‑Dawley rats 
were anesthetized via an intraperitoneal injection of sodium 
pentobarbital (10 mg/ml; 40 mg/kg). The rats were then prone 
and fixed in a stereotaxic apparatus (Yuyan Instruments). An 
incision was made along the midline of the skin above the 
brain to expose the skull in order to identify bregma. Then, a 
5x5 mm craniotomy was performed on the right frontal skull 
by removing a bone flap using a bone drill from the right skull 
bone 2‑mm along the sagittal suture and 1‑mm along coronal 
suture. A durotomy was performed and 2x3 mm brain tissue was 
excised via sharp dissection. An electrocautery unit was used 
to stop bleeding, after which the area was rinsed with normal 
saline. In the sham rats, the same surgical method was used; a 
craniotomy was performed to remove the bone flap, but part of 
the right frontal lobe was not removed. Important parameters 
of interest were monitored during and after surgery, including 
heart rate, body temperature and body weight. According to 
the experimental requirements, the rats were sacrificed via an 
intraperitoneal injection of sodium pentobarbital (20 mg/ml; 
150 mg/kg) at different time points (Fig. 1). 

Drug injections. The experimental 2 rats were divided into the 
following four groups: i) Sham; ii) SBI; iii) SBI + vehicle; and 
iv) SBI + closantel. The SBI + closantel group was intraperi‑
toneally injected with 20 mg/kg closantel (Abcam) at 30 min 
before SBI, as previously described (26). The weight‑matched 
SBI + vehicle group was intraperitoneally injected with an 
equal volume of 10% DMSO.

Neurological scoring. The neurological function of each rat was 
evaluated according to the scale before sacrifice. Neurological 
scoring was conducted as previously reported  (29) and 
consisted of the following seven components: i) Symmetry of 
limb movement; ii) forelimb‑stretching exercises; iii) lateral 
turning; iv) climbing; v) body movements; vi) proprioception; 
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and vii) responses to vibrissae touch. Scores on each subtest 
ranged from 0‑3, with a combined maximum score of 21. 
Higher scores were indicative of reduced neurological damage 
(i.e., 21, no neurological deficits).

Tissue collection and sectioning. To isolate proteins, rats were 
perfused with 200 ml 0.9% normal saline (at 4˚C) through the 
heart and cortical samples <3 mm from the contusion edge 
were collected on ice (Fig. 1A). Some brain tissue samples (n=6 
rats per group) were immediately frozen and stored at ‑80˚C 
until subsequent WB analysis. To obtain brain sections, brains 
were harvested, immersed in 4% paraformaldehyde at 4˚C 
for >48 h and then embedded in paraffin. Paraffin‑embedded 
brain sections were sectioned using a paraffin slicing machine 
to a thickness of 5‑µm each. All procedures for tissue removal 
and selection were performed by two pathologists who were 
blinded to the experimental conditions.

WB analysis. WB analysis was performed as described previ‑
ously (30). The extracted brain tissue was homogenized in tissue 

protein‑extraction reagent with a protease inhibitor cocktail 
(CWBio) and incubated on ice for 20 min. Subsequently, the 
homogenized brain tissue was centrifuged at 12,000 x g at 4˚C 
for 20 min. The supernatant was then collected and protein 
concentrations were determined using the Pierce TM BCA 
protein‑detection kit (Thermo Fisher Scientific, Inc.). Then, 
8, 10 and 12% gels (Beyotime Institute of Biotechnology) 
were used according to the different molecular weights. The 
extracted proteins were loaded onto SDS‑polyacrylamide gels 
at 3 mg per lane. These electrophoresed proteins were then 
transferred to a PVDF membrane (EMD Millipore). WB quick 
seal liquid (Beyotime Institute of Biotechnology) was used to 
block the PVDF membrane for 30 min at room temperature. 
Samples were then incubated with primary antibodies at 4˚C 
overnight, including: Rabbit anti‑SPAK (1:1,000; cat. no. 2281; 
Cell Signaling Technology, Inc.), mouse anti‑NKCC1 
(1:500; cat.  no.  sc‑514774; Santa Cruz Biotechnology, 
Inc.), sheep anti‑p‑SPAK (1:400; cat.  no.  S668B; MRC 
Protein Phosphorylation and Ubiquitylation Unit), sheep 
anti‑p‑NKCC1 (1:400; cat.  no.  S763B; MRC Protein 

Figure 1. SBI model and experimental design. (A) Brain tissue from the same location in the sham group as that injured in the SBI group was obtained for 
testing; some tissues were used for WB analysis, whereas the remaining tissues were used for staining. (B) Expression levels of SPAK, p‑SPAK, NKCC1 
and p‑NKCC1, as well as cellular localization of p‑SPAK and p‑NKCC1 were assessed after SBI to determine suitable time points for subsequent experi‑
ments. (C) The role and mechanism of the p‑SPAK/p‑NKCC1 signaling pathway in early brain injury after SBI was investigated. SBI, surgical brain injury; 
p, phosphorylated; FJC, Fluoro‑Jade C; SpD, Sprague‑Dawley; SPAK, STE20/SPS1‑related proline/alanine‑rich kinase; NKCC1, Na+‑K+‑Cl‑ cotransporter 1; 
WB, western blot; NeuN, neuronal nuclei; GFAP, glial fibrillary acidic protein.
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Phosphorylation and Ubiquitylation Unit), rabbit anti‑GAPDH 
(1:5,000; cat.  no.  G9545; Sigma‑Aldrich; Merck KGaA), 
rabbit anti‑Albumin (1:1,000; cat.  no.  ab207327; Abcam), 
rabbit anti‑cleaved‑Caspase‑3 (1:1,000; cat. no. 9664; Cell 
Signaling Technology, Inc.) and rabbit anti‑Caspase‑3 
(1:1,000; cat. no. ab184787; Abcam). After washing three times 
with PBS, samples were incubated with secondary antibodies 
for 2 h at 4˚C, including goat anti‑mouse IgG‑HRP (1:5,000; 
cat. no. 91196; Cell Signaling Technology, Inc.), goat anti‑rabbit 
IgG‑HRP (1:5,000; cat. no. 31466; Invitrogen; Thermo Fisher 
Scientific, Inc.) and rabbit anti‑sheep IgG‑HRP (1:2,000; 
cat. no. 81‑8620; Thermo Fisher Scientific, Inc.). Immunoblots 
were probed with the Immobilon Western Chemiluminescent 
HRP substrate (EMD Millipore) and visualized using an 
imaging system (Teledyne Photometrics). All data were 
analyzed using ImageJ software (v 1.8.0; National Institutes of 
Health). GAPDH was used as the loading control.

IF staining. Double‑IF staining was conducted as previ‑
ously described  (31). The paraffin‑embedded sections 
were heated at 70˚C for 1 h in an oven, soaked in xylene, 
rehydrated in anhydrous ethanol, 95, 85 and 70% ethanol, 
and then repaired with sodium citrate. Following three 
washes with PBS, the membranes were permeabilized using 
immunostaining permeable solution (Beyotime Institute of 
Biotechnology). The brain sections were covered for ≥30 min 
with immunostaining‑blocking solution (Beyotime Institute of 
Biotechnology) at room temperature, after which samples were 
incubated with primary antibodies at 4˚C overnight. After three 
washes in PBS, samples were incubated with secondary anti‑
bodies at room temperature for 1 h. Finally, the samples were 
counterstained with DAPI (Shanghai Yeasen Biotechnology 
Co., Ltd.) at room temperature for 10  min and observed 
under a fluorescent microscope (Olympus Corporation). 
The following antibodies were used: Sheep anti‑p‑SPAK 
(1:100; cat. no. S668B; MRC Protein Phosphorylation and 
Ubiquitylation Unit), mouse anti‑glial fibrillary acidic protein 
(GFAP; 1:400; cat. no. 14‑9892‑95; Invitrogen; Thermo Fisher 
Scientific, Inc.), mouse anti‑neuronal nuclei (NeuN; 1:1,000; 
cat. no. ab104224; Abcam), donkey anti‑Sheep IgG, Alexa 
Fluor 488 (1:800; cat. no. A‑11015; Invitrogen; Thermo Fisher 
Scientific, Inc.) and donkey anti‑mouse IgG, Alexa Fluor 
555 (1:800; cat. no. A32787TR; Invitrogen; Thermo Fisher 
Scientific, Inc.).

TUNEL staining. Apoptosis was detected in the 
paraffin‑embedded sections using a TUNEL Apoptosis 
Detection Kit (Beyotime Institute of Biotechnology) according 
to the manufacturer's protocols. The paraffin‑embedded 
section dewaxing steps were performed according to the 
aforementioned protocol described in the IF staining section. 
Sections were washed with distilled water for 2 min and then 
incubated in a protease‑K working solution for 30 min at 37˚C. 
Thereafter, samples were washed three times in PBS (5 min 
each time). Brain sections were covered with TUNEL working 
solution and incubated in a damp box at 37˚C in the dark for 
1 h. Samples were then washed three times in PBS (5 min 
each time). Finally, the mounting medium containing DAPI 
(Shanghai Yeasen Biotechnology Co., Ltd.) was applied at 
room temperature for 10 min and observed under a fluorescent 

microscope (Olympus Corporation). Each brain tissue was 
observed under a microscope in a random selection of six 
fields of vision around the damaged area. 

FJC staining. FJC Ready‑to‑Dilute Staining Kit (Biosensis 
Pty, Ltd.) was used as per the manufacturer's instructions. 
Paraffin‑embedded sections were incubated in an oven at 70˚C 
for 1  h. Then, samples were rehydrated in a descending 
alcohol series consisting of xylene, 100% ethanol and 70% 
ethanol. Subsequently, samples were washed twice with 
double‑distilled H2O for 1 min at room temperature before 
being cleaned with distilled water for 2 min at room tempera‑
ture. Then, nine parts of distilled water were mixed with 
one part of solution B (potassium permanganate), which the 
slides were then incubated in for 10 min at room temperature. 
Subsequently, slides were rinsed for 2 min in distilled water. 
Then, nine parts of distilled water were mixed with one part of 
solution C, and samples were incubated in the dark for 10 min 
at room temperature. After washing three times with distilled 
water, samples were dried in an oven at 60˚C for ≥5 min. Then, 
samples were soaked in xylene for 5 min at room temperature. 
After drying, samples were sealed with neutral resin in liquid 
(Shanghai Yeasen Biotechnology Co., Ltd.) and observed 
under a fluorescent microscope.

Brain edema. Brain edema was assessed by determining the 
moisture content of the brain using the wet‑dry method (32,33). 
After separation of rat brain tissues, the brains were divided 
into ipsilateral and contralateral hemispheres, and were 
quickly weighed to determine their wet weights. Then, the 
brain samples were dried in an oven at 100˚C for 24 h, and 
subsequently weighed to determine their dry weights. The 
percentage of brain water content (%) was calculated as 
follows: [(Wet weight‑dry weight)/(wet weight)] x100%.

Statistical analysis. The experiments were repeated six 
times. All data are presented as the mean ± SD. GraphPad 
Prism 8.0 software (GraphPad Software, Inc.) was used 
for all statistical analyses. One‑way ANOVA followed by 
Tukey's post hoc test was used for multiple comparisons to 
determine the differences among all groups. IF staining were 
analyzed using an unpaired Student's t‑test. Neurological 
behavioral scores among different groups were analyzed 
using the Kruskal‑Wallis test followed by Dunn's post 
hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Post‑SBI protein expression levels of SPAK, p‑SPAK, NKCC1 
and p‑NKCC1 in the brain. The expression levels of SPAK, 
p‑SPAK, NKCC1 and p‑NKCC1 at 6, 12, 24, 48 and 72 h after 
SBI, as well as in sham rats, were assessed via WB analysis. 
Compared with those in the sham group, there was no signifi‑
cant change in SPAK or NKCC1 expression, whereas p‑SPAK 
expression was significantly increased beginning at 6 h after 
SBI and reaching a peak at 48 h post‑SBI (Fig. 2A and B). 
Additionally, compared with the sham group, p‑NKCC1 
expression was significantly increased beginning at 12 h after 
SBI and reaching a peak at 48 h post‑SBI (Fig. 2C and D). 
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Post‑SBI p‑SPAK expression in peri‑injury cortical cells. 
p‑SPAK expression was assessed via IF staining with a NeuN 
marker and astrocytic (GFAP) marker. The expression level 
of p‑SPAK in NeuN+ cells is shown in Fig. 2E and F, and that 

in GFAP+ cells is presented in Fig. 2G and H. The analyses 
revealed that the numbers of p‑SPAK+ neurons and astro‑
cytes in the 48 h post‑SBI group were significantly increased 
compared with those of the sham group. 

Figure 2. Protein expression levels of SPAK, p‑SPAK, NKCC1 and p‑NKCC1 in the lesion of the peripheral cortex after SBI injury. SPAK/p‑SPAK protein 
expression levels at 6, 12, 24, 48 and 72 h in the SBI groups and in the sham group were (A) determined by WB analysis and (B) semi‑quantified. p‑NKCC1/
NKCC1 protein expression levels at 6, 12, 24, 48 and 72 h in the SBI groups and in the sham group were (C) determined by WB analysis and (D) semi-
quantified. The relative densities of each protein were standardized to those of the sham group. ImageJ software was used to semi‑quantify the protein 
expression, and the mean value of the sham group was normalized to 1. Statistical analysis was performed using one‑way ANOVA followed by Tukey's post 
hoc test. Double IF staining images of p‑SPAK in the peripheral cortex of the damaged area. In the sham group and at 48 h after SBI, the expression profiles of 
green‑labeled p‑SPAK and red‑labeled (E and F) NeuN/(G and H) GFAP were identified by performing double IF staining. The nuclei were labeled with DAPI 
(blue) fluorescence. Arrows indicate the co‑localization of p‑SPAK with NeuN/GFAP. Scale bar, 50 µm; The images for p‑SPAK, NeuN/GFAP, DAPI and 
Merge are at x400 magnification. Statistical analyses were performed using an unpaired Student's t‑test. Data are presented as the mean ± SD (n=6 per group). 
*P<0.05, **P<0.01 and ***P<0.001 vs. sham. SPAK, STE20/SPS1‑related proline/alanine‑rich kinase; NKCC1, Na+‑K+‑Cl‑ cotransporter 1; NeuN, neuronal 
nuclei; GFAP, glial fibrillary acidic protein; SBI, surgical brain injury; p, phosphorylated; IF, immunofluorescence; ns, not significant; WB, western blot.
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Closantel decreases p‑SPAK and p‑NKCC1 expression after 
SBI. It was found that p‑SPAK expression was significantly 
higher in the SBI and SBI + vehicle groups compared with that in 
the sham group (Fig. 3A and B). Moreover, after closantel inter‑
vention, p‑SPAK expression was significantly decreased in the 
closantel group compared with that in the SBI + vehicle group, 
as demonstrated by WB analysis. Additionally, after closantel 
intervention, p‑NKCC1 expression was significantly decreased 
compared with that in the SBI + vehicle group (Fig. 3C and D). 
The trend for cleaved‑caspase‑3 expression was similar to that 
of p‑SPAK expression across these groups (Fig. 3E and F).

Closantel ameliorates the BBB and neurobehavioral scores in 
SBI model rats. Then, the integrity of the BBB was assessed 
by measuring albumin and brain wet‑dry specific weight. 
Albumin expression was significantly higher in the SBI group 
and SBI + vehicle group compared with that in the sham 
group (Fig. 3G and H). After closantel intervention, albumin 
expression was significantly decreased in the closantel group 
compared with that in the SBI + vehicle group. 

After SBI, brain edema in the damaged hemispheres 
was significantly reduced by closantel intervention (Fig. 3I). 
However, there was no significant change in brain water 
content in the contralateral hemispheres. These results 
confirmed that there was a significant impairment of the BBB 
after SBI, which was mitigated following closantel interven‑
tion. Compared with those of the sham group, the neurological 
scores of rats in the SBI group and SBI + vehicle group were 
significantly lower (Fig. 3J). Furthermore, compared with 
those of the SBI + vehicle group, the neurobehavioral scores of 
rats were significantly improved in the SBI + closantel group. 
These results indicated that the neurobehavioral scores were 
significantly improved after SBI + closantel intervention.

Effect of closantel intervention on neuronal degeneration and 
apoptosis after SBI. TUNEL staining was used to detect apop‑
totic cells in the brain tissue surrounding the injured area. The 
degree of neuronal apoptosis in the SBI and SBI + vehicle groups 
was significantly higher compared with that in the sham group 
(Fig. 4A and B). Additionally, the degree of apoptosis in the SBI 
+ closantel group was significantly lower compared with that in 
the SBI + vehicle group. Neuronal degeneration was detected 
via FJC staining. The trend for FJC staining was similar to the 
TUNEL staining results across these groups (Fig. 4C and D). 
These results suggested that closantel intervention significantly 
improved neuronal degeneration and apoptosis in SBI model rats.

Discussion

The present study investigated the neuroprotective effect of 
inhibiting SPAK in the SBI rat model and evaluated its potential 
mechanism. The current results demonstrated that, compared 
with the sham group, the protein expression level of p‑SPAK 
began to increase at 6 h after SBI and reached a peak by 48 h, 
after which it began to decline. Furthermore, inhibition of 
p‑SPAK expression significantly reduced albumin expression, 
cell apoptosis, brain edema and neurological impairment in 
SBI model rats. After SBI, p‑NKCC1 expression increased 
slightly later compared with that of p‑SPAK. Furthermore, 
when p‑SPAK expression was decreased, p‑NKCC1 expression 

was also decreased. These results indicated that, in the current 
SBI rat model, NKCC1 may be located downstream of SPAK 
and may be regulated by SPAK. Moreover, inhibiting p‑SPAK 
may reduce secondary brain injury caused by SBI.

Secondary brain edema is caused by the destruction of 
the original ion homeostasis, which leads to changes to brain 
tissue cell volume and homeostasis (34). Leakage of the BBB 
leads to albumin extravasation, which in turn increases inflam‑
mation and edema, thus exacerbating brain damage (35,36). 
Lu et al (37) reported that the mRNA and protein expression 
levels of NKCC1 were upregulated in the neurons of animals 
with traumatic brain injury, and the animals displayed severe 
brain edema and neuronal damage. NKCC1 belongs to the 
cation‑Cl‑ cotransporters and is an important determinant of 
ion homeostasis in the brain (38). In the central nervous system, 
intracellular Cl‑ concentrations are determined by NKCC1, 
and the two chloride ion channels have been identified as novel 
targets for the treatment of cerebral edema (23,39). SPAK 
is the primary regulator of cation‑chloride cotransporters 
and stimulates NKCC1 ion influx via phosphorylation (40). 
While investigating the activation mechanism of NKCC1, 
Thastrup et al (41) revealed that NKCC1 could not be phosphor‑
ylated or activated during the deletion of SPAK/odd‑skipped 
related transcription factor 1 (OSR1), and provided genetic 
evidence to confirm that SPAK/OSR1 serves an important 
role in controlling NKCC1 function. SPAK/NKCC1 regulates 
the coordinated transmembrane inflow and outflow of ions and 
water, which is necessary for the homeostasis of the volume 
of neurons, glial cells, endothelial cells and other cells, as 
well as for the integrity of the BBB (38). Furthermore, SPAK 
phosphorylation of NKCC1 has been associated with a number 
of neurological diseases, such as intracerebral hemorrhage (11) 
and schizophrenia (42). After ischemic stroke and other brain 
injuries, NKCC1 regulation of cell permeability changes the 
levels of extracellular fluid in inflammatory cells and blood 
extravasation, resulting in brain edema, inflammation and 
other secondary brain injury (43,44). 

A study examining cerebral ischemia suggested that the 
WNK3/SPAK/NKCC1 signaling pathway is one of the key 
contributors to the formation of brain edema (45); a finding 
which was consistent with the current results. The present study 
found that the expression levels of p‑SPAK in astrocytes and 
albumin exudation were increased after SBI in rats, which 
indicated that the BBB was destroyed, leading to brain edema. 
This phenomenon may be due to the effect of the increase of 
p‑NKCC1 on cell ion transport (40). Previous studies have shown 
that inhibition of NKCC1 phosphorylation has a protective 
effect on brain edema, the mechanism of which is by reducing 
astrocyte swelling and BBB destruction (46‑48). p‑NKCC1 
regulates the entry of Na+, K+, Cl‑ and water into cells, changes 
the cellular volume and cytoskeletal structure of damaged cells, 
and can induce damage to astrocytes (47,49). Astrocytes are 
one of the components of BBB, and their apoptosis will lead to 
the destruction of BBB (50). Thus, the present study evaluated 
whether BBB function was impaired in SBI model rats using 
indicators associated with brain edema. It was identified that 
after SBI, albumin levels significantly rose and brain water 
content significantly increased, indicating that the function of 
the BBB was impaired. Furthermore, closantel inhibited SPAK 
activity, thereby reducing brain edema in SBI model rats.
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Figure 3. Protein expression levels of p‑SPAK, p‑NKCC1, albumin and cleaved‑caspase‑3 after the intervention of closantel at 48 h after SBI. Protein expres‑
sion levels of (A and B) p‑SPAK, (C and D) p‑NKCC1, (E and F) cleaved‑caspase‑3 and (G and H) albumin were measured to evaluate the effect of closantel 
intervention on peripheral cortex injury at 48 h after SBI. (I) The brain water content of the bilateral hemispheres of the different groups was measured using the 
wet‑dry method. (J) Neurological behavioral scores in SBI model rats after closantel intervention. Statistical analysis was performed using one‑way ANOVA 
followed by Tukey's post hoc test. Data are presented as the mean ± SD (n=6 per group). *P<0.05, **P<0.01 and ***P<0.001 vs. sham; #P<0.05 and ##P<0.01 vs. 
SBI + vehicle. SPAK, STE20/SPS1‑related proline/alanine‑rich kinase; NKCC1, Na+‑K+‑Cl‑ cotransporter 1; SBI, surgical brain injury; p, phosphorylated.
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Figure 4. Effects of closantel intervention on peripheral cortical cell degradation and apoptosis at 48 h after SBI. Neuronal apoptosis was (A) determined 
by performing the TUNEL assay and (B) quantified. TUNEL (green) immunofluorescence labeled apoptotic cells and DAPI (blue) labeled nuclei. Neuronal 
degradation was (C) detected by performing FJC (green) staining and (D) quantified. Scale bar, 50 µm. The images for TUNEL, DAPI, FJC and Merge are 
at x200 magnification. Statistical analysis was performed using one‑way ANOVA followed by Tukey's post hoc test. Data are presented as the mean ± SD 
(n=6 per group). **P<0.01 and ***P<0.001 vs. sham; #P<0.05 and ##P<0.01 vs. SBI + vehicle. SBI, surgical brain injury; FJC, Fluoro‑Jade C.

Figure 5. Schematic diagram illustrating the possible mechanisms underlying SPAK‑mediated effects on SBI via regulating NKCC1. The present study 
indicated that SBI induced the rapid increase of p‑SPAK expression, which lead to the increase of p‑NKCC1. Subsequently, inorganic substances, such as Na+, 
K+, and Cl‑, flow into the astrocytes, causing the astrocytes to swell, damaging the stability of the BBB and eventually resulting in the brain edema. SPAK, 
STE20/SPS1‑related proline/alanine‑rich kinase; NKCC1, Na+‑K+‑Cl‑ cotransporter 1; SBI, surgical brain injury; p, phosphorylated; WNK, WNK lysine 
deficient protein kinase 3; BBB, blood brain barrier.
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Previous studies have reported that there was a signifi‑
cant correlation between brain edema and some neurological 
dysfunction after SBI injury in rats  (51,52). The present 
results suggested that, compared with those in the sham 
group, neurobehavioral scores were significantly reduced in 
rats after SBI, which may be due to the degeneration and 
apoptosis of a large number of nerve cells after SBI, as well 
as the aggravation of brain edema, leading to neurological 
dysfunction. In a previous study of ischemic injury, SPAK 
knockout mice showed a 50% reduction in infarct size and 
cerebral edema, as well as significantly improved neuro‑
logical function  (8). The same result was observed when 
SPAK activity was inhibited in the current study. The present 
study revealed that after inhibiting p‑SPAK using closantel, 
the expression level of p‑NKCC1 was also decreased in 
SBI model rats. Compared with the SBI + vehicle group, 
albumin release was significantly decreased in SBI model 
rats treated with closantel. In addition, the apoptosis index 
was significantly decreased, the brain water content of the 
injured side was significantly decreased and the neurological 
function score was significantly increased in SBI model rats 
treated with closantel. These results suggested that inhibiting 
p‑SPAK may mitigate SBI‑induced secondary cerebral 
edema and reduce neuronal apoptosis, as well as ameliorate 
neurological dysfunction.

The mechanism of SBI causing secondary brain injury 
is highly complex. In the present study, p‑SPAK was greatly 
increased after SBI, and the phosphorylation of the down‑
stream p‑NKCC1 signal was increased accordingly. A large 
number of ions and water enter nerve cells, which increases the 
cell volume and disrupts the cell structure, causing degenera‑
tion and apoptosis, destruction of the BBB, brain edema and 
neurological dysfunction, as demonstrated in the current study 
(Fig. 5). In the present study, it was identified that inhibition 
of the SPAK/NKCC1 signaling pathway alleviated secondary 
brain injury of SBI.

The current study has several limitations that should 
be discussed. The sample size of the study was small and 
only male rats were used. Therefore, it was not possible to 
investigate sex‑mediated differences in the expression levels 
of p‑SPAK and p‑NKCC1 after SBI. Thus, this should be 
considered when interpreting the present results. In addi‑
tion, it was not examined whether inhibition of p‑NKCC1 
would lead to changes in p‑SPAK, which would further 
corroborate the current results. Moreover, the present study 
did not investigate whether p‑SPAK agonists would lead to 
the upregulation of p‑NKCC1 and further aggravate brain 
injury. Therefore, future studies are required to investigate 
further.

In conclusion, the present study showed that after SBI in 
rats, SPAK was activated, which could phosphorylate down‑
stream NKCC1, and promote ions and water to enter cells, thus 
leading to cell apoptosis, which aggravated secondary brain 
injury. Inhibiting the activity of SPAK induced protective 
effects on the brain. These results indicated that SPAK may 
be potentially used as a prevention and control target for SBI.
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