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Abstract. The mechanism associated with Toll‑like receptor 4 
(TLR4) in neurological injury remains unclear. The aim of 
the present study was to investigate the pathology of TLR4 
in middle cerebral artery occlusion (MCAO)/reperfusion 
rat models via the regulation of collapsin response mediator 
protein 2 (CRMP2) phosphorylation. The modified neurolog-
ical severity score (mNSS) was applied to assess neurological 
recovery. Immunofluorescence and western blotting were used 
to detect the protein expressions of TLR4, Rho‑associated 
protein kinase 2 (ROCK‑II) and CRMP2 following the intra-
cerebroventricular administration of TLR4‑specific agonist, 
lipopolysaccharide (LPS) and TLR4‑neutralizing antibody, 
the ROCK‑II specific inhibitor Y‑27632 or LPS+Y‑27632 
30 min prior to MCAO. The expression levels of TLR4 and the 
phosphorylation of CRMP2 significantly increased in response 
to LPS‑mediated induction and/or MCAO; however, they were 
reversed by treatment with LPS+TLR4‑neutralizing antibody. 
Y‑27632 decreased the expression of ROCK‑II and phosphory-
lated (p)‑CRMP2, and suppressed the increased ROCK‑II and 
p‑CRMP2 induced by LPS; however, no effect on the levels of 
TLR4 expression was observed. The neurological function as 
measured by mNSS score was reduced in the LPS group when 
compared with the MCAO group, whereas the LPS+Y‑27632 
group reversed the reduced neurological function at 7 and 
14 days post‑MCAO. The results of the present study suggested 
that TLR4 may promote the phosphorylation of CRMP2 via 
the activation of ROCK‑II in MCAO rats, which further char-
acterizes the pathological mechanism of TLR4 in stroke, and 

that modulation of TLR4 could be a potential target to limit 
secondary post‑stroke brain damage.

Introduction

Stroke is prevalent worldwide, and is among the most 
frequent causes of adult disability and neurological‑associated 
mortality. Stroke thus affects the quality of life of the patients 
and their families (1). The majority of strokes (88%) result 
from a blockage of blood vessels in the brain, which is known 
as ischemic stroke; many ischemic strokes occur in the middle 
cerebral artery (MCA), which has been the focus of previous 
animal stroke models (2). Thus, the MCA occlusion (MCAO) 
model results in a cessation of blood flow and subsequent 
brain infarction in the MCA territory (3); however, the causal 
mechanisms of stroke require further investigation.

Toll‑like receptor 4 (TLR4) expression levels are increased 
in response to ischemia within MCAO mice models (4). In 
addition, neurological deficits were significantly decreased 
in mice deficient in TLR4 when compared with controls (5); 
however, the mechanism remains unclear. TLRs are widely 
expressed in innate immune cells, including macrophages 
and microglia in the central nervous system, which serve a 
critical role in early innate immunity. Some TLRs, including 
TLR2, TLR4 and TLR8, are present in microglia, astrocytes, 
oligodendrocytes and neurons in the brain (6‑8). Damaged 
neuronal structure and deficits in neuroregeneration are 
common characteristics of post‑ischemic injury in stroke. 
Collapsin response mediator protein 2 (CRMP2) is known 
to be a neuronal phosphoprotein that regulates microtubule 
assembly and is involved in anterograde vesicular transport for 
growth‑associated molecules along neuronal microtubules (9). 
Phosphorylated CRMP2 (p‑CRMP2) is unable to bind with 
microtubules, which in turn inhibits microtubule polymeriza-
tion and stabilization, thereby inhibiting axonal elongation 
in neurons (10). Therefore, the phosphorylation of CRMP2 
serves a major role in neuroregeneration post‑ischemic injury 
and stroke (11). TLR4 has been demonstrated to be involved 
in neural stem cell proliferation and serves an important role 
in neurogenesis (12). Thus, p‑CRMP2 may be a candidate for 
TLR4 regulation. Rho kinase is the enzyme responsible for the 
phosphorylation of proteins, which participates in microtubule 
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assembly and may serve an important role in the TLR4 regula-
tion of p‑CRMP2 (13,14); however, the association between 
TLR4 and p‑CRMP2 in stroke conditions of an MCAO isch-
emic model remains unknown.

In the present study, the mechanism of stroke in a model of 
TLR4 regulation was investigated. To the best of our knowl-
edge, the present study is the first to report that TLR4 may 
promote the phosphorylation of CRMP2 within MCAO rat 
models, and to demonstrate that the effects of phosphorylation 
may be mediated via the activation of Rho‑kinase.

Materials and methods

Reagents and antibodies. The Rho‑associated protein kinase 2 
(ROCK‑II) inhibitor, Y‑27632 (cat. no. 555550; Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany), the TLR4 specific 
agonist lipopolysaccharide (LPS; cat.  no.  437628; EMD 
Millipore, Billerica, MA, USA), CRMP monoclonal antibody 
(cat. no. ab129082; Abcam, Cambridge, UK) anti‑p‑CRMP2 
polyclonal antibody (cat. no. 9397; Cell Signaling Technology, 
Inc., Danvers, MA, USA), anti‑Rho kinase antibody 
(cat. no. 9029; Cell Signaling Technology, Inc.), TLR4 mono-
clonal antibody (cat. no. sc‑293072; Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA), TLR4‑neutralizing antibody 
(cat. no. 16‑9917; eBioscience; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA), and β‑actin (cat. no. sc‑47778; Santa 
Cruz Biotechnology, Inc.) were used.

Animals. A total of 95 adult male Sprague‑Dawley rats 
weighing 240‑280 g (10‑12 weeks old) were randomly divided 
into 8 groups: The normal, sham, MCAO/reperfusion, saline, 
LPS, TLR4‑neutralizing antibody, LPS+Y‑27632 and Y‑27632 
groups. The animals were housed in an animal center at a 
constant temperature of 22±2˚C, a relative humidity of 50±10% 
and a 12‑h light/dark cycle. They were allowed free access to 
food and water. The present study was approved by the Ethics 
Committee of the Department of Forensic Medicine, Shantou 
University (Shantou, Guangdong, China). All experiments 
were conducted in compliance with the National Institute 
of Health's Guidelines for the Care and Use of Laboratory 
Animals (15).

MCAO/reperfusion. The rats in the MCAO/reperfusion, saline, 
LPS, LPS+TLR4‑neutralizing, TLR4‑neutralizing antibody 
(n=10 each group), LPS+Y‑27632 and Y‑27632 groups (n=5 each 
group) were subjected to MCAO and reperfusion models 
according to previous studies (16). Briefly, rats were anesthe-
tized with 4% chloral hydrate intraperitoneally (300 mg/kg), 
and MCAO was conducted using an intraluminal filament 
introduced via the common carotid artery (CCA). A midline 
surgical incision was made to expose the right CCA, external 
carotid artery and internal carotid artery (ICA). A 40‑mm‑long 
monofilament nylon suture (~0.26  mm in diameter) was 
inserted into the right CCA lumen and gently advanced into 
the ICA to ~18 mm. The nylon sutures were slowly removed 
from the artery 2 h later. The animal's body temperature 
was continually monitored and maintained at 37˚C with a 
homeothermic blanket throughout the surgical procedure. The 
animals in the sham group (n=10) were treated similarly, with 
the exception that the filament was not advanced to the origin 

of the MCA. No treatment performed on the normal group. 
Neurological function deficits were evaluated following reper-
fusion when the rats regained consciousness according to the 
Longa method (17) to evaluate the success of MCAO surgery. 
Rats without neurological deficits 2 h following the induction 
of stroke were excluded from this study.

Intracerebroventricular injection. The intracerebroven-
tricular injection was performed to the saline (control), LPS, 
LPS+Neutral, Neutral, Y‑27632 and LPS+Y‑27632 groups 
(n=5 in each group) according to a previous study (18). The 
rats were anesthetized and placed in a stereotaxic frame with a 
mouse head holder. A stainless‑steel cannula was implanted into 
the right lateral cerebral ventricle according to the following 
coordinates: 1.0 mm posterior from the Bregma, 1.5 mm lateral 
from the midline and at a depth of 4.0 mm from the skull 
surface (19). TLR4‑neutralizing antibody [200 µg/kg (20)], LPS 
[0.2 mg/kg (21)], LPS [0.2 mg/kg]+TLR4‑neutralizing anti-
body [200 µg/kg], LPS (0.2 mg/kg)+Y‑27632 [10 mg/kg (22)], 
and Y‑27632 [10 mg/kg] was dissolved in saline to 5 µl and 
injected to each group 30 min prior to MCAO surgery. The 
rats in the saline group were injected with saline at the same 
volume as a control. The injection procedure continued for 
10 min, and the microinjector remained for 5 min prior to 
withdrawal. The bone wound was closed with bone wax, and 
then the rats underwent subsequent MCAO surgery. Following 
48 h post‑MCAO establishment, the animals were sacrificed, 
and the brains were removed immediately for further study.

Immunofluorescence. Rats were anesthetized and perfused 
with PBS and 4% buffered paraformaldehyde. Following 
collection of brain tissue, the right cortex was post‑fixed in 
4% paraformaldehyde for 24 h at 4˚C, embedded in paraffin 
and coronally sectioned at 4 µm. Sections were permeabi-
lized with 1% Triton X‑100 for 2 h, then blocked with 10% 
goat serum (Beyotime Institute of Biotechnology, Shanghai, 
China) in PBS with 0.3% Triton X‑100 for 30 min at room 
temperature. Sections were then incubated with anti‑TLR4 
(1:2,000), anti‑ROCK‑II (1:1,000), anti‑p‑CRMP2 (1:1,000) 
or saline at 4˚C overnight. Following washing with PBS, 
sections were incubated with the secondary antibodies [tetra-
methylrhodamine‑ (1:100, Goat anti‑Rabbit; cat no. T‑2769; 
Thermo Fisher Scientific, Inc.) or fluorescein isothiocya-
nate‑conjugated (1:500, Goat anti‑mouse; cat no. A16079; 
Thermo Fisher Scientific, Inc.)] for 1 h at 37˚C. Finally, DAPI 
was employed for nuclei staining for 10 min at room tempera-
ture. Saline was used as a negative control instead of primary 
antibody. Images were obtained via fluorescence microscopy 
(magnification, x200). The Image Pro‑Plus 6.0 Software 
(Media Cybernetics, Inc., Rockville, MD, USA) enabled 
computer‑controlled image acquisition and processing. The 
relative optical density was calculated, and the relative protein 
expression was then determined.

Western blotting. Brain tissue was homogenized with 
lysis buffer (1% Triton X‑100, 1  mM EDTA in 1X PBS, 
pH 7.4) containing 200 µM phenylmethylsulfonyl fluoride. 
Homogenates were centrifuged at 15,000 x g for 20 min at 
4˚C, and the supernatants were isolated. Protein concentra-
tion was determined using a Bicinchoninic Acid protein 
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assay kit. Protein of the samples (40  µg) was separated 
using 10% SDS‑PAGE and transferred to nitrocellulose 
membranes. The membranes were blocked in 5% nonfat 
milk for 1 h at 37˚C, followed by an overnight incubation at 
4˚C with primary antibodies (anti‑TLR4 1:1,000, anti‑total 
CRMP2 1:1,000, anti‑p‑CRMP2 1:1,500, anti‑ROCK2 
1:1,000, anti‑β‑actin 1:2,000). Following Tris‑buffered saline 
and 0.1% Tween‑20 (TBST) washing and incubation with 
a secondary antibody (cat. no. 7074, anti‑rabbit, 1:5,000; 
cat. no. 7076 anti‑mouse, 1:5,000; Cell Signaling Technology, 
Inc.) for 1 h at 37˚C, protein bands were visualized using a 
chemiluminescence detection kit (cat no. P0018F; Beyotime 
Institute of Biotechnology, Shanghai, China). β‑actin was 
used as an endogenous loading control. Relative protein 
expression levels were reflected by the band density of the 
target proteins relative to β‑actin. The Quantity One software 
version 4.4 (Bio‑Rad Laboratories, Inc., Hercules, CA, USA) 
was used to analyze the integrated absorbance value of the 
band densities.

Modified neurological severity score (mNSS). To further 
clarify whether Rho‑kinase acts on the neurological deficits 
induced by LPS, neurological function was evaluated using 
the mNSS at 24 h, 2 and 7 days, and 2 weeks post‑MCAO in 
the MCAO, LPS and LPS+Y‑27632 groups (n=5 each group). 
The mNSS is a composite of motor, sensory, balance and reflex 
tests, and is graded on a scale from 0 to 18 (normal score, 
0; maximal deficit score, 18). A higher score indicates more 
severe neurological behavioral impairments (23).

Statistical analysis. All experiments were repeated three 
times. Data were presented as the mean ± standard deviation. 
All data were analyzed using one‑way analysis of variance 
followed by Fisher's exact test for post‑hoc analyses. P<0.05 
was considered to indicate statistically significant difference. 
Statistical analysis was performed using SPSS 18.0 software 
(SPSS, Inc., Chicago, IL, USA).

Results

Expression levels of TLR4 and p‑CRMP2 are significantly 
increased in MCAO rats as observed via western blotting. The 
results of western blotting demonstrated that the expression 
levels of TLR4 and p‑CRMP2 were significantly increased 
in the cortex of the MCAO group (TLR4, 0.453±0.098; 
p‑CRMP2, 0.653±0.078) when compared with the normal 
(TLR4, 0.112±0.023; P=0.0037; p‑CRMP2, 0.211±0.064; 
P=0.0082) and sham groups (TLR4, 0.153±0.056; P=0.0074; 
p‑CRMP2, 0.253±0.056; P=0.009). The TLR4‑specific 
agonist LPS also significantly increased the expression 
levels of TLR4 (0.8456±0.098, P=0.037) and p‑CRMP2 
(0.948±0.098, P=0.024) in the cortex when compared with 
the saline group. The application of the TLR4‑neutralizing 
antibody treatment suppressed the increased expression of 
TLR4 and p‑CRMP2 induced by LPS induction, as observed 
in the reduction of TLR4 (0.396±0.034, P=0.029) and 
p‑CRMP2 (0.640±0.054, P=0.031) expression levels in the 
LPS+TLR4‑neutralizing antibody group when compared with 
the LPS group. When LPS was absent, the expression levels of 
TLR4 (0.210±0.082, P=0.038) and p‑CRMP2 (0.352±0.049, 

P=0.017) were significantly decreased compared with LPS+ 
TLR4‑neutralizing antibody group (Fig. 1).

Expression levels of TLR4 and p‑CRMP2 are significantly 
increased in MCAO rats as observed by immunofluorescence. 
The immunofluorescence results revealed that MCAO treat-
ment significantly increased the TLR4 (0.378±0.054; Fig. 2) 
and p‑CRMP2 (0.540±0.044, Fig. 3) positive fluorescence 
in the cortex compared with the normal group (TLR4: 
0.162±0.027, P=0.075; p‑CRMP2: 0.173±0.039, P=0.003). 
Treatment with LPS also significantly increased the intensity 
of TLR4 (0.726±0.068) and p‑CRMP2‑positive (0.803±0.081) 
fluorescence in the cortex when compared with the saline 
group (TLR4: 0.441±0.056, P=0.047; p‑CRMP2: 0.537±0.030, 
P=0.038). Application of the TLR4‑neutralizing antibody 
treatment significantly suppressed the increased TLR4 and 
p‑CRMP2‑positive fluorescence induced by LPS induction, 
as demonstrated by the decrease in TLR4 (0.604±0.050, 
P=0.026) and p‑CRMP2‑positive fluorescence (0.620±0.093, 
P=0.008) in the LPS+TLR4‑neutralizing antibody group 
when compared with the LPS group. The expression of 
TLR4 (0.412±0.059, P=0.007) and p‑CRMP2 (0.347±0.038, 
P=0.005) were significantly decreased compared with the 
LPS+ TLR4‑neutralizing antibody group (Figs. 2 and 3).

Rho kinase mediates the role of TLR4 in the phosphorylation 
of CRMP2. The present study further investigated whether 
Rho kinase is involved in the increased levels of TLR4‑induced 
CRMP2 phosphorylation. The Rho kinase inhibitor Y‑27632 
was intracerebroventricularly injected into the MCAO rat 
models, and the expression of TLR4, ROCK‑II and p‑CRMP2 
were detected via western blotting (Fig. 4). TLR4 protein 
expression levels exhibited no significant differences between 
the LPS (0.457±0.087) and LPS+Y‑27632 groups (0.588±0.092, 
P=0.702), which suggested that the activation of Rho kinase 
may not affect the expression of TLR4. However, ROCK‑II and 
p‑CRMP2 expression levels were significantly reduced in the 
LPS+Y‑27632 (ROCK‑II, 0.347±0.085, P=0.016; p‑CRMP2, 
0.568±0.054, P=0.031) and Y‑27632 (ROCK‑II, 0.201±0.050, 
P=0.004; p‑CRMP2, 0.333±0.046, P=0.022) groups when 
compared with the LPS group (ROCK‑II, 0.832±0.104; 
p‑CRMP2, 0.732±0.098). Notably, Y‑27632 treatment alone 
decreased p‑CRMP2, ROCK‑II and TLR4 expression levels 
when compared with the LPS+Y‑27632 group (P<0.05; Fig. 4).

Neurological function is reversed by Rho kinase inhibition. 
The mNSS score was used to evaluate the neurological function 
following MCAO surgery. To study the effects of LPS and Rho 
kinase inhibition on neurological function, LPS or LPS+Y‑27632 
was injected into rats at several time points including 24 h, 2 and 
7 days, and 2 weeks post‑MCAO to determine the mNSS score. 
The results of the present study revealed no significant differ-
ences in the mNSS score between the groups 24 h post‑MCAO 
(MCAO: 11.945±2.094; LPS: 12.997±1.483; LPS+Y‑27632 
12.456±2.123, P=0.866). Compared with in the MCAO group, 
the mNSS score in the LPS group was significantly increased at 
2 days (12.654±2.006, P=0.044), 7 days (9.567±1.843, P=0.039) 
and 14 days (7.945±1.046, P=0.027) following MCAO surgery, 
which means more severe neurological deficits compared with 
the MCAO group. In addition, Rho kinase inhibition may reverse 
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Figure 2. Expression levels of TLR4 in the cortex via immunofluorescence (x200). TLR4‑positive expression in the cortex in the (A) Normal, (B) Sham, 
(C) MCAO, (D) Saline, (E) LPS, (F) LPS+TLR4‑neutralizing antibody and (G) TLR4‑neutralizing antibody groups. (H) Quantitative analysis of the OD of 
TLR4‑positive cells in the cortex. Data are expressed as the mean ± standard deviation (n=5). Scale bar=100 µm. ∆∆P<0.01 vs. the normal group; #P<0.05 vs. 
the MCAO group; *P<0.05 vs. the LPS group; $$P<0.01 vs. the LPS+Neutral group. OD, optical density; LPS, lipopolysaccharide; MCAO, middle cerebral 
artery occlusion and reperfusion group; Normal, rats that did not undergo MCAO; LPS+Neutral, rats treated with LPS and TLR‑neutralizing antibody prior 
to MCAO; Neutral, rats treated with TLR‑neutralizing antibody only prior to MCAO; Sham, rats that underwent surgery without MCAO; Saline, rats admin-
istered an intracerebroventricular injection of saline prior to MCAO; TLR4, Toll‑like receptor 4.

Figure 1. Expression levels of TLR4 and phosphorylation of CRMP2 in the cortex via western blotting. (A) Western blotting was performed to reveal the 
expression levels of TLR4 and p‑CRMP2 in each group. (B) Quantitative analysis of TLR4 expression relative to β‑actin from western blotting as presented 
in (A). (C) Quantitative analysis of p‑CRMP2 expression relative to β‑actin from western blotting a presented in (A). Data are expressed as the mean ± standard 
deviation (n=5). ∆∆P<0.01 vs. the normal group; #P<0.05 vs. the MCAO group; *P<0.05 vs. the LPS group; $P<0.05 vs. the LPS+neutral group. LPS, lipopolysac-
charide; p‑CRMP2, phosphorylated collapsin response mediator protein 2; MCAO, middle cerebral artery occlusion and reperfusion group; Normal, rats that 
did not undergo MCAO surgery; LPS+neutral, rats treated with LPS and TLR‑neutralizing antibody prior to MCAO; Saline, rats administered an intracerebro-
ventricular injection of saline prior to MCAO; Neutral, rats treated with TLR‑neutralizing antibody only prior to MCAO; Sham, rats that underwent surgery 
without MCAO; TLR4, Toll‑like receptor 4.
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the increased mNSS score exhibited by the LPS group at 7 days 
(7.457±2.075, P=0.025) and 14 days (4.845±1.763, P=0.018) 
post‑MCAO, as demonstrated by the significant decrease in the 
mNSS score observed with the administration of Y‑27632 when 
compared with the LPS group (Fig. 5).

Discussion

The present study demonstrated that the expression levels of 
TLR4 and p‑CRMP2 were significantly increased in the cortex 
of rats with MCAO or LPS induction but were suppressed by 
TLR4‑neutralizing antibody treatment or Rho kinase inhibi-
tion. Rho kinase specific inhibition reversed the aggravated 
neurological deficits induced by LPS. The findings of the 
present study suggested that TLR4 may promote the phos-
phorylation of CRMP2 via the activation of the Rho‑kinase 
signaling pathway in MCAO, thereby contributing to the 
pathological mechanism of TLR4 in ischemia and stroke.

TLRs are one of the major components of the innate immune 
system. Recent studies have demonstrated that TLRs are widely 
expressed in immune‑associated cell types (24,25), which are 
also located in non‑immune cells, including neurons, microglia 
and epithelial cells  (26). TLR expression levels have been 
reported to be significantly increased in neurons in response to 
ischemic conditions (5,7). TLR4 inhibition may prevent neuronal 

death in MCAO rat models (4); however, the mechanism involved 
has not been clarified. In the present study, the expression levels 
of TLR4 were significantly increased following MCAO and the 
TLR4‑specific agonist LPS significantly promoted the expres-
sion of TLR4, whereas the TLR4‑neutralizing antibody reduced 
the expression levels of TLR4 in MCAO rats. In addition, the 
results of the present study indicated that neurological func-
tion may be inhibited when the expression levels of TLR4 are 
increased by LPS. These results suggested that TLR4 may serve 
an important role in the pathogenesis of MCAO.

CRMP2 is a multifunctional adaptor protein that binds 
cytoskeletal partners to serve a crucial role in microtubule 
dynamics, neurite outgrowth and retraction, neural differentia-
tion and neurotransmitter release, as well as other important 
neurophysiological functions (27). CRMP2 phosphorylation 
by Rho‑kinase destabilizes microtubule bundles in the growth 
cone, in which the cell loses its ability to promote microtubule 
assembly, ultimately leading to growth cone collapse and 
the inhibition of neuroregeneration (28,29). Wang et al (30) 
reported that the expression levels of p‑CRMP2 were notably 
elevated in MCAO rats and induced severe neurological defi-
cits. In the present study, the expression levels of p‑CRMP2 in 
the cortex were significantly increased post‑MCAO.

Additionally, the results of the present study demonstrated 
that the activation of TLR4 by LPS significantly promoted 

Figure 3. Phosphorylation expression of CRMP2 in the cortex via immunofluorescence (magnif﻿﻿ication, x200). The p‑CRMP2‑positive expression in the cortex 
of the (A) normal, (B) sham, (C) MCAO, (D) saline, (E) LPS, (F) LPS+TLR4‑neutralizing antibody and (G) TLR4‑neutralizing antibody treatment groups. 
(H) Quantitative analysis of the OD of TLR4‑positive cells in the cortex relative to the OD value. Data are expressed as the mean ± standard deviation (n=5). 
Scale bar=100 µm. ∆∆P<0.01 vs. the normal group; #P<0.05 vs. the MCAO group; *P<0.05 vs. the LPS group; $$P<0.01 vs. the LPS+neutral group. OD, optical 
density; p‑CRMP2, phosphorylated collapsin response mediator protein 2; TLR, Toll‑like receptor; LPS, lipopolysaccharide; MCAO, middle cerebral artery 
occlusion and reperfusion group; Normal, rats that did not undergo MCAO; LPS+ neutral, rats treated with LPS and TLR‑neutralizing antibody prior to 
MCAO; Neutral, rats treated with TLR‑neutralizing antibody only prior to MCAO; Saline, rats administered an intracerebroventricular injection of saline prior 
to MCAO; Sham, rats that underwent surgery without MCAO.
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the expression levels of p‑CRMP2, whereas the inhibition 
of TLR4 by TLR4‑neutralizing antibody significantly reduced 
the expression of p‑CRMP2. These results suggested that 
TLR4 may regulate the phosphorylation of CRMP2 in MCAO 
rats. To further investigate the signaling pathway underlying 
TLR4 regulation associated with the phosphorylation of 
CRMP2, LPS and the specific Rho‑kinase inhibitor, Y‑27632, 
were administered to the brains prior to ischemic injury in 
the present study. Western blotting revealed that Y‑27632 had 
no effect on the increased expression of TLR4 induced by 
LPS; however, the expression levels of TLR4, ROCK‑II and 
p‑CRMP2 were significantly suppressed by Y‑27632 only 
treatment. These results indicated that the phosphorylation 
of CRMP2 may be activated by TLR4, which was suppressed 
following the inhibition of Rho kinase activation. The nega-
tive control (normal) was not included in this western blotting 
experiment, which may present a limitation of the present 
study.

The results of the present study demonstrated that TLR4 
promoted the phosphorylation of CRMP2 via the activation 

of Rho‑kinase. Additionally, the deterioration of neurological 
deficits associated with LPS intervention may be alleviated by 
the suppression of Rho‑kinase and p‑CRMP2. This suggests 
that the neurological impairments caused by TLR4 may be 
mediated by Rho‑kinase and p‑CRMP2.

However, additional experiments are required to support the 
conclusions of the present study. For example, further investiga-
tion of the direct interaction between p‑CRMP and Rho‑kinase, 
except for intervention with specific inhibitors, is required. In 
addition, it is also essential that histopathological analysis, such 
as Evans Blue/hematoxylin and eosin staining is conducted 
to study the levels of apoptosis/necrosis in neuronal cells and 
further evaluate the brain damage, which may support the results 
of behavioral neurological testing conducted in the present study.

In conclusion, the present study demonstrated that TLR4 may 
promote the phosphorylation of CRMP2 in MCAO rats, which 
may have been mediated via the activation of Rho‑kinase. This 
helps to further clarify the pathogenesis of TLR in stroke; modu-
lation of TLR4 could be a potential target to limit secondary 
post‑stroke brain damage in future clinical applications.
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Figure 5. Neurological scores of MCAO rats evaluated using the mNSS scoring 
method. No significant differences in the mNSS scores were observed at 24 h 
post‑MCAO between the three groups. The mNSS score in the LPS group was 
significantly increased at 2, 7 and 14 days post‑MCAO when compared with 
the MCAO group. LPS+Y‑27632 treatment reversed the increased mNSS score 
induced by LPS alone at 7 and 14 days post‑MCAO. Data are expressed as the 
mean ± standard deviation (n=5). #P<0.05 vs. the MCAO group at the same time 
point; *P<0.05 vs. the LPS group. LPS, lipopolysaccharide; Y‑27632, the Rho 
kinase inhibitor; MCAO, middle cerebral artery occlusion and reperfusion; 
mNSS, modified neurological severity score.

Figure 4. Expression levels of TLR4, ROCK‑II and p‑CRMP2 in the brain 
cortex as detected by western blotting. (A) Western blotting was performed 
to reveal the expression levels of TLR4, the activated Rho‑kinase inhibitor 
ROCK‑II and p‑CRMP2 in the LPS, LPS+Y‑27632 and Y‑27632 groups. 
(B) Quantitative analysis of TLR4, ROCK‑II and p‑CRMP2 expression 
levels relative to β‑actin in the cortex from (A). Data are expressed as the 
mean ±  standard deviation (n=5). ∆P<0.05 vs. the LPS+Y‑27632 group; 
*P<0.05 vs. the LPS group. LPS, lipopolysaccharide; p‑CRMP2, phos-
phorylated collapsin response mediator protein 2; ROCK‑II, Rho‑associated 
protein kinase 2; Y‑27632, rats treated with the ROCK‑II inhibitor Y‑27632; 
LPS+Y‑27632, rats treated with LPS and Y‑27632; TLR4, Toll‑like receptor 4.
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