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Abstract. - OBJECTIVE: The aim of this study
was to explore the association between the ex-
pression of mitogen-activated protein kinase
(MAPK)/extracellular regulated protein kinase
(ERK) pathway and neuronal apoptosis in rats
with white matter lesions (WNML).

MATERIALS AND METHODS: Sprague-Daw-
ley (SD) rats were selected as the research ob-
jects. Rat models of ischemic WML were estab-
lished by bilateral common carotid artery liga-
tion. Subsequently, brain tissues were collect-
ed from rats in sham operation group and WML
group, respectively. Hematoxylin-eosin (HE)
staining assay was conducted to observe the
pathological changes in white matters (WMs)
(callosum, internal capsule, and optic nerve) and
apoptotic cells in brain tissues. The protein ex-
pression levels of phosphorylated ERK (p-ERK)
and ERK, phosphorylated MAPK (p-MAPK), and
MAPK in tissues were measured by Western
blotting. Immunohistochemistry was employed
to detect the expression levels of p-ERK, ERK,
p-MAPK, and MAPK in brain tissues of the two
groups. Next, nerve cells were isolated from
rats with WML as research objects. The phos-
phorylation of the MAPK/ERK pathway was sup-
pressed using PD03259019 (a chemical drug,
hereafter referred to as PD). Then, the chang-
es in the protein expressions of apoptosis pro-
teins B-cell lymphoma 2 (Bcl-2) and Bcl-2-asso-
ciated X protein (Bax) were determined before
and after MAPK/ERK pathway inhibition. Mean-
while, changes in the messenger ribonucleic ac-
id (mRNA) expression levels were detected via
real-time fluorescent quantitative polymerase
chain reaction (PCR), and changes in apoptosis
were observed.

RESULTS: HE staining revealed that in sh-
am operation group, WMs had normal struc-
ture and intact morphology. The cells were reg-
ularly arranged, with little apoptosis of the nu-
clei in the center. However, there were abnor-
mally arranged nerve cells, loose cortical struc-

ture, swollen cells, aberrant nuclear membrane,
pyknosis, signs of cell degeneration and ne-
crosis, apoptotic cells filled most of the field
of vision, and relatively evident lesions in WML
group. Besides, WML group exhibited signifi-
cantly up-regulated expressions of p-ERK and
p-MAPK, as well as basically unchanged expres-
sions of ERK and MAPK (p<0.05). After PD was
added for 1 d, 2 d, and 3 d, the MAPK/ERK path-
way was repressed, which was the most signifi-
cantly at 3 d. Furthermore, the anti-apoptotic
phenotype of neurons was detected, which was
more pronounced at 3 d (p<0.05).

CONCLUSIONS: Rats with WML exhibited el-
evated MAPK/ERK activity and evident apopto-
sis. After inhibiting the phosphorylation site of
MAPK/ERK in rat neuronal cells, the expression of
pro-apoptotic protein decreased, and the apopto-
sis was relieved. In rats with WML, neuronal apop-
tosis is promoted by activating the MAPK/ERK
pathway, thus worsening the condition.
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Introduction

White matter lesions (WML) is caused by chron-
ic cerebral hypoperfusion even in the absence of ce-
rebral infarction, which develops with age. The risk
for WML rises in patients with arterial hyperten-
sion, diabetes mellitus (DM) or cardiovascular dis-
eases'. WML can be detected in the brain of 27-87%
of patients aged over 65 years old, which has also
been proved to be closely associated with weakened
cognitive ability>. WML is correlated with diseases
affecting cerebral small blood vessels (e.g., radioac-
tive lacunar infarction). Meanwhile, it is often found
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in patients with stroke, and is regarded as one of
the most common causes of vascular cognitive im-
pairment and dementia®’. Actually, WML is a core
pathology of Binswanger disease (a kind of vascular
dementia). Partial WML can be used to explain
Alzheimer’s disease™”. WML can also be detected
via diffusion weighted imaging and diffusion tensor
imaging techniques®. In addition, the pathophysi-
ology of ischemic injury in white matters (WMs)
differs greatly from that in gray matters. In addition
to Wallerian degeneration, WM injury can be in-
dependently induced by degeneration secondary to
neuronal damage®®. Given this, some researchers
have emphasized the importance of “comprehen-
sive brain protection” to protect gray matters and
WMs from acute cerebral ischemia®''. Preoperative
WML is a severe and important risk factor for
postoperative cognitive dysfunction (POCD) in hu-
mans'>', Diabetes mellitus and brain, heart or vas-
cular diseases are common risk factors for WML
and POCD". Meanwhile, it has been reported that
in the case of WML, microglial cells are activated.
This may produce excessive reactive oxygen spe-
cies and pro-inflammatory cytokines and activate
mitogen-activated protein kinase (MAPK) signal
transduction, eventually aggravating WML,
Therefore, exploring the correlation between WML
and the activation of MAPK /extracellular regulated
protein kinase (ERK) pathway after WML may be
conducive to the treatment of WML.

Materials and Methods

Materials

Sprague-Dawley (SD) rats (fed in our hos-
pital), rat-derived nerve cells B-35 [purchased
from American Type Culture Collection (ATCC)
cell bank (Manassas, VA, USA)]; quantitative
polymerase chain reaction (PCR) kit (Roche,
Basel, Switzerland); B-cell lymphoma 2 (Bcl-2)
and Bcl-2-associated X protein (Bax) antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA,
USA); PD inhibitor (Shanghai Jingke Chemical
Biology, Shanghai, China); hematoxylin-eosin
(HE) staining reagent (Beyotime, Shanghai,
China); protein concentration assay kit (Elab-
science, Wuhan, China) and TRIzol (Aidlab,
Beijing, China).

Research Objects and Grouping

Female SD rats were used as research objects
for in vivo experiments. All rats were divided into
two groups based on the presence or absence of

carotid artery ligation, including sham operation
group (n=10) and WML group (n=10). PD was
prepared with dimethyl sulfoxide (DMSO), and
rat nerve cells were divided into DMSO group
and PD group. Meanwhile, PD group was subdi-
vided into 1 d group, 2 d group, and 3 d group.
This investigation was approved by the Ethics
Committee of Dongzhimen Hospital Beijing Uni-
versity of Chinese Medicine.

Establishment of Rat Models of WML

The rats were first placed on an operat-
ing table and anesthetized with 5% chloral hy-
drate (0.01 mL/g body weight; Wuhan Hengwo
Technology  Co., Ltd., Wuhan, China). In
WML group, the right common carotid artery of
rats was permanently ligated under anesthesia.
Then, the rats were put in a sealed 3 L container
that was partially immersed in a water bath at
36°C, followed by exposure to 8% wet oxygen
(8% O, and 92% N,) at a flow rate of 3 L/min
for 1 h. After hypoxia, the rats were put back
to the cages. Next, behavioral changes in rats of
the two groups were observed. Rats in sham op-
eration group did not undergo ligation of carotid
and other treatments, and the right carotid artery
was only threaded.

Morris Water Maze Experiment

At the beginning of the experiment, rats were
placed on a platform for 20 s to be directed to
the maze. Next, the tail of rats was gently low-
ered to one of the three positions (located in
the center of the wall of the different quadrants
without platforms) in the pool facing the wall.
Meanwhile, a digital tracking system was start-
ed to record the test. The maximum swimming
time was set as 60 s, and the swimming trajec-
tory of rats was recorded. To check the spatial
reference memory, a probe test was performed
at 24 h after last detection. During the test, the
rats were allowed to fall into the pool and swim
for 1 min. 30 min after the probe test, a visual
cue test was conducted to assess sensorimotor
ability and motivation.

Hematoxylin and Eosin (HE) Staining
The rats were first killed after anesthesia with
chloral hydrate. Brain tissues around the ventricle
were taken, dissected, thoroughly washed and
dissolved, fixed with 4% paraformaldehyde, and
embedded in paraffin. Next, paraffin blocks were
coronally sectioned (10 pm in thickness) from
the genus of the callosum to the end of the dorsal

4413



Y. Guo, C. Liu, J. Zhang, B.-B. Tian, L. Wang, G.-K. Liu, Y. Liu

hippocampus. The sections were pre-heated at
65°C overnight on the day before the experiment.
At the beginning of the experiment, the sections
were deparaffinized in xylene tanks with three
concentrations. After dehydration by ethanol at 5
gradually increasing concentrations, the sections
were gently washed with deionized water for 4
times, and dried in air. Then, the tissues were
spread on a sterile glass slide and placed above the
alcohol lamp flame for 15-30 s. Next, they were
added dropwise with eosin Y staining solution and
let stand for 3 min for cell plasma staining. After
that, the staining solution was diluted with distilled
water to terminate the staining. Thereafter, stained
tissue samples were slowly washed with ethanol
and added with methylene blue staining solution
in drops for cell nucleus staining for 60 s. The
staining was terminated using the same method as
above. Lastly, the tissue samples were mounted for
long-term preservation.

Tissue Protein Extraction and Western
Blotting Analysis

After killing the rats, brain tissues were quickly
taken out. Tissues around the ventricle were dis-
sected and stored in equal parts at —80°C, which
were thawed and taken out for next use. Subse-
quently, tissue lysis buffer was prepared and mixed
with the tissues evenly, swirled for three times
(15 s/time), and centrifuged at 14000 rpm/min for
40 min. Protein concentration was determined
according to absorbance, and the samples were
boiled for denaturation. Next, protein samples
were separated via sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and
transferred onto polyvinylidene difluoride (PVDF)
membranes (Millipore, Billerica, MA, USA).
Then, the membranes were incubated with Bcl-2
and Bax (1:2000) and anti-glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH; 1:1000) primary
antibodies at 4°C for 14 h. On the next day,
the membranes were incubated with horseradish
peroxidase (HRP)-labeled secondary antibodies
(1:1000) for 1 h. After that, luminous solution was
prepared at 1:1 and used for development. The an-
alytical experimental results were saved.

Real-Time Reverse Transcription PCR
Total ribonucleic acids (RNAs) in brain tis-
sues were extracted with TRIzol. Subsequently,
extracted RNA was reversely transcribed into
complementary deoxyribonucleic acids (cDNAs)
using a reverse transcription system. The reverse
transcription system (Roche, Basel, Switzerland)
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was added with RNAs and reagent 5, 6 and 7,
and heated at 65°C for 10 min. After successively
added with reagent 2, 3, 4, and 1, the mixture was
heated at 50°C for 60 min and 85°C for 5 min
to obtain cDNAs. The concentration of cDNAs
was detected, and they were diluted to 500 ng/
pL and added with buffer primer cDNAs and
water to prepare into a general reaction system
(20 uL in total). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal
reference for Bcl-2 and Bax. For each sample,
three replicates were set. Expression levels of
genes were calculated by the 2-24“*method. Prim-
er sequences used in the experiment were as fol-
lows: Bax-F: TCCACCAAGAAGCTGAGCGAG;
Bax-R: GTCCAGCCCATGATGGTTCT. Bcl-
2-F: TTCTTTGAGTTCGGTGGGGTC; Bcl-2-R:
TGCATATTTGTTTGGGGCAGG. GAPDH-F:
ACAGCAACAGGGTGGTGGAC; GAPDH-R:
TTTGAGGGTGCAGCGAACTT.

Cell Dosing

One day before the experiment, rat glial cells
were inoculated into a 6-well plate and divided
into DMSO group, 1 d group, 2 d group, and 3
d group. Multiple wells were set for each group.
The number of cells inoculated was determined
based on culture time. Next, PD (10 uM) and the
medium (1.5 mL) were added, and the cell pellet
was collected.

Statistical Analysis

Statistical Product and Service Solutions
(SPSS) 17.0 (SPSS Inc., (Chicago, IL, USA) soft-
ware was used for all statistical analysis. The
t-test and single factor analysis were carried out
when appropriate. p<0.05 was considered statisti-
cally significant.

Results

Behavioral Changes and Behavioral
Test Results in Rats With WML

Rats in sham operation group had normal per-
formance, while those in WML group exhibited
limb shaking, dysphoria (in emotion), cyanosis
(in skin), shortness of breath, hovering, and con-
vulsions. Based on the water maze experiment,
the memory capacity was overtly weakened, the
swimming path was notably messy and had no
rules, and the times of platform crossing were re-
duced in WML group when compared with sham
operation group (Figure 1).
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Morphological Changes in Nerve Cells
Detected Via HE Staining

HE staining indicated that WM area in sham
operation group was normal. Nerve cells exhib-
ited a complete shape, and no brain edema and
brain atrophy were observed by naked eyes.
In WM area in WML group, the fibers were
disorderly arranged, with vacuole-like changes
in some fibers. Meanwhile, apoptosis was evi-
dent, and neutrophil infiltration was observed
(Figure 2).

Changes in MAPK/ERK Pathway and
Apoptosis After WML

The expression levels of phosphorylated ERK
(p-ERK) and phosphorylated MAPK (p-MAPK)
in WML group were significantly higher than
those in sham operation group. However, no sig-
nificant differences were observed in the expres-
sion levels of MAPK and ERK between the two
groups. These results suggested that the MAPK/
ERK pathway was activated after WML, and the
expression of important proteins of the pathway
was significantly high (Figure 3).

Relationship Between MAPK/ERK
Pathway and Neuronal Apoptosis

After adding PD, MAPK/ERK began to be
inactivated. Protein expressions decreased at 2 d,
and the inhibition was the strongest at 3 d. Com-
pared with DMSO group, the expression of apop-
tosis proteins in nerve cells was not significantly
different in 1 d group. However, it was markedly
reduced in 2 d and 3 d groups. The decrease was

Sham operation
group

WML group

Figure 1. Results of behavioral test of rats after WML. A,
Swimming path of rats in sham operation group is regular.
B, Rats in WML group have disordered swimming path and
decreased times of platform crossing.

the most evident in 3 d group and prominent in 2
d group. QRCR results revealed that 2 d and 3 d
groups showed significantly elevated expression
of Bcl-2 and decreased expression of Bax. The
above results suggested that neuronal apoptosis
was attenuated after the MAPK/ERK pathway
was repressed (Figure 4).

Discussion

WML is an important neurological deficit
commonly detected in premature infants with
very low birth weight (VLBW). It accounts for
10% of cerebral palsy and 25-50% of cognitive/
behavioral deficits in VLBW premature infants'.
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Figure 2. Pathological changes in WM area after WML. A, Nerve cells are relatively intact in sham operation group, with
little necrotic cells. B, WML group has disordered arrangement of nerve fibers, swollen and deformed cells, infiltration of
inflammatory cells and clearly increased apoptotic cells (magnification 4x).
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Figure 3. The MAPK/ERK pathway is activated in the case of WML. A, Compared with sham operation group, WML group
exhibits remarkably raised p-MAPK and p-ERK expressions (p<0.05) and basically unchanged MAPK and ERK expressions.
B, C, Expression levels of p-MAPK/MAPK and p-ERK/ERK are evidently up-regulated in WML group (p<0.01).

Zhang et al* have reported that 19.3% of surviv-
ing premature infants have cerebellar lesions. The
pathogenesis of WML mainly involves cerebral
hypoxia-ischemia (HI) injury-induced systemic
inflammation and maternal or fetal infection. So
far, there are little pharmacological drugs that can
effectively alleviate brain damage in premature
infants, promote rehabilitation, or minimize the
severity of disability. HI and infection/inflam-
mation are two major risk factors for WML in
premature infants with VLBW!2:22, However,
clinical and experimental evidence has demon-
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strated that systemic infection or inflammation
is insufficient to result in significant lesions of
the central nervous system. Leviton and Gilles*
have proved that maternal infection is critical to
the progression of WML. To sum up, WML is
a multifactorial process, in which HI injury and
inflammation negatively impact immature brain
at the same time.

The MAPK/ERK pathway is widely involved
in every stage of the growth and development of
cells, including cell proliferation, differentiation,
migration, senescence, and apoptosis. Neurotroph-
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Figure 4. Apoptosis changes after inhibition of the MAPK/ERK pathway. A, Compared with DMSO group, PD exerts
inhibitory function from 2 d, and the inhibitory effect is more significant at 3 d (»<0.05) B, Compared with DMSO group, 2 d
and 3 d groups exhibits elevated Bcl-2 protein expression and lowered Bax protein expression, showing significant differences
(p<0.01). C, D, Levels of p-ERK and p-MAPK display no significant differences between DMSO group and 1 d group, but
overtly lower in 2 d and 3 d groups than those in DMSO group (p<0.01). E, F, In comparison with DMSO group, 2 d and 3 d
groups have elevated Bcl-2 mRNA content and lowered Bax mRNA content (p<0.01).

ic factors from the brain can stimulate neural way has also been found associated with TNF-a-
differentiation of human cord blood mesenchymal induced apoptosis of neuronal cell PC12%. There-
stem cells (MSCs) and the survival of differentiat- fore, further exploring the relationship between

ed cells through MAPK/ERK-dependent signaling MAPK/ERK pathway and apoptosis in patients
pathways?. Suppression of the MAPK/ERK path- with WML can more clearly explain the pathogen-
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esis of WML, thereby providing a new method for
its treatment in clinical practice.

In this study, rat models of WML were first-
ly constructed. Compared with sham operation
group, the behaviors changed greatly in WML
group. Transiently limb shaking, irritability, cy-
anosis, and tachypnea were observed. Water
maze experiment showed that compared with
sham operation group, WML group exhibited
reduced memory, chaotic and irregular swim-
ming path, and decreased times of platform
crossing. HE staining results of the WM area
demonstrated that in WML group, the nerve
fibers were disordered, without rules. More cells
had degeneration and necrosis, with vacuoles
in some cells. Meanwhile, formed lesions were
observed under a microscope. Furthermore, the
expression levels of p-MAPA and p-AKT were
significantly higher in WML group than those
in sham operation group. However, no signifi-
cant differences in the protein expression levels
of MAPK and ERK were observed between
sham operation group and WML group. PD
acted on the phosphorylation site of proteins
to inhibit the MAPK/ERK pathway in rat glial
cells. At 1 d after dosing, PD exerted no evident
inhibitory effect. However, its inhibitory effect
was enhanced at 2 d and 3 d after dosing. The
measurement of the protein and mRNA ex-
pressions of apoptosis-related proteins showed
that the expression of Bcl-2 rose in 2 d and 3 d
groups, while Bax expression declined. Such an
increase or decrease was particularly evident in
3 d group, and the differences were statistically
significant. /n vivo experiments indicated that
the MAPK/ERK pathway was activated, and the
apoptosis increased in the case of WML. In vitro
experiments uncovered that after inhibiting the
MAPK/ERK pathway, the protein expression
of Bax in nerve cells was significantly reduced,
while that of Bcl-2 was elevated. Meanwhile, the
anti-apoptotic effect was significant, indicating
that the MAPK/ERK pathway could mediate the
apoptosis of nerve cells after WML. In this study,
the mechanism of MAPK/ERK pathway activa-
tion in WML was not investigated. Non-coding
RNAs might be involved in the activation, which
could serve as sites for targeted therapy.

Conclusions

Briefly, rats with WML showed elevated
MAPK/ERK activity and evident apoptosis. Af-
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ter inhibiting the phosphorylation site of MAPK/
ERK in rat neuronal cells, the expression of
pro-apoptotic protein decreased, and the apop-
tosis was relieved. In rats with WML, neuro-
nal apoptosis was promoted by activating the
MAPK/ERK pathway, thus worsening the condi-
tion. Our study could provide a potential strategy
in clinical treatment for WML.
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