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Inflammatory response and neuronal necrosis in rats
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Abstract

In the middle cerebral artery occlusion model of ischemic injury, inflammation primarily occurs
in the infarct and peripheral zones. In the ischemic zone, neurons undergo necrosis and apop-
tosis, and a large number of reactive microglia are present. In the present study, we investigated
the pathological changes in a rat model of middle cerebral artery occlusion. Neuronal necrosis
appeared 12 hours after middle cerebral artery occlusion, and the peak of neuronal apoptosis ap-
peared 4 to 6 days after middle cerebral artery occlusion. Inflammatory cytokines and microglia
play a role in damage and repair after middle cerebral artery occlusion. Serum intercellular cell
adhesion molecule-1 levels were positively correlated with the permeability of the blood-brain
barrier. These findings indicate that intercellular cell adhesion molecule-1 may be involved in
blood-brain barrier injury, microglial activation, and neuronal apoptosis. Inhibiting blood-brain
barrier leakage may alleviate neuronal injury following ischemia.
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Introduction

Ischemic stroke is a very serious disease and can lead to
extensive cerebral damage and serious neurological defi-
cits (Flynn et al., 2008). A model of ischemic stroke can be
established by transient middle cerebral artery occlusion
(Longa et al., 1989). The pathophysiological changes in mid-
dle cerebral artery occlusion damage include alterations in
the permeability of the blood-brain barrier (Durukan and
Tatlisumak, 2007; Valous et al., 2013), neuronal necrosis and
apoptosis (Wang et al., 2002; Lawson and Wolf, 2009), the
release of inflammatory mediators and intercellular cell ad-
hesion molecule-1 (Zaremba and Losy, 2002), and microglial
changes (Graeber and Streit, 2010). However, the sequence
of events leading to ischemic injury remains unclear.

Huang et al. (2012) demonstrated that blood-brain barrier
function is impaired after middle cerebral artery occlusion
injury. The blood-brain barrier is dynamic and regulates
leukocyte infiltration from the blood compartment into
the brain. Disruption of the blood-brain barrier allows
leukocytes to migrate into the brain, leading to neuronal
death and apoptosis. Intercellular cell adhesion molecule-1
mediates the adhesion of leukocytes; however, the function
of intercellular cell adhesion molecule-1 in blood-brain
barrier dysfunction after middle cerebral artery occlusion is
unclear. Pan et al. (2013) and Satoh et al. (2011) showed that
microglia are involved in neuronal necrosis and apoptosis
after middle cerebral artery occlusion, and microglia could
release both inflammatory and anti-inflammatory factors at

different time points after middle cerebral artery occlusion;
however, the deleterious and/or beneficial effects of microg-
lia in the pathological process after middle cerebral artery
occlusion are not fully known. As shown in our previous
studies (Cao et al., 2011; Zhang et al., 2011), anti-inflamma-
tory factors play an important protective role in rat middle
cerebral artery occlusion injury. Many studies have shown
that inflammatory factors have an impact on ischemic tissue
injury in the brain (Veldhuis et al., 2003; Muir et al., 2007;
Brea et al., 2009; Lakhan et al., 2009; Iadecola and Anrather,
2011), but the role of inflammatory factors after middle ce-
rebral artery occlusion is still not clear. In the present study,
to provide insight into the processes underlying middle ce-
rebral artery occlusion injury, we examined the relationship
between the inflammatory reaction, neuronal necrosis/apop-
tosis, intercellular cell adhesion molecule-1 changes, blood-
brain barrier permeability and microglial activation.

Materials and Methods

Animals

A total of 224 healthy, clean, male, Sprague-Dawley rats,
aged 8-9 weeks and weighing 250-300 g, were provided by
SJA Laboratory Animal Co., Ltd., Changsha, Hunan Prov-
ince, China (license No. SCXK (Xiang) 2009-0004). The rats
were housed in cages with a 12/12-hour light/dark cycle, reg-
ular ventilation, at 18-26°C, and relative humidity between
40-70%. Rats were given food and water ad libitum. Rats
were fasted for 12 hours before operation, but drank tap
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water freely. The investigation conformed to the Guide for
the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH publication No. 85-23,
revised 1996), and the protocol was approved by the Institu-
tional Animal Care Committee of Wuhan University in China.
All 224 rats were randomly assigned to control (n = 14), sham
surgery (n = 14) and model (n = 196) groups.

Establishment of middle cerebral artery occlusion model
A rat infarction model was induced by middle cerebral artery
occlusion as previously described (Longa et al., 1989). Rats
were anesthetized with 10% chloral hydrate (0.3 mL/100 g)
by intraperitoneal injection and placed supine on a desk. The
right common carotid artery was exposed through a median
neck incision, and, using surgical forceps, the right internal
carotid artery and external carotid artery were carefully iso-
lated. The common carotid artery and internal carotid artery
were blocked by two micro-artery clamps. The distal end
of the external carotid artery was fastened by a 5-0 surgical
suture, and then cut off. A 4-cm length of nylon monofila-
ment (Sunbio Biotechnology Company, Beijing, China) was
inserted into the internal carotid artery for middle cerebral
artery occlusion through the stump of the external carotid
artery. The micro-artery clamps of the internal carotid ar-
tery were undone, and then the nylon monofilament was
advanced approximately 18 to 20 mm, with distance varying
according to the animal’s weight. The surgical suture was
fastened around the intraluminal nylon monofilament in
the right external carotid artery to avoid bleeding. The neck
incision was then sutured. Two hours later, rats were once
more anesthetized, the original incision was re-exposed, and
the nylon monofilament was pulled out to establish reperfu-
sion. The neck incision was again sutured (Peng et al., 2007).
Anesthesia and vascular dissection only were performed in
the sham surgery group. Rats in the control group were rou-
tinely fed.

Evaluation of middle cerebral artery occlusion model
Neurological impairment after cerebral ischemia-reperfu-
sion injury was evaluated with a neurobehavioral test scored
on a five-point scale, as described previously (Zhang et al.,
2006). Neurological scores were evaluated using a modified
neurological severity score (de Vasconcelos dos Santos et al.,
2010) that evaluates motion, sensation, reflex and balance
beam performance. Scoring was as follows: 1-6: mild dam-
age; 7-12: moderate damage; 13—18: severe damage. Middle
cerebral artery occlusion rats with scores of 7-12 were used
as an ischemic injury model for further experiments.

Weighing and neurological scoring

We evaluated the neurological impairment of rats using the
modified neurological severity score and weighed the rats
before and 0, 0.5, 1, 2, 4, 6, 12, 24 hours and 2, 4, 6, 10, 14
and 18 days after middle cerebral artery occlusion operation.

Harvesting of brain tissue samples

Rats in the model group were anesthetized at 0, 0.5, 1, 2, 4, 6,
12,24 hours and 2, 4, 6, 10, 14 and 18 days after middle cere-
bral artery occlusion (7 = 14 for each time point). The right
atrium and right ventricle were cut with surgical scissors. A
needle was inserted into the left ventricle, and 0.9% sodi-
um chloride (37°C) was perfused over approximately 5-10
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minutes (200 mL) until the perfusate from the right atrium
became colorless. Then, 4% paraformaldehyde solution (pH
7.4) was perfused for 20 minutes (about 200 mL). The brain
was then taken out and immersed in 4% paraformaldehyde
solution for 24 hours. Brain tissue was removed and sliced
into seven continuous pieces along the coronal axis, and
then embedded in paraffin.

Hematoxylin-eosin staining

Paraffin-embedded specimens were dewaxed, dehydrated
and rinsed with tap water. Specimens were stained with he-
matoxylin for 5 minutes, rinsed with tap water, immersed in
1% hydrochloric acid/ethanol for 2 seconds, and then rinsed
with tap water. Specimens were stained with 0.5% eosin
aqueous solution for 3 minutes and rinsed with distilled wa-
ter. The slides were dehydrated and mounted. The specimens
were observed by light microscopy (ECLIPSE E200, Nikon,
Tokyo, Japan).

Observation of rat brain ultrastructure by transmission
electron microscopy

Sprague-Dawley rats were anesthetized and sacrificed at dif-
ferent time points (n = 2 for each time point). Then, 0.9%
sodium chloride, 37°C, was perfused for approximately 5-10
minutes (200 mL) until the perfusate from the right atrium
became colorless. The brain was rapidly taken out and the
cerebral cortex was dissected into 1 mm x 1 mm x 1 mm
pieces and placed in 2.5% glutaraldehyde solution at 4°C for
2 hours. After being placed in 1% osmium tetroxide fixative
(pH 7.3-7.4) at 4°C for 2 hours, the tissue was successively
dehydrated using increasing concentrations of ethanol and
acetone. The specimen was embedded with epoxy resin and
cut into ultrathin slices (50—60 nm), and then shifted to 150-
mesh copper grids. After double staining with 3% acetic acid
uranium and lead citrate tannic acid, the specimens were
observed under a transmission electron microscope (Hitachi,
Tokyo, Japan).

Cerebral infarction volume evaluated by
2,3,5-triphenyltetrazolium chloride (TTC) staining

Six rats with middle cerebral artery occlusion were perfused
as above, and the brain was rapidly taken out and placed
in the freezer for 20 minutes. The brain was cut into seven
continuous pieces (each piece 2-mm-thick) along the cor-
onal axis. After immersion in 1% TTC solution (Solarbio
Technology Company, Beijing, China) in the dark, the slices
were placed in a 37°C oven for 15 minutes. Normal brain tis-
sue was stained red, while infarcted tissue was white. Tissues
were photographed with a digital camera, and Image Pro
plus 5.0 software (Media Cybernetics, Rockville, MD, USA)
was used to measure the area of infarction. Infarct volume
was calculated as V=3(S1 + S2)d/2, where S1 and S2 respec-
tively represent slices from the cranial and caudal area, and d
represents slice thickness. The volume of cerebral infarction
(%) was calculated as infarct volume/non infarct cerebral
hemispheric volume X 100% (Bochelen et al., 1999).

ELISA for intercellular cell adhesion molecule-1, tumor
necrosis factor-alpha and interleukin-1 beta

Rats in the model group were anesthetized at 0, 0.5, 1, 2, 4,
6, 12, 24 hours and 2, 4, 6, 10, 14, 18 days after middle cere-
bral artery occlusion (n = 14 for each time point). Cardiac
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puncture was done for blood collection. The serum con-
centrations of intercellular cell adhesion molecule-1, tumor
necrosis factor-alpha and interleukin-1 beta were measured
using double sandwich ELISA kits according to instructions
(Zhao et al.,, 2011; Hoffmann et al., 2013; Tan et al., 2013).
Briefly, 100 pL standard or sample were added to each well
and incubated with mouse anti-rat intercellular cell adhesion
molecule-1 monoclonal antibody (1:100; Uscn Life Science
Inc., Wuhan, Hubei Province, China), mouse anti-rat tumor
necrosis factor-alpha monoclonal antibody (1:100; Uscn Life
Science Inc.) or mouse anti-rat interleukin-1 beta monoclo-
nal antibody (1:100; Uscn Life Science Inc.) for 2 hours at
37°C. 100 pL biotin-conjugated rabbit anti-mouse IgG (1:100;
Uscn Life Science Inc.) was incubated for 60 minutes at 37°C.
After rinsing in PBS, 100 pL avidin conjugated to horserad-
ish peroxidase (1:100; Uscn Life Science Inc.) was added for
30 minutes at 37°C. After rinsing in PBS, 100 pL tetrameth-
ylbenzidine was added for 20 minutes at 37°C. After adding
50 pL sulfuric acid, optical density values were measured at
450 nm with a microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA). Using protein samples of known con-
centration, standard curves were drawn, and intercellular
cell adhesion molecule-1, tumor necrosis factor-alpha and
interleukin-1 beta concentrations were calculated.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) for apoptosis

Apoptosis was analyzed using the TUNEL assay (in situ cell
death detection kit, Roche Group, Basel, Switzerland) as previ-
ously described (Peng et al., 2011). Briefly, paraffin-embedded
samples were dewaxed and dehydrated. Tissue sections were
incubated for 20 minutes at 25°C with proteinase K working
liquid (20 pg/mL in 10 mmol/L Tris/HCl, pH 7.4-8). 50 uL
of TUNEL reaction mixture was added and incubated for 60
minutes at 37°C in a humidified atmosphere in the dark with
a lid. Sample was treated with 50 pL Converter-POD solution
in a humidified chamber for 30 minutes at 37°C, and visu-
alized with 100 pL 3,3"-diaminobenzidine for 10 minutes at
25°C. Sample was counterstained with hematoxylin. The slides
were dehydrated and mounted. The slides were observed by
light microscopy (ECLIPSE E200, Nikon, Tokyo, Japan), and
mean optical density of TUNEL-positive cells was measured
and analyzed by an image analysis system (Image Pro Plus 5.0
software, Cybernetics, Bethesda, MD, USA).

Iba-1 expression

Samples were dewaxed and dehydrated. For antigen retrieval,
samples were placed in citrate buffer (pH 6.0), and heated in
the microwave. All samples were treated with 3% H,0, for
10 minutes, and then with rabbit anti-Iba-1 polyclonal anti-
body (1:1,000; Wako, Saitama, Japan) overnight at 4°C, with
goat anti-rabbit IgG antibody-HRP polymer (1:200; Maxim,
Fuzhou, Fujian Province, China) for 30 minutes at 37°C, and
then visualized with 100 pL 3,3'-diaminobenzidine for 2-3
minutes. Samples were counterstained with hematoxylin, de-
hydrated and mounted, and then observed by light microscopy
(ECLIPSE E200, Nikon, Tokyo, Japan). Images were analyzed
by an image analysis system (ImagePro Plus 5.0 software, Cy-
bernetics). The image analysis system identified and calculated
the mean optical density of positive cells (Sasaki et al., 2001).

Measurement of blood-brain barrier permeability
Blood-brain barrier permeability was evaluated using Evans

blue (ZSGB Biotechnology, Beijing, China) in brain as de-
scribed by Lenzsér et al. (2007). The rats were anesthetized
and injected intravenously with Evans blue (2% solution,
0.4 mL/100 g) for 1 hour. After perfusion with 0.9% sodi-
um chloride (100 mL/100 g), the brain was rapidly taken
out, and the cortex was separated on ice and weighed. The
specimens were homogenized and immersed in the meth-
anamide solution in a 37°C oven for 48 hours. The samples
were centrifuged at 10,000 x g for 20 minutes at 4°C. For the
determination of Evans blue, 100 uL supernatant was mea-
sured at 620 nm with a microplate reader (Thermo Scientif-
ic, Waltham, MA, USA). Based on a standard curve, the dye
content of the sample was calculated.

Statistical analysis

Data were analyzed using SPSS 10.0 software (SPSS, Chicago,
IL, USA) and statistical data were expressed as the mean +
SD. One-way analysis of variance was used to evaluate differ-
ences between groups. Paired -test was used for intergroup
comparisons. In addition, intergroup Pearson correlation
analysis was conducted. A value of P < 0.05 was considered
statistically significant.

Results

Changes in weight and neurological scores after middle
cerebral artery occlusion

To evaluate physical and neurological changes after middle
cerebral artery occlusion, weight and modified neurological
severity score were monitored. Over time, weight gradually
declined until 6 days after middle cerebral artery occlusion
compared to the control group and sham surgery group
(P <0.01), and then weight gradually recovered (Figure 1A).
The modified neurological severity score was reduced at 10
days compared to the control group and sham surgery group
(P < 0.01; Figure 1B). These results suggest that physical
health and neurological impairment recovered 10 days after
middle cerebral artery occlusion.

Changes in infarct volume after middle cerebral artery
occlusion

TTC staining showed that the percentage of infarct volume
was 31.40 + 3.36% at 48 hours post operation in the model
group (Figure 2).

Changes in neural cells in the cerebral infarction area after
middle cerebral artery occlusion

Hematoxylin-eosin staining revealed that neural cells were
slightly swollen in the middle cerebral artery occlusion
group at 6 hours compared with the sham surgery group.
Neural cells appeared swollen, with pyknosis at 12 hours
after middle cerebral artery occlusion. Neural cells appeared
ruptured at 24 hours after middle cerebral artery occlusion
(Figure 3).

Remarkably, the most characteristic early signs of apoptosis
(cell shrinking, chromatin condensation) were observed 4
hours after middle cerebral artery occlusion. Mitochondrial
swelling and partial loss of cristae, nuclear membrane retrac-
tion, dense cytoplasm pyknosis, which are the hallmarks of
the middle stages of apoptosis, were observed. The significant
features of the late stages of apoptosis were visible in neural
cells in the cerebral ischemic penumbra at 6 days in the mid-
dle cerebral artery occlusion group. Separated inner and outer
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Figure 1 Changes in rat weight (A) and neurological scores (B) after middle cerebral artery occlusion.
Data are expressed as the mean + SD. One-way analysis of variance was used to evaluate difference between groups. Paired t-test was used for inter-
group comparison. *kP < 0.01, vs. control and sham surgery groups. h: Hour(s); d: day(s); mNSS: modified neurological severity score.

Figure 3 Pathological changes in the cerebral infarction area in rats with cerebral ischemia-reperfusion injury (hematoxylin-eosin staining,

light microscopy, X 400).

(A) Sham surgery group. Neural cells are normal looking. (B, C) 0 and 2 hours after middle cerebral artery occlusion, neural cells display no obvi-
ous change. (D) 6 hours after middle cerebral artery occlusion, neural cells appeared slightly swollen (arrows). (E) 12 hours after middle cerebral
artery occlusion, neural cells appeared swollen, with a bigger volume and nuclear condensation (arrows). (F) 24 hours after middle cerebral artery

occlusion, no complete cell membranes are detectable (arrow).

Figure 2 Cerebral infarct area in rats 48 hours after middle cerebral
artery occlusion (2,3,5-triphenyltetrazolium chloride staining).
(A-G) The infarcted brain tissue is white. Infarction parts (red arrows)
mainly include the midbrain (B), hippocampus (C), basal ganglia (D)
and cortex (E-G).

mitochondrial membranes, ruptured cristae, and non-dense
matrix spaces were visible. Mitochondrial swelling and loss of
membrane cristae gradually recovered with time (Figure 4).
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Apoptosis in the cerebral infarction area after middle
cerebral artery occlusion

No TUNEL-positive cells were visible in the sham surgery
or control group. TUNEL-positive cells in the cortical area
and infarct zone were observed in the middle cerebral ar-
tery occlusion group at 2 hours. The optical density of
TUNEL-positive cells was increased compared to the sham
surgery and control groups (P < 0.05, P < 0.01). Optical
density peaked in the middle cerebral artery occlusion group
at 4 days (P < 0.01). The optical density of TUNEL-positive
cells was noticeably decreased 6 days after middle cerebral
artery occlusion, although there was no statistically signifi-
cant difference from the sham surgery and control groups (P
> 0.05; Figure 5).
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Figure 4 Ultrastructural alterations in the cerebral infarction area in rats with cerebral ischemia-reperfusion injury (electron microscope).

(A) Normal-looking neural cells in the sham surgery group (x 8,000). (B, C) Early apoptosis (arrows) 4 hours after middle cerebral artery occlu-
sion (X 8,000). (D) Mitochondrial (arrows) changes 24 hours after middle cerebral artery occlusion (x 15,000). (E) Intermediate stages of apopto-
sis (arrow) 2 days after middle cerebral artery occlusion (x 8,000). (F) Pyknosis (arrow) 4 days after middle cerebral artery occlusion (x 8,000). (G)
Late stage of apoptosis (arrows) 6 days after middle cerebral artery occlusion (X 15,000). (H) Partial mitochondrial (arrows) recovery 18 days after

middle cerebral artery occlusion (x 15,000).
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Figure 7 Alterations in the permeability of the blood-brain barrier in rats after middle cerebral artery occlusion.

(A) Sham-surgery group; (B) Evans blue (EB) accumulation 2 hours after middle cerebral artery occlusion (arrow); (C) EB accumulation (arrow)
24 hours after middle cerebral artery occlusion; (D) 10 days after middle cerebral artery occlusion; (E) EB content at different time points. Data are
expressed as the mean * SD. One-way analysis of variance was used to evaluate differences between groups. Paired t-test was applied for intergroup
comparisons. *P < 0.05, **P < 0.01, vs. sham surgery and control groups. h: Hour(s); d: day(s).

Microglial changes in the cerebral penumbra and necrotic

area after middle cerebral artery occlusion

To investigate the effect of microglia on neural cells in the
cerebral penumbra and necrotic area, changes in microglia
were analyzed by immunohistochemical staining for Iba-
1. In the sham surgery group, only a few Iba-1-positive
microglia were observed in the infarcted region. Over time,
the number of Iba-1-positive cells gradually increased.
Iba-1-positive cells changed morphologically to acquire a
large rounded cell body, characteristic of the amoeboid state

and demonstrating activation of the cells. The mean optical
density was measured to quantitate the immunohistochem-
istry data. The optical density of Iba-1-positive cells was
significantly higher in the middle cerebral artery occlusion
group at 12 hours compared to the sham surgery group
(P < 0.05). The peak of the optical density was detected in
the middle cerebral artery occlusion group. At 10 days, the
optical density of Iba-1-positive cells was significantly high-
er in the middle cerebral artery occlusion group at 18 days
compared to the sham surgery group (P < 0.01; Figure 6).
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Changes in permeability of the blood-brain

barrier following middle cerebral artery occlusion

To examine blood-brain barrier permeability after middle
cerebral artery occlusion, we measured the cerebral content
of Evans blue by ELISA. Compared to the sham surgery and
control groups, the cerebral content of Evans blue was in-
creased in the middle cerebral artery occlusion group at 2
hours (P < 0.05). Evans blue content peaked in the middle ce-
rebral artery occlusion group at 24 hours, and then gradually
declined. There were no significant differences in Evans blue
content among the middle cerebral artery occlusion, control
and sham surgery groups at 10 days (P > 0.05; Figure 7).

Changes in intercellular cell adhesion molecule-1, tumor
necrosis factor-alpha and interleukin-1 beta expression in
rat serum after middle cerebral artery occlusion
Concentrations of intercellular cell adhesion molecule-1,
tumor necrosis factor-alpha and interleukin-1 beta in the
serum samples were measured by ELISA. Concentration of
intercellular cell adhesion molecule-1 was significantly high-
er in the middle cerebral artery occlusion group at 2 hours
compared to the sham surgery and control groups (P < 0.05).
The peak concentration was observed at 24 hours. No sig-
nificant difference in intercellular cell adhesion molecule-1
concentration was detected between the middle cerebral
artery occlusion, sham surgery and control groups at 18 days
(P > 0.05; Figure 8A). Interestingly, there was a significant
positive correlation between the changes in serum intercellu-
lar cell adhesion molecule-1 concentration and blood-brain
barrier permeability (r=0.716, P < 0.01; Figure 8B).

The concentration of tumor necrosis factor-alpha was
significantly greater in the middle cerebral artery occlu-
sion group at 0.5 hours compared to the sham surgery and
control groups (P < 0.05). Twin concentration peaks were
observed at 4 hours and 10 days in the middle cerebral ar-
tery occlusion group (Figure 8C). The concentration of
interleukin-1 beta was significantly higher in the middle
cerebral artery occlusion group at 1 hour compared to the
sham surgery and control groups (P < 0.05). Twin concen-
tration peaks were observed at 6 hours and 10 days in the
middle cerebral artery occlusion group (Figure 8D). There
was a significant positive correlation between the changes in
tumor necrosis factor-alpha concentration and interleukin-1
beta concentration (r = 0.755, P < 0.01; Figure 8E).

Discussion

Pathophysiological findings indicate that death and apopto-
sis of neurons are the main features of acute cerebral dam-
age (Kao et al., 2006). The peripheral region of the ischemic
core is known as the ischemic penumbra, in which neurons
have the potential to be saved (Brait et al., 2012). Therefore,
distinguishing the penumbra region from the ischemic area
is critical for formulating therapeutic strategies. The inflam-
matory response plays an important role in the pathogenesis
of middle cerebral artery occlusion injury (Iadecola and Al-
exander, 2001; Denes et al., 2010; Smith et al., 2013). In par-
ticular, neutrophil granulocytes (Matsuo et al., 1995; Barone
et al., 1997; Satoh et al., 1999) and macrophages/microglia
are the major players in cerebral ischemic infarction (Cam-
panella et al., 2002; Lakhan et al., 2009; Shichita et al., 2009).
However, the mechanisms mediating neuronal cell death,
the inflammatory response and microglial changes remained
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unclear. In this study, we sought to clarify these processes.

In this study, hematoxylin-eosin staining showed that
neurons underwent no change until 6 hours after middle ce-
rebral artery occlusion, and then necrotic changes appeared
at 12 hours, resulting in bursting 24 hours after middle ce-
rebral artery occlusion. The number of microglia increased
at 12 hours after middle cerebral artery occlusion, and they
gradually became reactive. The results demonstrate that neu-
ronal necrosis occurs earlier than the changes in microglia.
Microglia are resident immune cells in the central nervous
system. Under normal conditions, microglia display a qui-
escent phenotype in the brain. Microglia secrete and release
growth factors that play important roles in the support,
nutrition, protection and homeostasis of neurons (Naka-
jima and Kohsaka, 2001, 2004; Yilmaz and Granger, 2010;
Kettenmann et al., 2011; Shigemoto-Mogami et al., 2014).
Following injury, these M2 phenotype microglia transform
into the M1 phenotype and produced pro-inflammatory cy-
tokines, phagocytizing dead cells and other debris (Ekdahl et
al., 2003; Graeber and Streit, 2010). Hu et al. (2012) demon-
strated that microglia are able to regulate neural networks
in various ways after cerebral injury. In the present study,
microglia began to increase in number 12 hours after middle
cerebral artery occlusion. Over time, neuronal injury also
worsened. Microglia peaked 10 days after middle cerebral
artery occlusion, and neurological impairment improved.
Our data suggest that microglia may play a role in regulating
both damage and repair events in cerebral ischemia.

Neuronal apoptosis after cerebral ischemic injury is char-
acterized by a decrease in cell size, pyknosis, fragmentation
of the nucleus, and changes in the mitochondrial membrane
and cristae (Sahara et al., 1999; Horky et al., 2001; Brough-
ton et al., 2009). The early events of apoptosis were observed
4 hours after middle cerebral artery occlusion. The hall-
marks of the intermediate stage of apoptosis were observed
24 hours to 4 days after middle cerebral artery occlusion.
The late stages of apoptosis were seen 6 days after middle
cerebral artery occlusion. In addition, TUNEL-positive cells
were more numerous at 2 hours after middle cerebral ar-
tery occlusion compared to the sham surgery and control
groups. The peak of TUNEL-positive cells was detected 4
days after middle cerebral artery occlusion. The number of
TUNEL-positive cells declined to normal 6 days after middle
cerebral artery occlusion. We show that neuronal apoptosis
occurs later than the inflammatory response. Over time, the
inflammatory response became more intense, and neuronal
apoptosis became more evident. Our data show that the in-
flammatory response promotes neuronal apoptosis.

In this study, tumor necrosis factor-alpha levels quickly rose
after middle cerebral artery occlusion, and followed by an
increase in interleukin-1 beta and intercellular cell adhesion
molecule-1 levels, and their levels continued to increase until
24 hours, 4 and 14 days, respectively, after middle cerebral
artery occlusion. In addition, tumor necrosis factor-alpha and
interleukin-1 beta levels again rose at 10 days. These double
peaks of tumor necrosis factor-alpha and interleukin-1 beta
appeared in the model group. Tumor necrosis factor-alpha is
a pleiotropic cytokine that is rapidly upregulated in the brain
after injury (Feuerstein et al., 1994; Arvin et al., 1996; Barone
et al., 1997; Rothwell et al., 1997). Many studies demonstrate
that interleukin-1 beta plays a critical role in the brain after
damage (Hopkins and Rothwell, 1995; Nicholson and Thorn-
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Figure 8 Expression of intercellular cell adhesion molecule-1 (ICAM-1), tumor necrosis factor-alpha (TNF-a) and interleukin-1 beta (IL-1p)

in serum of rats after middle cerebral artery occlusion.

(A, C, D) Expression of ICAM-1, TNF-a and IL-1 in serum of rats. Data are expressed as the mean + SD. One-way analysis of variance was used
to evaluate differences between groups. Paired t-test was applied for intergroup comparison. *P < 0.05, **P < 0.01, vs. control and sham surgery
groups; #P < 0.05, ##P < 0.01, vs. other time points. (B) Correlation between ICAM-1 concentration and permeability of the blood-brain barrier
(r = 0.716, P = 0.002). (E) Correlation between TNF-a and IL-1P expression (r = 0.755, P = 0.001). Intergroup Pearson correlation analysis was

conducted. h: Hour(s); d: day(s).

berry, 1997; Rothwell et al., 1997). Intercellular cell adhesion
molecule-1 is important in the recruitment of leukocytes
during the inflammatory process (Zaremba and Losy, 2002).
The inflammatory response and the intercellular cell adhe-
sion molecule-1 response were visible earlier than neuronal
necrosis. Over time, the inflammatory response became more
intense and neuronal injury more serious.

Tumor necrosis factor-alpha might be a major initiator
of inflammation, and interleukin-1 beta might be a critical
proinflammatory cytokine that promotes the development
of uncontrolled inflammation. Intercellular cell adhesion
molecule-1 might promote neuronal necrosis. In addition,
we have shown that tumor necrosis factor-alpha and inter-
leukin-1 beta again increase at 10 days after middle cerebral

artery occlusion. Concomitantly, neurological impairment
alleviated. Our data indicate that tumor necrosis factor-al-
pha and interleukin-1 beta are possibly protective at 10 days
after middle cerebral artery occlusion.

Experimental studies have shown that ischemia and
reperfusion of the brain can cause damage to the blood-
brain barrier, leading to an increase in permeability (Yang
and Rosenberg, 2011; Rosenberg, 2012). Lymphocytes and
monocytes/macrophages from the circulation easily traverse
the blood-brain barrier and enter the central nervous sys-
tem, resulting in edema and a neuroinflammatory response,
which play critical roles in neurological dysfunction in acute
cerebral ischemia (Engelhardt, 2006). We have shown that
there is a positive correlation between changes in intercellu-
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Mean optical density

Model group

Figure 5 Apoptotic cells in the cerebral infarction area of rats after middle cerebral artery occlusion (TUNEL staining).

(A-F light microscope, x 400) Cells with yellowish-brown cytoplasm are TUNEL-positive (arrows). (A) Sham surgery group, (B-F) 2, 4 hours, 2, 4,
and 6 days after middle cerebral artery occlusion. (G) Mean optical density of TUNEL staining in the infarct zone. Data are expressed as the mean
+ SD. One-way analysis of variance was used to evaluate difference between groups. Paired -test was applied for intergroup comparison. *P < 0.05,
##kP < 0.01, vs. sham surgery and control groups. TUNEL: Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling; h: hour(s); d:

day(s).

lar cell adhesion molecule-1 concentration and blood-brain
barrier permeability. Hao et al. (2000) demonstrated that
the expression of intercellular cell adhesion molecule-1 on
the endothelial cells played an important role in the rupture
of blood-brain barrier. Ishikawa et al. (2003) demonstrat-
ed that intercellular cell adhesion molecule-1 mediates the
adhesion of leukocytes and endothelial cells after cerebral
ischemia-reperfusion. Intercellular cell adhesion molecule-1
participates in the pathology of acute ischemic stroke (Bo-
goslovsky et al., 2011). Therefore, our data suggest that inter-
cellular cell adhesion molecule-1 might play a critical role in
blood-brain barrier disruption.

In summary, inflammatory cytokines and microglia play a
role in regulating both damage and repair events in cerebral
ischemia after middle cerebral artery occlusion. Intercellular
cell adhesion molecule-1 probably plays a role in disrupt-
ing the blood-brain barrier. Our results show that changes
in tumor necrosis factor-alpha are correlated with changes
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in interleukin-1 beta, but the changes in intercellular cell
adhesion molecule-1 were not correlated with changes in
tumor necrosis factor-alpha or interleukin-1 beta. Tumor
necrosis factor-alpha may be the first cytokine to induce the
downstream expression of interleukin-1 beta. Our data show
that microglia play a primarily beneficial role after middle
cerebral artery occlusion. Zhang et al. (2012) and Fouda et
al. (2013) demonstrated that neuronal injury is lessened by
inhibiting expression of inflammatory factors after cerebral
ischemia. Thus, suppressing the inflammatory response is a
promising therapeutic strategy for the early phase of stroke.
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Figure 6 Changes in microglia in the cerebral ischemic region of rats after middle cerebral artery occlusion (immunohistochemical staining).
(A-F, light microscope, X 400). Iba-1 is a marker of microglia. Cells with yellowish-brown cytoplasm are positive (arrows). (A) Sham surgery
group; (B-F) 6, 12 hours, 4, 10, and 18 days after middle cerebral artery occlusion. (G) Immunohistochemistry for microglia (Iba-1-positive cells)
in the corpus callosum and striatum. Data are expressed as the mean + SD. One-way analysis of variance was used to evaluate differences between
groups. Paired #-test was applied for intergroup comparison. *P < 0.05, **kP < 0.01, vs. sham surgery and control groups. h: hour(s); d: day(s).
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