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Abstract: Blood supply returned to infracted tissue causes tissue damage. Therefore, ischemia/reperfusion (I/R)
injuries are usually accompanied by synapse formation, but the exact cause is still unknown. To address this ques-
tion, we established a middle cerebral artery occlusion (MCAO) rat model with different reperfusion times, and we
examined neurological deficit scores and brain infarct size. Subsequently, thrombospondin (TSP)-1 and TSP-2 ex-
pression levels in the cingulated cortex, striate cortex, aud cortex, and piriform cortex at different time points after
I/R were examined using immunohistochemistry (IHC). In addition, synaptophysin expression in the hippocampus
was examined using IHC. As expected, after ischemia with different reperfusion times, higher neurological deficits
scores were observed in MCAO rats compared to sham-operated rats. Brain infarct sizes were increased in different
sections, and brain sections exhibited obvious necrosis in the right cerebra. In addition, TSP-1 and TSP-2 expression
levels in the cingulated cortex, striate cortex, aud cortex, and piriform cortex significantly increased with increas-
ing reperfusion times. Similarly, synaptophysin expression levels in the hippocampus significantly increased with
increasing reperfusion times. Our results indicate that altered TSP-1 and TSP-2 expression in cortical areas may
contribute to synapse formation. Our model not only allowed us to observe the time-related expression of TSP-1,
TSP-2, and synaptophysin after I/R injury but also provides a potential tool for studying synapse formation.

Keywords: Ischemia/reperfusion, middle cerebral artery occlusion, thrombospondin-1, thrombospondin-2, synap-
tophysin, immunohistochemistry

Introduction Thrombospondins (TSPs) are a family of secret-
ed glycoproteins with antiangiogenic functions,

Ischemia/reperfusion (I/R) injury is a prevalent and they include TSP-1 and TSP-2 [18-20].

condition induced by sub-lethal ischemia. I/R
leads to adaptive responses that protect
against future severe ischemic injuries [1-3].
I/R occurs when an excessive excitatory amino
acid release leads to neurodegenerative pro-
cesses such as excessive calcium influx, brain
edema, electrophysiological and metabolic dys-
function, lipid peroxidation, cellular apoptosis,
oxidation, and inflammatory stress [3-6]. To
date, focal cerebral I/R injury is becoming a
leading cause of the morbidity and mortality
worldwide [7-11]. Lacking a sufficient blood
supply, large primary and secondary neuronal
areas die, and denervated regions stimulate
post-ischemic angiogenesis and synaptogene-
sis [12-17].

TSP-1 and TSP-2 are homotrimers, consisting of
three identical subunits [19, 21-24]. Previous
studies demonstrated that the expression of
TSP-1 and TSP-2 significantly increases after
focal cerebral I/R. Furthermore, the expression
of TSP-2 occurs much later than TSP-1, peaking
2 weeks after I/R injury. However, the expres-
sion sites of TSP-1 and TSP-2 in different corti-
cal areas have not been reported [24-26]. In
addition, recent studies have shown that TSP-1
and TSP-2 might promote the development of
new synapses [19]. However, the underlying
mechanisms triggering the formation of syn-
apses via TSP-1/TSP-2 upon focal cerebral I/R
have not yet been investigated [19]. Therefore,
we developed the rat middle cerebral artery
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Table 1. Neurological deficit score increased
with increasing reperfusion times in the rat
MCAO model

Groups Score
Sham 0
-2 h 1
I/R-2h/1d 2
I/R-2h/7 d 3
I/R-2h/14d 3

occlusion (MCAO) model to evaluate neurologi-
cal behavior and brain infarct size. Furthermore,
we examined the expression levels of TSP-1/
TSP-2 in different cortical areas, and the expre-
ssion of synaptophysin in the hippocampus
using immunohistochemistry (IHC). Our model
provides a significant reference for the time-
related expression of TSP-1 and TSP-2 in differ-
ent brain regions after I/R injury. Moreover, in-
creased expression levels of TSP-1 and TSP-2
may be associated with the formation of new
synapses.

Materials and methods
Experimental animals and groups

A total of 25 adult specific pathogen-free
Sprague Dawley rats (male, 250-330 g) were
purchased and raised in the Laboratory
Animal Center of the Academy of Military
Medical Sciences (room temperature: 25+2°C,
Humidity: 40-60%, 12 h light/dark cycle). They
were randomly divided into the following three
groups: sham group, ischemia group (only liga-
tion of the right carotid artery communis by
line, labeled as I-2 h), and I/R (ligation of the
right carotid artery communis by line, and the
line was removed for reperfusion at a different
time) group. The I/R group was further divided
into three groups, 2 h ischemia/1 d reperfusion
(labeled as I/R-2 h/1 d), 2 h ischemia/7 d
reperfusion (labeled as I/R-2 h/7 d), and 2 h
ischemia/14 d reperfusion (labeled as I/R-2
h/14 d). Each group comprised 5 rats. All ani-
mals and experimental procedures were app-
roved by the Ethics Committee of the Academy
of Military Medical Sciences of the Chinese
People’s Liberation Army (Beijing, China).

Establishment of the rat middle cerebral artery
occlusion (MCAO) model

The above-mentioned Sprague Dawley rats
were anesthetized with sodium pentobarbital
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(25 mg/kg), and the four limbs were fixed
before an incision was made along the neck
midline. The right external carotid artery and
the right common carotid artery were ligated
with a 10-0 suture. The thyroid, vein, and nerve
tissue were stripped to expose the right carotid
artery communis, which was ligated with a
10-0 surgical line for 2 h ischemia. Subse-
quently, the line was removed to allow reperfu-
sion for 1 d, 7 d, and 14 d. After MCAO model-
ing, the rats were kept separately in an air-ven-
tilated room with water and food. The sham
group rats were subjected to vascular surgeries
without I/R. After the experiment, animals were
sacrificed by dislocation of the cervical spine to
prepare brain tissue for slicing and further
examination.

Neurological deficits score

After MCAO modeling, the rats were tested for
neurological deficits. Neurological deficit scores
were given by a blinded observer as described
by Bederson (27), with the following minor
modification: O indicated no observable deficit
(normal); 1 indicated failure to extend the right
forepaw (mild); 2 indicated circling to the con-
tralateral side (moderate); 3 indicated loss of
walking or righting reflex (severe). Animals with
no neurological deficit after MCAO modeling, or
with significant symptoms of subarachnoid
brain hemorrhage, were excluded from the
analysis.

2,3,5-triphenyl four azole nitrogen chloride
(TTC) staining

The rats’ brain tissue was collected, washed
with saline for 5 min, and frozen for 20 min at
-20°C. Then, their brains were transferred to a
brain sectioning mold and cut into 5 slices
(labeled as P1, P2, P3, P4, and P5). The sec-
tions were transferred to 1% TTC at 37°C for 30
min, and washed three times with ddHQO.
Images were taken for further analysis.

Immunohistochemistry (IHC)

The rat brain tissue was cut into thin slices (1
um), and sections were deparaffinized, rehy-
drated, and post-fixed with 4% paraformalde-
hyde for 10 min. Then slices were washed three
times with 0.01 M phosphate-buffered saline
(PBS). The endogenous peroxidase was inacti-
vated by incubating sections in 3% hydrogen
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Figure 1. 2,3,5-Triphenyl four azole nitrogen chloride (TTC) staining of rat brain tissue and histogram analysis.
Images show that infarct size significantly increased in P2-P4 sections compared to P1 (*: P<0.05; **: P<0.01,

compared to P1).

peroxide (H,0,) for 30 min. The sections were
subjected to sequential incubations with 10%
normal goat serum in 0.01 M PBS for 30 min at
room temperature. Slices were then incubated
in rabbit anti-TSP-1/-2 polyclonal antibody
(1:100, Santa Cruz, USA) and rabbit anti-synap-
tophysin (1:100, Santa Cruz, USA) in PBS con-
taining 0.3% Triton X-100 overnight at 4°C.
Sections were washed three times for 5 min
with PBS, and then incubated in peroxidase-
conjugated goat anti-rabbit immunoglobulin G
(1gG) (1:200; Zymed, South San Francisco, CA,
USA) for 1 h at room temperature. Finally, the
sections were developed with diaminobenzi-
dine (Sigma, St. Louis, MO, USA) in 0.1 M
Tris-buffered saline (TBS) containing 0.001%
H,0, for 30 min. The cingulated cortex, striate
cortex, aud cortex, and piriform cortex were
observed under a microscope (Olympus, Tokyo,
Japan), and 5 specific areas in each region
were captured. The integrated optical density
(I0D) values of TSP-1 and TSP-2 labeling in the
cingulated cortex, striate cortex, aud cortex,
and piriform cortex were measured by Image-
Pro Plus 7.0 software (http://www.mediacy.
com/index.aspx?page=IP_Premier; Media Cy-
bernetics, Bethesda, MD, USA) and a histogram
analysis was performed using Origin 9.0 soft-
ware (http://www.originlab.com/; Northampton,
MA, USA). Similarly, the hippocampus was ob-
served under a microscope (Olympus, Tokyo,
Japan), and five specific areas in each region
were captured. The integrated optical density
(IOD) values of synaptophysin labeling were
measured. Each assessment was repeated at
least three times.
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Statistical analysis

All data are expressed as the mean + standard
deviation (SD). The statistical analysis was per-
formed with a one-way analysis of variance
using Statistical Package for Social Sciences
software (version 21.0, http://spss.en.softonic.
com/; Chicago, IL, USA). Student’s t-tests were
performed for two sample groups. The thresh-
old for statistically significant differences and
highly statistically significant differences were
defined as P<0.05 and P<0.01, respectively.

Results

Rat MCAO model showed higher neurological
deficits score

Table 1 shows neurological deficits scores
for the MCAO rats and the sham rats. For the
MCAO rats, the neurological deficits score was
increased to 1 (indicating the failure to extend
the right forepaw) and increased to 2 and/or 3
after different reperfusion times, indicating
that reperfusion could enhance the injury
caused by ischemia. Taken together, these
results suggest that the rat MCAO model was
correctly established.

Infarct size was significantly large in the right
cerebra of P1 to P5 sections

As shown in Figure 1A and 1B, when com-
pared to P1 sections, infarct size significantly
increased in the right cerebra of P2 to P4 in the
group of I-2 h, I/R-2 h/1 day, I/R-2 h/7 day, and
I/R-2 h/14 day (*: P<0.05; **: P<0.01), indicat-
ing that the rat MCAO model was correctly
established.

Int J Clin Exp Pathol 2018;11(7):3267-3276
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Figure 2. Thrombospondin (TSP)-1 and TSP-2 expression level assays in the cingulated cortex using immunohisto-
chemistry and histogram analysis. A. Immunohistochemistry assay of TSP-1 and TSP-2 in the cingulated cortex; B.
Histogram analysis of the TSP-1 expression level in the cingulated cortex; C. Histogram analysis of the TSP-2 expres-
sion level in the cingulated cortex. The images indicate that TSP-1/TSP-2 expression levels in the cingulated cortex
significantly increased with increasing reperfusion times (**: P<0.01, compared to sham).

Thrombospondin (TSP)-1 and TSP-2 expres-
sion levels in cingulate cortex significantly
increased with prolonged reperfusion times

As shown in Figure 2A and 2B, when compared
to the sham and ischemia groups, TSP-1
expression levels in the cingulated cortex sig-
nificantly increased with prolonged reperfusion
times (**: P<0.01). Similarly, the TSP-2 expres-
sion level in the cingulated cortex significantly
increased with prolonged reperfusion times
(**: P<0.01) and reached a peak after 7 d of
reperfusion (Figure 2A and 2C).

TSP-1 and TSP-2 expression levels in striate
cortex significantly increased with prolonged
reperfusion times

As shown in Figure 3A and 3B, when com-
pared to the sham and ischemia groups, TSP-1
expression levels in the striate cortex signifi-
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cantly increased with prolonged reperfusion
times (**: P<0.01) and reached a peak after 7
d reperfusion. Similarly, TSP-2 expression lev-
els in the striate cortex significantly increased
with prolonged reperfusion times (**: P<0.01)
and reached a peak after 7 d of reperfusion
(Figure 3A and 3C).

TSP-1 and TSP-2 expression levels in the aud
cortex significantly increased with prolonged
reperfusion times

As shown in Figure 4A and 4B, when compared
to the sham and ischemia groups, TSP-1
expression levels in the aud cortex significantly
increased with prolonged reperfusion times
(**: P<0.01). Similarly, TSP-2 expression levels
in the aud cortex significantly increased with
prolonged reperfusion times (**: P<0.01) and
reached a peak after 7 d reperfusion (Figure
4A and 4C).

Int J Clin Exp Pathol 2018;11(7):3267-3276
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Figure 3. Thrombospondin (TSP)-1 and TSP-2 expression level assays in the striate cortex using immunohistochem-
istry and histogram analysis. A. Immunohistochemistry assay of TSP-1 and TSP-2 in the striate cortex; B. Histogram
analysis of TSP-1 expression levels in the striate cortex; C. Histogram analysis of TSP-2 expression levels in the stri-
ate cortex. Images indicate that the TSP-1/TSP-2 expression levels in the striate cortex significantly increased with
increasing reperfusion times (**: P<0.01, compared to sham).

TSP-1 and TSP-2 expression levels in the
piriform cortex significantly increased with
prolonged reperfusion times

As shown in Figure 5A, when compared to the
sham and ischemia groups, TSP-1 expression
levels in the piriform cortex significantly
increased with prolonged reperfusion times
(**: P<0.01) and reached a peak after 7 d of
reperfusion. Similarly, TSP-2 expression levels
in the piriform cortex significantly increased
with prolonged reperfusion times (**: P<0.01)
and reached a peak after 7 d of reperfusion
(Figure 5A and 5C).

Synaptophysin expression levels in the hippo-
campus significantly increased with prolonged
reperfusion times

As shown in Figure 6, when compared to the
sham and ischemia groups, synaptophysin
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expression levels in the hippocampus signifi-
cantly increased with prolonged reperfusion
times (**: P<0.01) and reached a peak after 7
d of reperfusion.

Discussion

In the present study, we show that our rat MCAO
model was correctly established. The MCAO
rats showed higher neurological deficits scores
and obvious necrosis. Moreover, TSP-1 and
TSP-2 expression levels significantly increased
with prolonged reperfusion times in different
cortical areas (cingulated cortex, striate cortex,
aud cortex, and piriform cortex). Similarly, syn-
aptophysin expression levels in hippocampus
significantly increased with prolonged reperfu-
sion times. Our results indicate that altered
expression levels of TSP-1 and TSP-2 may con-
tribute to the regulation of synaptophysin in the

Int J Clin Exp Pathol 2018;11(7):3267-3276
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Figure 4. Thrombospondin (TSP)-1 and TSP-2 expression level assays in the aud cortex using immunohistochemistry
and histogram analysis. A. Imnmunohistochemistry assay of TSP-1 and TSP-2 in aud cortex; B. Histogram analysis of
TSP-1 expression levels in the aud cortex; C. Histogram analysis of TSP-2 expression levels in the aud cortex. The
images indicate that TSP-1/TSP-2 expression levels in the aud cortex significantly increased with increasing reperfu-

sion times (**: P<0.01, compared to sham).

hippocampus and may
formation.

regulate synapse

MCAO models have been created by injecting
particles (such as blood clots or artificial
spheres) into the carotid arteries of experimen-
tal animals [28-30]. Reperfusion of ischemic
tissue (transient focal cerebral ischemia) and
ischemia without reperfusion (permanent focal
cerebral ischemia) have also been modeled
[29, 31]. The area of injury is typically concen-
trated in the periventricular regions of the
brain, especially the cortical and hippocampal
areas [28, 32, 33]. To evaluate different mod-
els of MCAO, several neurological deficit score
criteria have been used to evaluate the severity
and curative effects [27]. In the present study,
rat MCAO models were correctly established
and further tested to obtain neurological deficit
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scores by a blinded observer as described
by Bederson [27]. After 2 h of ischemia, the
neurological deficit score increased to 1 and
reperfusion for up to 14 d led to increases in
neurological deficit scores to 2 or 3. These
results indicate that the MCAO model was cor-
rectly established.

TTC is a redox indicator commonly used in
biochemical experiments to indicate cellular
respiration. In particular, TTC is often used to
differentiate between metabolically active and
inactive tissue [34-37]. In living tissue, the
white compound is reduced to red owing to the
activity of various dehydrogenases. In areas of
necrosis, TTC remains white, because dehydro-
genases have been either denatured or degrad-
ed [35, 36, 38, 39]. Because of these proper-
ties, TTC staining has been widely used to

Int J Clin Exp Pathol 2018;11(7):3267-3276
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Figure 5. Thrombospondin (TSP)-1 and TSP-2 expression level assays in the piriform cortex using immunohisto-
chemistry and histogram analysis. A. The immunohistochemistry assays of TSP-1 and TSP-2 in the piriform cortex;
B. Histogram analysis of TSP-1 expression levels in the piriform cortex; C. Histogram analysis of TSP-2 expression
levels in the piriform cortex. Images indicate that the TSP-1/TSP-2 expression levels in the piriform cortex signifi-
cantly increased with increasing reperfusion times (**: P<0.01, compared to sham).
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identify I/R injury. Healthy tis-
sue appears red and infarcted
tissue appears white. In order
to determine the MCAO model
was correctly established, rat
brain tissues with 14 d reper-
fusion were chosen, and as
expected, after MCAO model-
ing, the necrosis manifested
itself as white areas in the
brain sections. The extent of
the white areas significantly
increased in the P2-P4 sec-
tions, indicating that the MC-
AO model had been correctly
established.

Proteins from the TSP family,
including TSP-1 and TSP-2, are

Int J Clin Exp Pathol 2018;11(7):3267-3276
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matricellular proteins that inhibit angiogenesis
and cause apoptosis in vivo and in vitro in sev-
eral cancerous cells and tissues [25, 40-44].
Previous studies have revealed that proteins
from the TSP family act as a mediators of cell
injury in kidney ischemia and brain ischemia
[42, 45-47]. The striate cortex, cingulate cor-
tex, aud cortex, and piriform cortex were affect-
ed by the reduction of the blood supply. In this
study, we examined the expression levels of
TSP-1 and TSP-2 in different cortical areas
(striate cortex, cingulate cortex, aud cortex,
and piriform cortex) at 1 d, 7 d, and 14 d after
reperfusion. The expression levels of TSP-1 and
TSP-2 were significantly higher at various time
points tested after I/R injury in the I/R groups
as compared with the sham group. Additionally,
synaptophysin expression levels in the hippo-
campus significantly increased after I/R injury
and exhibited a similar trend as TSP-1 and TSP-
2. Therefore, we hypothesize that the altered
expression levels of TSP-1 and TSP-2 may have
contributed to the up regulation of synaptophy-
sin in the hippocampus and may regulate syn-
apse formation. This interpretation is in line
with a previous report on TSPs as astrocyte-
secreted proteins that promote the formation
of ultrastructurally normal central nervous sys-
tem synapses [48]. However, we only assessed
the expression levels of TSP-1 and TSP-2 in the
cortex and the expression levels of synaptophy-
sin in the hippocampus. Therefore, our conclu-
sion that TSP-1 and TSP-2 were closely associ-
ated with synaptophysin in the hippocampus
needs to be validated more directly with experi-
ments specifically designed to address this
issue in the future.

In summary, in our MCAO model with different
reperfusion times, TSP-1 and TSP-2 expression
in different cortical areas and synaptophysin
expression in the hippocampus exhibited simi-
lar trends. Our results suggest that increased
TSP-1 and TSP-2 expression is closely associ-
ated with synaptophysin expression in the hip-
pocampus and might mediate the formation of
new synapses. Therefore, this study not only
provides a reference for TSP-1 and TSP-2 and
synaptophysin expression in MCAO models, but
also reveals a potential mechanism of synapse
formation.
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