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Abstract

Neuroprotection by ischemic preconditioning has been confirmed by many studies, but the
precise mechanism remains unclear. In the present study, we performed cerebral ischemic pre-
conditioning in rats by simulating a transient ischemic attack twice (each a 20-minute occlusion
of the middle cerebral artery) before inducing focal cerebral infarction (2 hour occlusion-reper-
fusion in the same artery). We also explored the mechanism underlying the neuroprotective
effect of ischemic preconditioning. Seven days after occlusion-reperfusion, tetrazolium chloride
staining and immunohistochemistry revealed that the infarct volume was significantly smaller
in the group that underwent preconditioning than in the model group. Furthermore, vascular
endothelial growth factor immunoreactivity was considerably greater in the hippocampal CA3
region of preconditioned rats than model rats. Our results suggest that the protective effects of
ischemic preconditioning on focal cerebral infarction are associated with upregulation of vascu-
lar endothelial growth factor.
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Introduction

Kitagawa et al. (1990) found that the brain has ischemic
tolerance, and proposed the concept of ischemic precondi-
tioning. Numerous studies have demonstrated the neuro-
protective effects of cerebral ischemic preconditioning, but,
to our knowledge, none have determined whether ischemic
preconditioning can reduce infarct size. There are many re-
ports detailing methods to perform ischemic precondition-
ing, including hypoxia, intense heat, low temperature and
hyperbaric oxygen, but some of these methods go beyond
the scope of “ischemia” (Kato et al., 1994; Benjamin and Mc-
Millan, 1998; Gamperl and Farrell, 2004; Nilsson and Ren-
shaw, 2004; Shankaran et al., 2005; Bickler and Buck, 2007;
Horowitz, 2007).

Studies exploring the mechanism of ischemic precondi-
tioning are often based on speculation, and are even rarer in
China than in the western world. Some researchers believe
that ischemic preconditioning promotes the expression
of many growth factors, such as epidermal growth factor,
brain-derived neurotrophic factor, vascular endothelial
growth factor and glial-derived growth factor (Dempsey et
al., 2003), and that these factors are involved in the induc-
tion of ischemic tolerance and improve the symptoms of
ischemic stroke (Liu et al., 2005).

Here, we used an ischemic preconditioning method that
mimics a transient ischemic attack to observe the effects of
preconditioning on cerebral infarction. We also measured
expression of vascular endothelial growth factor to examine
the mechanism underlying the protective effect of ischemic
preconditioning on brain tissue.

Materials and Methods

Experimental animals and experimental groups

Forty-five adult, female, specific pathogen free Sprague-Daw-
ley rats, weighing 160-220 g, were purchased from the Exper-
imental Animal Center of Hubei Medical College in China
(SCXK(E)2011-0008). All rats were habituated to their envi-
ronment and fed normally for 1 week. In the night before the
experiment, the animals were fasted, but had free access to
water. They were then randomly allocated to a precondition-
ing group (n = 18), a model group (n = 18) and a sham-oper-
ated group (n=29).

Pretreatment group: 20-minute ischemic preconditioning
was carried out on days 1 and 4, before models of middle
cerebral artery occlusion and reperfusion (abbreviated as ce-
rebral ischemia-reperfusion) were established on day 8.

Sham-operated group: rats underwent an identical pro-
cedure to the pretreatment group, except that once the ca-
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rotid artery was exposed, and the incision was closed again
without occlusion of the artery. The rats were then returned
to their home cages before being sacrificed at the end of the
experiment.

Model group: rats underwent the same procedures as the
sham-operated group; the neck incision was made to expose
the carotid artery then closed at 1 week. Similarly to the pre-
treatment group, the cerebral ischemia- reperfusion model
was established on day 8.

Ischemic preconditioning

Reversible middle cerebral artery occlusion was performed
on days 1 and 4, using a modified suture method. On day 1,
rats were weighed and anesthetized with an intraperitoneal
injection of 1% sodium pentobarbital (30 mg/kg; Hongyun-
long Biological Technology Co., Ltd., Wuhan, China). Fur
on the neck was shaved and routinely disinfected. A lon-
gitudinal incision of about 1.2 cm was made on the right-
hand side of the neck. The right common carotid, external
carotid and internal carotid arteries were isolated. A seton
was placed at the proximal end of the external carotid artery.
The artery was ligated at the distal end, and a small hole
was cut with ophthalmic scissors between the seton and the
ligation. A paraffin-treated nylon fishing wire (0.3 mm in
diameter) was inserted into the carotid artery 20 mm from
the bifurcation of the external and internal carotid, and then
pulled outwards about 2 mm to reach resistance. The ante-
rior cerebral artery was not blocked. The wire remained in
place for 20 minutes before being removed from the external
carotid artery, which was then ligated and fixed. The incision
was sutured and the rats were allowed to recover. On day
4, a similar procedure was conducted. The external carotid
artery was isolated and the ligation thread at the proximal
end of the external carotid artery was loosened. A nylon
fishing line was inserted into the same position as on day
1, held in place for 20 minutes, pulled back to the external
carotid artery, tied, and fixed. The incision was sutured and
the rats were allowed to recover. Rats were excluded from the
experiment if nerve defects were caused by the pretreatment.
Sham-operated animals underwent the same procedure as
the preconditioned animals, except that a neck incision was
made to expose the carotid artery, and then closed, without
occlusion of the artery.

Establishment of a rat model of cerebral ischemia/
reperfusion

Surgery for cerebral ischemia/reperfusion was similar to that
for ischemic preconditioning. The nylon fishing wire was
inserted into the same position but kept in place for 2 hours,
and then pulled out. The proximal end of the external carotid
artery was ligated. The occurrence of hemiplegia indicated
that the model was successfully established.

Calculation of infarct volume percentage

The rats were decapitated at 7 days after middle cerebral
artery occlusion. Brains were frozen at —20°C for 3 minutes,
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and cut into five coronal slices of approximately 2 mm thick-
ness. The slices were stained with 2,3,5-triphenyltetrazolium
chloride (TTC) (Shanghai Third Reagent Factory, Shanghai,
China). The infarct volume was calculated as a percentage
using a medical image processing system (TJTY-300, Tongji
Sun Company, Wuhan, China) in accordance with a previous
study (Liu et al., 2003). The total infarct volume in each slice
was divided by the total brain tissue volume of each slice, to
obtain the volume of infarct as a percentage of total tissue.
Volume percentage = (s, X h+ s, X h+ s, X h+ 5, X h + 55 X
WIS, X h+ S, X h+ S; X h+ S, X h+ S5 x h) X 100% = (s,
+5+5+85+8) XS +S+S+S,+S) X hx100% =
(s;+s,+s5+5s,+8)(S+S,+8+S,+S;) X 100%, where
“s” represents infarct area, S represents the area of the whole
brain slice, h represents the thickness of the brain slices, and
the numbers 1-5 identify each slice.

Vascular endothelial growth factor immunohistochemistry
The third brain slice was fixed in 4% paraformaldehyde
phosphate buffer for 24 hours at room temperature and de-
hydrated with graded ethanol. The slice was then treated with
dimethylbenzene, embedded in paraffin, and cut into sections
of 5 um thickness. These sections were baked then rehydrated
and antigen retrieval was performed before incubation with
1:100 vascular endothelial growth factor mouse monoclonal
antibody for 60 minutes at 37°C and 12 hours at 4°C (Beijing
Zhongshan Biotechnology Co., Ltd., Beijing, China), followed
by a streptavidin peroxidase kit (goat anti-mouse IgG; Beijing
Zhongshan Biotechnology Co., Ltd.) and 3,3'-diaminobenzi-
dine chromogenic staining kit (Beijing Zhongshan Biotech-
nology Co., Ltd.), carried out according to the manufacturers’
instructions. Finally, the sections were dehydrated and sealed.
The morphology of stained cells was observed under a light
microscope (Olympus, Tokyo, Japan). The number of positive
cells (cytoplasm stained brownish yellow) around the infarct
site in 10 high-powered fields of view (x 400) was calculated
for each specimen. The mean value was taken as the density of
positive cells in the specimen. Positive cells were also calculat-
ed in the corresponding regions in the sham-operated group
using a medical image processing system (TJTY-300; Tongji
Sun Company).

Statistical analysis

All data were expressed as mean + SD. The mean value
of each group was compared and analyzed with one-way
analysis of variance and two sample #-test, using SPSS 15.0
software (SPSS, Chicago, IL, USA). a = 0.05 was set as the
standard.

Results

Ischemic preconditioning reduces infarct volume in rats
TTC staining revealed that at 7 days after model establish-
ment, infarct volume percentage was smaller in rats that had
undergone preconditioning than in those that had not. In
the sham-operated group, the entire brain slice was stained
red, indicating viable tissue, and no infarcts were visible.
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In the model and pretreatment groups, white (unstained)
infarcts of different sizes were observed in the blood sup-
ply area of the right middle cerebral artery (Figure 1). The
infarct size was expressed as the ratio of infarct volume to
the volume of whole brain (percentage of cerebral infarct).
Infarcts were smaller in the pretreatment group (12.17 £
2.64%) than in the model group (23.41 + 3.91%; P < 0.01).

Effects of ischemic preconditioning on vascular
endothelial growth factor immunoreactivity in rat brain
after cerebral infarction

Vascular endothelial growth factor-immunoreactive cells in
the hippocampal CA3 region were mainly observed in the
cytoplasm and membrane of neurons, and stained brownish
yellow. Stained cells were of similar size in each group. A few
scattered positive cells with normal morphology were found
in both hemispheres of rats from the sham-operated group,
and in the contralateral hemisphere of rats from the model
and pretreatment groups. However, many vascular endothe-
lial growth factor-immunoreactive cells with irregular mor-
phology were observed around the infarct zones (cortex, me-
dulla and hippocampus) in the ipsilateral hemisphere. In the
model group, the pathological alterations were apparent. In
the pretreatment group, the number of vascular endothelial
growth factor-immunoreactive cells in the hippocampal CA3
region was greater (37.65 + 3.96 per high-powered field)
than in the model group (26.42 £ 4.05 per high-powered
field) and sham-operated group (4.39 = 1.09 per high-pow-
ered field; P < 0.01; Figure 2).

Discussion

Ischemic preconditioning was first found by Murry in the
dog model of myocardial ischemia (Murry, et al., 1986).
Four years later, Kitagawa proposed the concept of ischemic
preconditioning in studies on cerebral ischemia in gerbils,
and believed that after one or more transient non-lethal
ischemic episodes, brain tissue could effectively mobilize en-
dogenous protective mechanisms to reduce damage to brain
cells in the event of severe cerebral ischemia. This high-
lighted the phenomenon of ischemic tolerance in the brain.
There have been many studies on ischemic preconditioning,
especially outside China. The methods of obtaining ischemic
preconditioning are abundant and varied, including chemi-
cal pretreatment, drugs such as isoflurane, hypoxia, intense
heat, low temperature and high pressure oxygen (Xiong et
al., 2000; Mastronardi and Cafiero, 2001; Dong et al., 2002),
but they are not specific enough, and some of the methods
go beyond the scope of ischemia. In the present study, we
performed true ischemic preconditioning by simulating a
clinical transient ischemic attack. The method we employed
was based on the middle cerebral artery occlusion-reperfu-
sion model, but the occlusion time was considerably shorter,
at 20 minutes. In the procedure, the nylon wire was inserted
into the deepest end (1.8-2.0 mm) and then pulled back
1.0-2.0 mm, so as not to occlude the anterior cerebral ar-
tery or cause large ischemia. After withdrawal of the suture,
left limb paresis was observed, and the rats recovered fully

within 2 hours, which suggested successful ischemic precon-
ditioning by transient ischemia. The smaller infarct volume
and elevated expression of vascular endothelial growth factor
observed in the pretreatment group supports the feasibility
of this protocol. When performing such a procedure, gentle
movements should be ensured to minimize surgical trauma,
and the protection of blood vessels is especially important.
In the present experiment, TTC staining clearly revealed a
white infarct area. The percentage infarct volume of rats in
the pretreatment group was significantly smaller than that
in the model group, providing further evidence, consistent
with the literature, of the protective effect on brain tissue of
ischemic preconditioning by transient ischemic attack.
Several studies have explored the mechanism underly-
ing the protective effects of ischemic preconditioning. The
technique promotes the expression of many growth factors,
such as insulin-like growth factor 1, fibroblast growth factor
2, transforming growth factor 1, epidermal growth factor,
brain-derived neurotrophic factor, erythropoietin, vascular
endothelial growth factor, glial-derived growth factor and
platelet-derived growth factor (Dempsey et al., 2003). These
growth factors are involved in the generation of ischemic
tolerance and improve the symptoms of an ischemic stroke
model (Liu et al., 2005). They may offer protection through
resistance to apoptosis and inflammation, but also mediate
nerve repair. Gustavsson et al. (2007) believed that, during
cerebral ischemia, the generation of new blood vessels was
stimulated through the regulation of vascular endothelial
growth factor and erythropoietin cytokines by hypoxia-in-
duced factor-1, and ischemic preconditioning reduced the
decline of cerebral blood flow in severe cerebral ischemia.
Vascular endothelial growth factor is a highly specified
mitogen of vascular endothelial cells. Upon binding to its
receptor, it speeds up the formation of new blood vessels by
promoting the proliferation and migration of endothelial
cells; it also enhances vascular permeability (Claesson and
Welsh, 2013; Dejana and Vestweber, 2013; Goel and Mercu-
rio, 2013; Kim et al., 2013; Miller et al., 2013; Parsons and
Foley, 2013; Terrasi et al., 2013; Jeong et al., 2014; Kim et al.,
2014; Liegl et al., 2014; Kiippers et al., 2014; Zimmerman et
al., 2014). However, the mechanism by which vascular endo-
thelial growth factor acts is still unclear. It probably alters the
extracellular environment and contributes to angiogenesis
by inducing endothelial cells to express plasminogen activa-
tor, plasminogen activator inhibitor-1, tissue factor, matrix
collagenase, and factor VIII, ultimately increasing the per-
meability of blood vessels (Goldberg and Schneider, 1999).
The interaction of vascular endothelial growth factor and
Flk-1 increases the production of nitric oxide, and, by acti-
vating cyclooxygenase, nitric oxide then stimulates the gen-
eration of prostacyclin, which enhances blood vessel perme-
ability (Murohara et al., 1998). Noiri and colleagues (1998)
showed that vascular endothelial growth factor induces the
release of nitric oxide from microvascular endothelial cells,
which, in turn, stimulates the proliferation and migration
of endothelial cells. Hypoxia or other damage can increase
the expression of vascular endothelial growth factor in
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Figure 2 Effects of ischemic preconditioning on vascular endothelial growth factor protein expression in the hippocampal CA3 region of
cerebral infarction rats (immunohistochemical staining, light microscope, X 400).

Sham-operated animals (A) had few vascular endothelial growth factor-positive cells (arrow) in the CA3 region. In the model group (B), the num-
ber of vascular endothelial growth factor-positive cells (arrow) was greater; most cells were collapsed; the size and shape of the remaining cells were
altered. In the pretreatment group (C) there were more vascular endothelial growth factor-positive cells (arrow) than in the model group, with

most cells showing normal size and shape.

A

Figure 1 2,3,5-Triphenyltetrazolium chloride (TTC) staining showing
effects of ischemic preconditioning on infarct volume in rats.

(A) Sham-operated group; (B) model group; (C) pretreatment group.
1: Red-stained viable tissue; 2: unstained infarct zone. No infarction
was observed in the sham-operated group. Infarct area in the pretreat-
ment group was smaller than that in the model group.

endothelial cells and/or vascular smooth muscle cells, and el-
evate vascular endothelial growth factor activation in endo-
thelial cells through autocrine or paracrine signaling to in-
crease the generation of nitric oxide in endothelial cells. The
increased nitric oxide reacts to hypoxic smooth muscle cells
to lower vascular endothelial growth factor inside. Negative
feedback regulation like this ensures the rapid restoration of
damaged or hypoxic blood vessel wall while preventing the
generation of harmful effects caused by vascular endothelial
growth factor over-expression (Bermudez et al., 2011; Dong
et al., 2011; Duan et al., 2012; Jurasz et al., 2012; Yang et al.,
2012).

Results from the present study show that vascular endo-
thelial growth factor expression is greater in the neurons ad-
jacent to the infarct site in rats, indicating that hypoxic and
ischemic injuries stimulate the expression of vascular endo-
thelial growth factor. When the cerebral infarction occurred
after two sessions of ischemic preconditioning, vascular en-
dothelial growth factor expression in neurons surrounding
the infarct site was greater, the infarct was smaller, and there
was considerably less neuronal damage. These results suggest
that vascular endothelial growth factor played a role in the
protection of brain tissue and nerve cells from ischemic pre-
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conditioning.

In ischemic preconditioning, vascular endothelial growth
factor might achieve the protection of brain tissues in the
following ways: (1) Stimulation of blood vessel proliferation,
which ensures the blood supply of the penumbra when cere-
bral infarction occurs. (2) Protection of ischemia-damaged
brain tissues by protecting endothelial cells and blood vessels.
Alon et al. (1995) suggested that vascular endothelial growth
factor avoided programmed death of endothelial cells and
prevented the disappearance of capillaries. Ku et al. (1993)
showed that vascular endothelial growth factor protected
ischemic brain tissue through the generation of nitric oxide,
which would in turn relax vascular smooth muscle and pro-
mote the recovery of blood flow. If endothelial cells and blood
vessels are normal or nearly normal, there would be a reduced
generation of intercellular adhesion molecules, such as inter-
cellular adhesion molecule-1. The adhesion and infiltration
of peripheral monocytes will be impaired, the inflammation
of ischemic brain tissue will be alleviated, and ischemic brain
damage will be reduced. (3) Anti-apoptosis (Zhang et al.,
2007). Apoptosis is a major form of cell death within the pen-
umbra. Ischemic preconditioning can reduce the infarct vol-
ume, indicating that vascular endothelial growth factor may
inhibit neuronal apoptosis directly or indirectly; for example,
by inhibiting the expression of a pro-apoptotic gene or pro-
moting the expression of an anti-apoptosis gene.

Through the simulation of the clinical features of transient
ischemic attack, we induced ischemic preconditioning in
the present study, to allow the objective evaluation of its ef-
fects on brain tissue. A preliminary study of the mechanism
underlying ischemic preconditioning in the protection of
brain tissue was also conducted in this study. However, isch-
emic preconditioning measures of transient ischemic attack
should be further improved to be simple and easy to oper-
ate. The mechanism of ischemic preconditioning protecting
brain tissue is complex, and deserves further investigation.
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