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Abstract. Background/Aim: Middle cerebral artery
occlusion (MCAOQO) in rodents is an essential animal model
for research focusing on ischemic stroke. To date, several
kinds of surgical methods for MCAO have been developed
and the craniotomy method has the advantage of direct
visualization of the middle cerebral artery (MCA). MCAO at
a more proximal site produces better surgical results, but it
is a more invasive technique. The aim of this study was to
evolve the surgical technique for simulating ischemic
cerebral cortex injury in rats. Materials and Methods: To
approach proximal MCA with a less invasive procedure, a
modified surgical technique for MCAO in rats was
developed. Besides, rats receiving the modified and
conventional method were compared with regard to infarct
volume and by behavioral tests. Results: Following
craniotomy, we proposed that the inferior edge of the
craniotomy should be enlarged with fine forceps. This
modified surgical method induces larger infarct volume,
significant behavioral impairment and can induce ischemic
stroke. Additionally, it does not significantly increase the
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operation time, and has produced no obvious complications.
Conclusion: This modified surgical technique may serve as
a practical method for performing MCAO.

Stroke is a common disease that can have severe sequelae
(1). About 80% of strokes are ischemic, and the most
common infarction site is the middle cerebral artery (MCA)
(2, 3). To facilitate progress in stroke research, translational
research in animal models is essential in order to transfer
basic research findings to the clinic. Researchers regularly
choose the rodent model to create middle cerebral artery
occlusion (MCAO) to simulate ischemic stroke (4-6). There
exist several types of methods to induce MCAO, including
intraluminal filament occlusion, craniotomy and direct MCA
occlusion, and Endothelin-1-induced MCAO (7, 8).

Among these methods, craniotomy is a common method,
that has the advantage of allowing direct visualization of
MCA through the surgical field (9). After the MCA has been
exposed, it can be occluded by coagulation, transection,
ligation or clips (7). However, the precise location of MCA
occlusion is a critical issue. One study that used craniotomy
in rats for MCAO revealed that occlusion of a more proximal
part of the MCA led to larger infarct size (10). However,
removing the cranial bone over the proximal MCA during
craniotomy may be impeded by the zygomatic arch. If
operators want to expose the most proximal part of the
MCA, the zygomatic arch may be resected to provide
adequate space (11, 12). However, this process may take
time or affect the eating ability of rats. Other authors have
exposed proximal MCA by displacing the brain but the large
displacement of the brain may affect physiological functions
(10). Intraluminal filament occlusion is another MCAO
model that can mimic the clinical pathophysiology of stroke;
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however, this method will also obstruct anterior cerebral
artery partially and produce striatum infarction (5). Thus, if
researchers want to explore pure cortex ischemic injury
without striatum invasion, it iS not suitable to use
intraluminal filament occlusion as an MCAO model.

Other than producing large and stable infarct size, a
competent MCAO model is also expected to cause obvious
neurological deficits thus simulating ischemic stroke. After
ischemic brain injury, inflammatory cytokines such as tumor
necrosis factor (TNF-a), interleukin (IL)-1f, and IL-6 are
produced in the ischemic brain tissue and this
neuroinflammation is a major mechanism in ischemic brain
injury (13). The change of these cytokines were verified in
vivo and in vitro. Thus, a satisfactory MCAO model should
also produce these major changes in inflammatory cytokines.

In this study, a modified surgical method to expose proximal
MCA was developed. Following craniotomy, the inferior edge
of the craniotomy was enlarged with fine forceps. The method
was easy to perform without significantly extending the
operation time. Furthermore, this method did not lead to
obvious complications such as reduced eating ability or
mortality. Finally, the method was able to recapitulate
significant effects of stroke, such as large and stable infarct
volume, impaired behavior performance and significant
production of inflammatory cytokines. Furthermore, the results
of proximal and distal MCAO were also compared.

Materials and Methods

Animals. All animal experiments were approved by the Institutional
Animal Care and Utilization Committee (IACUC) of National Yang-
Ming University, Taipei, Taiwan (approval ID: 1050315). Ten-week-
old male Wistar Kyoto (WKY) rats weighing 200-300 g each were
purchased from BioLASCO (Taipei, Taiwan). The rats were housed
in the Laboratory Animal Center in National Yang-Ming University
with a 12-h light/dark cycle at a constant temperature (25+2°C), and
with unrestricted access to water and food.

Modified surgical method of MCAO. In order to improve the
efficiency of MCAO, a modified surgical method was developed.
Rats were anesthetized with an intraperitoneal injection of Zoletil
(30 mg/kg) and Xylazine (8 mg/kg). A vertical incision was made
on the midline of the neck, and the bilateral common carotid
arteries (CCAs) were identified. After retracting the temporal
muscle, a craniotomy was performed on the right temporal bone
using a cutting burr (Figure la and b). During this period, the
inferior edge of the hole was lowered as much as possible, until
interrupted by the zygomatic arch. Then Dumont forceps (Roboz,
Gaithersburg, MD, USA) were used to hold the residual bone on
the inferior edge of the hole, with one tip between the dura and
inner surface of cranial bone, and another tip on the outer surface
of cranial bone (Figure 1c). After holding it with about 1mm
contact depth, the bone was pulled out piecemeal with a lateral
and superior direction until the olfactory tract was exposed (Figure
1d). Then the dura matter was removed, and the MCA was
permanently occluded by suture ligation at the level of the
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olfactory tract. Subsequently, bilateral CCA occlusion was
performed by vessel clamp temporarily for 90 min.

Another rat group was subjected to MCAO for purposes of
comparison, using the conventional method. In this group, rats
underwent the above procedure, but forceps were not used to
remove the residual bone on the inferior edge of the hole. Thus,
MCA was exposed to the level above the inferior cerebral vein and
the distal MCA was permanently occluded by suture ligation above
the inferior cerebral vein. Bilateral CCA occlusion was also
performed temporarily for 90 min. The sham group received
identical anesthesia and surgical procedure without MCA and CCA
occlusion. Rats that died during or after surgery were excluded for
further experiment (n=7).

Animal Behavioral Test. The rotarod test was utilized to evaluate
motor coordination and balance alterations. Before MCAO was
applied, rats were trained for running and balancing on the rotating
drum (Rotamex-5, Columbus Instruments, Columbus, OH, USA) for
3 days. The rats deemed stable and that performed well on rotarod
were assigned to groups that randomly received modified and
conventional MCAO. At 1 (n=13/group) and 3 (n=7/group) days
after MCAO, the rotarod was accelerated from 4 rpm to 40 rpm,
with an acceleration of 1 rpm/10 sec. The latency before falling off
the drum was recorded. Every rat received three trials for each
training and testing day and the interval between each trial was 10
min. Successful trials after MCAO were defined as less than 75%
running time on rod at 1 day after surgery, compared with
preoperative performance.

Quantification of Infarct Volume. At 1 (n=8/group) and 3
(n=4/group) days after MCAO, rats were anesthetized by
intraperitoneal injection of Zoletil and Xylazine and transcardially
perfused with phosphate-buffered saline (PBS). Their brains were
expeditiously removed from the skull to determine infarction size,
and then sliced into 2-mm-thick coronal sections. Then, they were
stained with 2% 2,3,5- triphenyltetrazolium chloride (TTC; Sigma,
St. Louis, MO, USA) solution for 15 min at room temperature
without light, and then fixed with 4% paraformaldehyde. The
unstained area represented the infarcted region, and the non-
infarcted region revealed as red color on TTC-stained sections. To
eliminate the effect of brain edema, the infarcted region was
determined by subtracting the non-infarcted region in the ipsilateral
hemisphere from that in the contralateral hemisphere. Infarct
volumes were then calculated as the sum of the infarcted areas on
each brain slice by using Image J software (National Institutes of
Health, Bethesda, MD, USA).

Measurement of inflammatory cytokines. At 1 (n=4/group) day after
MCADO, rats were anesthetized by intraperitoneal injection of Zoletil
and Xylazine and transcardially perfused with PBS. Their brains
were removed and stored in —80°C ultra-low temperature freezer.
Then, the cerebral cortex of MCAO rats and sham group were
homogenized and the levels of inflammatory cytokines (IL-1f and
IL-6) were measured using commercially available ELISA kits
(R&D, Minneapolis, MN, USA).

Statistical analysis. Data are expressed as meanzthe standard error
of the mean (SEM). Categorical data were compared using chi-
square test. Independent samples #-test was used to analyze the
difference between two groups. All statistical analyses were
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Figure 1. The procedures of the modified surgical method for middle cerebral artery occlusion (MCAO). (A) After skin incision and temporal muscle
retraction, craniotomy contour was created using a burr tool. (B) Craniotomy and exposure of the underlying brain tissue. (C) Removal of the
residual bone on the inferior edge of the craniotomy (arrow) using fine forceps. (D) Exposure of the middle cerebral artery at the level of olfactory

branch (arrow) and preparation for MCAQO.

performed using the SPSS 24.0 software package (SPSS, Inc,
Chicago, IL, USA). Differences were considered significant at
p<0.05.

Results

Operation time and mortality rate of the surgical procedures.
The mean operation time from the point of skin incision to
completion of a 90-minute CCA occlusion of rats receiving
the modified and conventional method was 130.2 min and

121.4 min, respectively. Following MCAO, the mortality
rates from the modified and conventional surgical methods
were 9.4% and 13.3%, respectively (p=0.622). With the
exception of the neurological deficits induced by MCAO,
none of the rats had other obvious complications including
eating difficulties.

The rats that received the modified surgical technique

performed poorer in the rotarod test. Before MCAO, the rats
receiving the modified and conventional surgical methods
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Figure 2. The modified surgical method produced poorer neurological function at 1 and 3 days after middle cerebral artery occlusion (MCAO). (A)
Rotarod performance of MCAO rats receiving the modified or the conventional method. (B) The successful rates of MCAO in groups that received
the modified or the conventional surgical procedure. n=13/group in 1 day and n=7/group in 3 days after MCAO. Data are presented as

mean+SEM .*p<0.05.

had similar running times on the rod (126.1 sec vs. 125.6 sec,
p=0.930) (Figure 2a). At 1 day after MCAO, the group the
received modified surgical procedure had less running time
on the rod, compared with the group that received the
conventional surgical procedure (51.6 sec vs. 90.5 sec,
p=0.009) (Figure 2a). At 3 days after MCAO, rats that
received the modified method still stayed less time on the
rod, compared with rats that received the conventional
method (49.9 sec vs. 96.9 sec, p=0.071) (Figure 2a). The
group that received the modified surgical procedure had a
success rate of 76.9%, whereas the group that received the
conventional surgical procedure had a success rate of only
46.2% (Figure 2b).

The modified surgical technique induced larger infarct
volume. The ischemic region revealed as a pale color by TTC
stain and involved only the cortex (Figure 3a and b). At 1
day after MCAO, the infarct volume of the rats that received
the modified surgical method was 189.5 mm?, larger than the
115.4 mm? of the group that received the conventional
surgical method (p=0.001) (Figure 3c). At 3 days after
surgery, the infarct volumes in the groups operated with the
modified and conventional methods were 144.6 mm? and
102.3 mm?, respectively (p=0.004) (Figure 3c). With time,
the infarct size became smaller in the group that received the
modified surgical method (p=0.021) (Figure 3c).
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The modified surgical technique increased the levels of
inflammatory cytokines. At 1 day after MCAO, the mean
concentration of IL-1f in the ischemic cortex was 319.2
pg/ml, higher than the 44.3 pg/ml of the sham group
(»=0.039) (Figure 4). The mean concentration of IL-6 in the
ischemic cortex was 1,024.1 pg/ml and in the sham group
70.9 pg/ml (p<0.001) (Figure 4).

Discussion

In the present study an efficient MCAO method via
craniotomy in order to simulate ischemic cerebral cortex
injury in rats is presented. Among the MCAO methods,
intraluminal occlusion is a common method that requires
skilled technique and expensive laser Doppler flowmetry
to detect changes in MCA blood flow (14). It does not
allow for direct observation of MCA.. Besides, intraluminal
occlusion usually induces infarction extending to striatum,
so this occlusion method may not be suitable for studying
exclusive cortex infarction. Alternatively, MCAO by way
of craniotomy does not necessitate the use of expensive
equipment, and can allow direct visualization of MCA.
However, the site of MCAO significantly affects the
results (10).

To induce larger infarct volume, the MCA must be
occluded at the proximal site, such as the level of olfactory
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Figure 3. The modified surgical method produced larger infarct volume at 1 and 3 days after middle cerebral artery occlusion (MCAO).
Representative, TTC stained brain slices from rats that received sham-operation, the modified surgical method or the conventional surgical method
at (A) 1 day and (B) 3 days after MCAO. The pale region indicates the infarct area. (C) Quantification of infarct volume of rats that received the
modified or conventional surgical method on 1 day and 3 days after MCAO. The sham-operated rats showed no infarction. n=8/group in 1 day and
n=4/group in 3 days after MCAO. Data are presented as mean+SEM **p<0.05.
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Figure 4. The modified surgical method produced higher levels of inflammatory cytokines in the ischemic cortex compared to the sham operation
at 1 day after middle cerebral artery occlusion (MCAO). (A) The concentration of IL-1f in the cerebral cortex of MCAO and sham groups. (B) The
concentration of IL-6 in the cerebral cortex of MCAO and sham groups, n=4/group. Data are presented as mean+SEM .*p<0.05, ***p<0.001.

branch (10). However, if a burr tool is used to perform head. Removing the zygomatic arch is another option
craniotomy, the burr shaft will be impeded by the zygomatic  available to occlude the MCA at the proximal site. However,
arch. Even if a burr with a specific angle is utilized, the this option will likely extend the operation time, and may
procedure will still be impeded due to the width of the burr  interfere with the eating ability of rodents.
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Thus, we have developed this novel and easy technique to
improve the efficiency of MCAO by means of craniotomy.
The key point in this modified procedure is to use fine forceps
to remove the residual inferior cranial bone piecemeal,
working in a lateral and superior direction. If a medial
direction force is misapplied, the brain may be injured and the
MCA could be impacted, potentially causing a hemorrhagic
stroke. If an inferior direction force is misdirected, the residual
bone cannot likely be efficiently removed. We suggest that
forceps should be used to hold the bone with a 1 mm contact
depth. If contact is shorter than this depth, the residual bone
is difficult to remove; if longer than this depth, brain tissue
injury may occur. This modified method can produce large
infarct volume; however, the infarct area is confined to the
cerebral cortex. Thus, this method may not be suitable when
focusing on other areas such as striatum.

It is generally understood that bilateral CCA occlusion can
increase the infarct volume due to additional block of the
collateral circulation of the brain (15). If occluding the
unilateral or bilateral CCA permanently, the mortality rate
increases significantly (15). Chen et al. have reported an
elevated mortality rate of 60% in rats receiving right MCA
and bilateral CCA permanent occlusion (15). Thus, in this
modified surgical procedure, temporal bilateral CCA
occlusion was applied. This can increase the infarct volume
without increasing the mortality rate.

Current studies focusing on the methodology of MCAO
usually utilize infarct size and neurological deficits to
evaluate if the MCAO model is successful. Changes in the
cytokine levels are seldomly examined. Thus, to reinforce
the evidence of a successful MCAO model, production of
inflammatory cytokines was also measured and proved that
our modified method increased the secretion of IL-1f3 and
IL-6 in the ischemic cerebral cortex.

In conclusion, this study describes a modified surgical
method to perform MCAO by way of craniotomy, with
satisfactory results. This method simulates ischemic cerebral
cortex injury, and produces large infarct volume and
impaired motor and balance function. Besides, inflammatory
cytokines were significantly increased in the ischemic
region. Furthermore, further evidence indicated that that
occlusion of the more proximal part of MCA by the modified
surgical procedure can have a more severe stroke impact
compared to the conventional method.
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