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Abstract
Intraluminal occlusion of the middle cerebral artery (MCA) is used extensively in cerebral ischemia
research. We tested a modified nylon suture in a rat model of middle cerebral artery occlusion
(MCAO) under two anesthesia regimens. Sprague-Dawley rats were divided into six groups (Group
1, Poly-L-lysine-coated suture under ketamine/xylazine anesthesia; Group 2, modified suture under
ketamine/xylazine anesthesia; Group 3, Poly-L-lysine-coated suture under ketamine/xylazine
anesthesia with mechanical ventilation; Group 4, modified suture under ketamine/xylazine anesthesia
with mechanical ventilation; Group 5, Poly-L-lysine-coated suture under isoflurane anesthesia;
Group 6, modified suture under isoflurane anesthesia) and subjected to 2 hours MCAO. Regional
cerebral blood flow (rCBF) was monitored by Laser-Doppler flowmetry. Neurological evaluation
and ischemic lesion (TTC stain) were assessed at 24 hr of reperfusion. The total ischemic lesion (sum
of areas with lacking and intermediate TTC staining) was similar among all six groups. Compared
with a Poly-L-lysine-coated suture technique, the modified suture technique produced a lower rCBF,
larger infarct size, smaller variance of infarct size, and greater neurological deficit. In addition,
isoflurane significantly reduced infarct size. We conclude that use of this modified suture technique
with ketamine/xylazine anesthesia and mechanical ventilation produces a more consistent change in
cerebral ischemic damage following MCAO in rats.

INTRODUCTION
Ischemic stroke is a leading cause of mortality and long-term disability. Recently,
recanalization with drugs during acute ischemic stroke have been shown to be clinically
effective for treating ischemic stroke [24]. Thus, a reliable animal model of transient focal
ischemia is becoming more important in order to study the pathophysiology of ischemic stroke
and evaluate new therapeutic approaches. Intraluminal occlusion of the middle cerebral artery
(MCA) in rats using a suture methodology was first described by Koizumi et al., and has been
extensively applied and studied due to its minimal invasiveness [13]. Due to the variability in
the final infarct size this method has been modified by many investigators [2,14,17,23,28,29].
Previous studies have demonstrated that rat strain, animal age, blood pressure, brain
temperature, blood glucose, suture type, and site of filament insertion are factors contributing
to the variability in the final infarct size [2]. However, we suggest that anatomical variations
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of the origin of the MCA might be a primary factor resulting in a difference in blood flow
interdiction of the MCA supplying area during middle cerebral artery occlusion (MCAO), and
finally a difference in ischemic brain damage [8,25]. In this study, we used a modified suture
technique to produce a more complete and consistent blood flow interdiction of the MCA
supplying area for any variation of MCA origination. Thus, our first goal was to compare the
effect of a Poly-L-lysine-coated suture technique and our modified suture technique on
transient focal ischemia-induced brain damage and cerebral blood flow.

Anesthesia also may be an important factor affecting infarct size in a MCAO model. Several
anesthetics including ketamine, urethane, chloral hydrate, ether, halothane, and isoflurane have
being used in a MCAO rat model [4,14,16,19,27,31]. However, anesthetics, especially volatile
anesthetics, have been shown to temporally reduce ischemic cerebral injury during the early
stage of reperfusion [9,10]. In addition, isoflurane was recently reported to provide protection
against transient focal ischemia [21]. Thus, our second goal was to compare the effect of
ketamine/xylazine and isoflurane on transient focal ischemia-induced brain damage.

RESULTS
Physiological parameter

The physiological parameters measured immediately before MCAO are summarized in Table
1. There was no significant difference in mean arterial blood pressure (MABP), heart rate (HR),
or arterial blood gas (pH, PCO2, and PO2) between the Poly-L-lysine-coated suture group and
the modified suture group regardless of the anesthesia method. In addition, no significant
difference was observed in MABP among all six groups. Anesthesia with ketamine/xylazine
induced a respiratory acidosis in groups 1 and 2, which was rectified by mechanical ventilation
in groups 3 and 4.

Anatomical variation of MCA origin
Anatomical variations of the origin of the MCA were observed in the rats (Figure 2). 36%
(n=18) of the rats had two branches originating from the ICA to combine into one MCA. 44%
(n=22) of the rats had an additional small branch originating from the ICA to supply MCA
area. In 20% (n=10) of the rats, the ICA simply divided into MCA and ACA (Figure 2).

Subarachnoid hemorrhage
Subarachnoid hemorrhage (SAH) resulted from arterial rupture was found in 5 rats, all from
the Poly-L-lysine-coated suture groups (Group 1 (3), Group 3 (1), Group 5 (1)). Those rats
with SAH were excluded from further measurement of infarct size and neurological evaluation.
In contrast, no SAH was found in the modified suture groups.

Infarct size
As shown in Figures 3 and 4A, the infarct size was significantly larger in rats using the modified
suture technique than those using the Poly-L-lysine-coated suture technique under ketamine/
xylazine anesthesia and ketamine/xylazine anesthesia with mechanical ventilation. However,
mechanical ventilation did not alter the infarct size in rats anesthetized with ketamine/xylazine
(Figures 3 and 4A). Compared with rats anesthetized with ketamine/xylazine, the infarct size
was significantly smaller in rats anesthetized with isoflurane (Figures 3 and 4A). The range of
infarct size was 10.0-41.0% in Group 1, 26.8-48.0% in Group 2, 9.7-44% in Group 3, 27.4-46%
in Group 4, 2.0-15.0% in Group 5, 7.8-17.5% in Group 6. The standard deviation of infarct
size was 10.06 in Group 1, 8.56 in Group 2, 10.69 in Group 3, 6.17 in Group 4, 5.44 in Group
5, 3.64 in Group 6. Thus, it appears that the variance of infarct size is smaller in the modified
suture groups regardless of the anesthesia. Figure 5 is the scatter plot showing the variance of
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infarct size in each group. In contrast, there was no significant difference in total lesion among
all six groups (Figure 4B).

Neurological deficits
Compared with the Poly-L-lysine-coated suture groups, a worse neurological outcome was
observed in the modified suture groups regardless of the anesthesia (Figure 6). Compared with
rats anesthetized with ketamine/xylazine, a better neurological outcome was found in rats
anesthetized with isoflurane (Figure 6).

rCBF
Compared with the Poly-L-lysine-coated suture groups, rCBF was significantly lower at
MCAO onset and during the first 30 minutes of MCAO in the modified suture groups regardless
of the anesthesia (Figures 7A, 7B, and 7C). Compared with rats anesthetized with ketamine/
xylazine, rCBF was not altered in rats anesthetized with isoflurane (Figure 7D).

DISCUSSION
There are several new findings in the present study. First, our modified silicon-coated suture
produced a larger infarct size, smaller variance of infarct size, and greater neurological deficit
than the Poly-L-lysine-coated suture method in a rat transient MCAO model. In addition, a
lower rCBF at MCAO onset and during MCAO was found in the modified suture groups.
Second, mechanical ventilation prevented ketamine/xylazine-induced respiratory acidosis, but
did not affect the final infarct size and neurological deficit at 24 hr of reperfusion. Third,
isoflurane significantly improved neurological deficit and reduced infarct size without altering
rCBF at MCAO onset and during MCAO at 24 hr of reperfusion. Our findings suggest that our
modified suture technique may provide a more consistent MCAO than the Poly-L-lysine-
coated suture methodology. In addition, neuroprotection by isoflurane may be not related to
an improvement of rCBF during ischemia.

In the Poly-L-lysine-coated suture-produced MCAO models, the rounded head of 3-0 nylon
suture is large enough in diameter to obstruct blood flow through the MCA. However, the lack
of suitable thickness in the trunk of the suture may allow the MCA area to be supplied by the
ICA and the PCA via two types of branches originating from the ICA, which exist in about
80% rats in the present study [8,25]. Thus, a small and variable ischemic infarct size has been
observed in the plain suture-produced rat MCAO model [2,23,29]. A recent study reported that
intraluminal occlusion of MCA with ligation of the distal branch of ICA around the intraluminal
suture produced a larger infarct size than intraluminal occlusion of MCA without ligation did
[5]. Ligation of the distal branch of ICA may prevent the MCA area to be supplied by the ICA
via two types of branches. In our modified silicon-coated suture-produced MCAO model, the
rounded head of 4-0 nylon suture is advanced into the ACA and its thickened trunk remains in
the ICA. This modified suture can obstruct all sources of blood flow from the ICA, the ACA
and posterior communicating artery (PCA) into the MCA area, and thus provides a more
consistent ischemia in the MCA area than the Poly-L-lysine-coated suture. The difference
between the two types of sutures is reflected by similar total lesion and different rCBF, infarct
size, variance of infarct size, and neurological deficit between the Poly-L-lysine-coated suture
group and the modified suture group regardless of the anesthesia method. In addition to a more
consistent occlusion, removal of the silicon layer at the tip of the suture makes its tip more
easily inserted into the ACA.

Several systemic factors may affect ischemic brain damage in the rat MCAO model. These
factors include blood pressure, blood pH, and blood gas. Browning et al recently reported that
hypercapnia increases injury volume in a feline model of focal cerebral ischemia, suggesting
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that PCO2 should be controlled in experimental focal cerebral ischemia models [3]. In addition,
Pignataro et al found that attenuating brain acidosis is protective in a mouse model of transient
focal ischemia [18]. In the present study, four experimental groups anesthetized with ketamine/
xylazine had a similar blood pressure and heart rate, but two groups not ventilated mechanically
produced a respiratory acidosis before introducing MCAO. However, compared with two
groups anesthetized with ketamine/zylazine and mechanically ventilated, which kept the
arterial blood gas in a normal range before and during MCAO, the total lesion and infarct size
were not significantly altered in rats anesthetized with ketamine/xylazine without mechanical
ventilation at 24-hr of reperfusion. Although the duration of respiratory acidosis is not known
and if such a respiratory acidosis would indeed increase the infarct size at later time points, we
suggest that it is prudent to control the physiological parameters within a normal range in
experimental focal cerebral ischemia.

There is a general agreement that volatile anesthetics applied before and during cerebral
ischemia confer neuroprotection [9,10]. Recently, isoflurane has been shown to provide short-
term neuroprotection in a variety of experimental models of ischemia including transient focal
ischemia [9,10]. However, it is controversial if the neuroprotection of isoflurane is sustained.
Sakai et al reported that isoflurane provided long-term protection against transient focal
cerebral ischemia when the common carotid artery is preserved in a rat MCAO model [7,11,
21]. However, others found that the neuroprotective efficacy of isoflurane was not sustained
when the recovery period was extended to 2 weeks [7,11]. In the present study, we found that
infarct size was significantly smaller at 24-hr of reperfusion in rats anesthetized with isoflurane
compared with rats anesthetized with ketamine/xylazine. It is possible that the difference in
infarct size between two anesthetics was resulted from increased infarct size in ketamine/
xylazine-anesthetized groups and/or reduced infarct size in isoflurane-anesthatized groups.
Kawai et al reported that katamine/xylazine increases infarct size via a hyperglycemia [12].
However, one recent study found that isoflurane also produces acute hyperglycermia similar
to ketamine/xylazine [20]. Thus, it appears that isoflurane has at least short-term
neuroprotection in this type ischemic model. Mechanisms that account for neuroprotection
with isoflurane include reducing glutamate release, antagonizing postsynaptic glutamate
receptors, and/or enhancing GABA receptor A-mediated hyperpolarization [9]. More recent
data have indicated that isoflurane can produce a preconditioning in brain tissue [30]. In
addition, isoflurane is a potent cerebral vasodilator [15], and thus may reduce ischemic brain
damage through an increase in blood flow from surround-unoccluded arteries into the ischemic
area. In the present study, percent change of CBF in the border area during ischemia was not
altered in rats anesthetized with isoflurane compared with the rats anesthetized with ketamine/
xylazine. The blood flow in border area is directly supplied by the MCA, and potentially
supplied by the ACA through ACA-MCA anastomoses [6]. Thus, it appears that
neuroprotective mechanisms of isoflurane may be related to a higher absolute basal CBF, but
not to an improvement in CBF during ischemia.

In summary, our modified suture provides a more consistent occlusion of the MCA in rats.
Due to neuroprotection, isoflurane should be cautiously used as anesthetic agent at least for
early evaluation of cerebral ischemic damage, and it appears that ketamine/xylazine anesthesia
may be a more appropriate choice for ischemia-related studies. We suggest that our modified
suture method may aid investigators in selecting the most appropriate technique to assess
cerebral ischemic damage following occlusion of the MCA.

MATERIALS AND METHODS
Experimental groups

All procedures were in accordance with the “Principle of Laboratory Animal Care” (NIH
publication No. 86-23, revised 1985) and were approved by the Institutional Animal Care and
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Use Committee. Male Sprague-Dawley rats (body weight 380-420g) were purchased from
Harlan and assigned to one of six groups. Group 1 (n=10): Poly-L-lysine-coated suture under
ketamine/xylazine (80 mg/kg IP, 40 mg/kg IP for supplement as needed) anesthesia. Group 2
(n=8): Modified suture under ketamine/xylazine (80 mg/kg IP, 40 mg/kg IP for supplement as
needed) anesthesia. Group 3 (n=8): Poly-L-lysine-coated suture under ketamine/xylazine (60
mg/kg IP for induction and 20 mg/kg/hr IV for maintenance) anesthesia with mechanical
ventilation (orally intubated and ventilated mechanically with room air and supplemental
oxygen). Group 4 (n=8): Modified suture under ketamine/xylazine (60 mg/kg IP for induction
and 20 mg/kg/hr IV for maintenance) anesthesia with mechanical ventilation (orally intubated
and ventilated mechanically with room air and supplemental oxygen). Group 5 (n=8): Poly-L-
lysine-coated suture under isoflurane (5% for induction and 2% for maintenance in 30%
oxygen-balance nitrogen) anesthesia. Group 6 (n=8): Modified suture under isoflurane (5%
for induction and 2% for maintenance in 30% oxygen-balance nitrogen) anesthesia.

Intraluminal sutures
Two types of sutures, Poly-L-lysine-coated and modified silicon-coated, were prepared for
performing intraluminal occlusion of the MCA. Poly-L-lysine-coated suture was prepared from
a 4-5 cm length 3-0 monofilament nylon suture by heating the tip over a flame into a rounded
shape. Suture 25 mm in length from the tip was coated with Poly-L-lysine solution (Sigma)
and dried in a 60 °C oven for 1 hour [1]. The diameter of the rounded tip was approximately
400-420μm (Figure 1). A modified silicon-coated suture was prepared from a 4-5 cm length
4-0 monofilament nylon suture as described by Schmid-Elsaesser et al and Bouley et al. with
modification [2,22]. First, the tip of the suture was heated into a rounded shape as the Poly-L-
lysine-coated suture. The diameter of the rounded tip was approximately 290-310μm (Figure
1). Second, the nylon suture was inserted into CO-EX™ tubing (inner diameter = 430 μm) for
20 mm. The tubing was filled with silicon (Silicone Elastomer, World Precision Instruments,
Sarasota FL, USA), and then the tubing was removed 10 minutes after the silicon coagulated.
Third, a 2.5 mm silicon layer from the tip was removed to expose the inner nylon suture. Thus,
the nylon suture was covered by a silicon layer for 17.5 mm (Figure 1). Fourth, to prevent the
sliding of the silicon layer along the nylon suture during the surgical procedures both ends of
silicon layer were adhered to the nylon suture by superglue.

Surgical procedures
To avoid anesthetic accidents during the surgical procedures, rats were fasted for at least 2
hours before the experiments. The right femoral artery was cannulated for continuous
monitoring of mean arterial blood pressure (MABP) and for obtaining a blood sample to
measure pH, PaCO2 and PaO2. The right femoral vein was cannulated for the administration
of anesthetics. Rectal temperature was maintained at 37 °C using a temperature controlled
heating pad. To measure regional cerebral blood flow (rCBF), a laser Doppler flow probe
(PeriFlux System 5000, Perimed) was attached to the right side of the dorsal surface of the
skull 1-2 mm caudal and 5-6 mm lateral to bregma. Blood flow to this area is directly supplied
by the MCA, and potentially supplied by the anterior cerebral artery (ACA) through ACA-
MCA anastomoses [6]. MCAO onset will induce a rapid drop in rCBF. However, dilation of
those arterial anastomoses in response to hypoxia may produce a rebound increase in rCBF.

MCAO was induced using the intraluminal suture occlusion technique. The right common and
external carotid arteries were exposed and ligated. The MCA was occluded by inserting a suture
from the basal part of the external carotid artery and advanced cranially into the internal carotid
artery (ICA). The Poly-L-lysine-coated suture was inserted into the ICA about 17-18 mm, and
the modified silicon-coated suture was inserted into the ICA about 19-20 mm. The onset of
MCAO was determined by a rapid drop in rCBF, which was assessed for 30 min following
placement of the suture. The suture was carefully withdrawn 2 hours after MCAO onset.
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Neurological evaluation was performed 24 hours after reperfusion, and then the rats were
euthanized for the measurement of infarct size.

Neurological evaluation
We measured neurological deficits at 24 h of reperfusion. Scoring was done blindly with a 24-
point scale modified from Garcia's neurological scoring system [26].

Assessment of infarct size
Animals were euthanized after neurological evaluation with thiobutabarbital sodium (inactin)
(150 mg/kg body weight) and exsanguinated. The brain was quickly removed and placed in
ice-cold sterile saline for 5 min, and cut into six 2-mm coronal sections. Sections were stained
with 2% 2,3,5-triphenyltetrazolium chloride (TTC, Sigma). Slice images were digitalized, the
ischemic lesion was evaluated using Kodak Molecular Imaging Software. Dark staining with
TTC indicates viable tissue, and complete lack of staining is defined as infarct lesion. Total
lesion is specified as the sum of intermediate staining and infarct lesion. Total and infarct
lesions corrected for cerebral edema were expressed as percentage of the contralateral
hemisphere.

Statistical analyses
Data are expressed as mean ± SEM. Statistical differences between the various groups were
assessed with one-way ANOVA followed by Tukey's post hoc test. A P value of 0.05 or less
was considered to be significant. Range and standard deviation were calculated to express the
variance of infarct size.
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Figure 1.
(A) Poly-L-lysine-coated and modified silicone-coated sutures. (B) Schematic representation
of MCAO by the Poly-L-lysine-coated or modified silicone-coated sutures. After inserting a
Poly-L-lysine-coated suture a reduced blood flow from ICA and/or PCA might enter into MCA
through a bypass or supply MCA area via a small branch. The modified silicone-coated suture
can prevent such an incomplete occlusion. PCA, posterior communciating artery; OA,
olfactory artery.
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Figure 2.
(A) Three anatomical variations of MCA origin. (B) Representative pictures of anatomical
variations in MCA origin.
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Figure 3.
Representative 2 mm-thick, TTC-stained coronal sections of the brain from groups 1-6
subjected to a 2-hr MCAO/24-hr reperfusion. Dark stain indicates viable tissue, and complete
lack of stain is defined as infarct lesion.
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Figure 4.
Infarct size (A) and total lesion (B) at 24 hr in Poly-L-lysine-coated or modified silicon-coated
suture-produced 2-hr right MCAO under ketamine/xylazine, ketamine/xylazine with
mechanical ventilation, or isoflurane anesthesia. Complete lack of TTC staining is defined as
infarct lesion. Total lesion is the sum of intermediate staining and infarct lesion. Values are
means ± SE. *P < 0.05.
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Figure 5.
Scatter plot showing the variance of infarct size in each group.
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Figure 6.
Neurological deficit scores at 24 hr in Poly-L-lysine-coated or modified silicon-coated suture-
produced 2-hr right MCAO under ketamine/xylazine, ketamine/xylazine with mechanical
ventilation, or isoflurane anesthesia. Values are means ± SE. *P < 0.05.
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Figure 7.
Ipsilateral parietal cerebral blood flow during first 30 minutes in Poly-L-lysine-coated or
modified silicon-coated suture-produced 2-hr right MCAO under ketamine/xylazine,
ketamine/xylazine with mechanical ventilation, or isoflurane anesthesia. Values are means ±
SE. *P < 0.05 vs. Poly-L-lysine-coated suture.
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