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Novel experimental model for repeated forebrain ischemia-reperfusion
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Abstract

Background and Purpose: The lack of reliable rodent model for repeated ischemia-reperfusion (I-R) hampers
experimental research on stroke. Therefore, the objective of the present study was to develop a mouse model
for repeated I-R cycles in a single animal on different days.

Methods and Results: The right common carotid artery (CCA) was ligated and both vertebral arteries were
coagulated. A customized vascular occluder, with its actuating tubing glued to a microport, was cuffed around
the isolated left CCA and secured. Inflating of the occluder diaphragm via the microport restricted the blood flow
via the left CCA and reduced the cerebral blood flow (CBF) by 75% in both hemispheres, while deflating allowed
for the CBF restoration. Two minutes of forebrain ischemia followed by a 24 h reperfusion period was tolerated
by animals for 5 cycles. Importantly, repeated 2 min I-R cycles attenuated the infarct volume induced by
occlusion of the middle cerebral artery.

Conclusions: The described model is a reliable method to induce transient I-R events in the forebrain. The
model mimics transient ischemic attacks and allows for controlling the ischemic durations, intervals, and

numbers of I-R cycles.
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1. Introduction

Stroke is the third most common cause of death and
the most common cause of adult disability world-wide
(Lloyd-Jones et al., 2010). Studies on brain
preconditioning and postconditioning have revealed
that transient ischemia can induce protective
reprogramming of genomes and proteins (Ravati et
al., 2000; Dirnagl et al., 2009; Zhang et al., 2008;
Zhao, 2009; Hossmann, 2008; Barone et al., 1998;
Pignataro et al., 2009; Dezfulian et al., 2007; Corbett
et al., 1997). However, there is no rodent model
currently available for repeated brain ischemia
reperfusion (I-R) cycles on consecutive days, which
markedly hampers stroke-related research (Liu et al.,
2009).

A frequent model in experimental stroke research is
based on advancing a suture through the internal
carotid artery (ICA) to block the root of the middle
cerebral artery (MCA). Its withdrawal allows for
restoration of cerebral blood flow (CBF). However,
mechanical damage to the vessel wall tends to make
this model impractical to induce repeated ischemic
cycles (Hossmann, 1998; Barone et al, 1998;
Hossmann, 2008; Taguchi et al., 2010; Zhang et al.,
2010). Other methods, such as a four vessel
occlusion model and photothrombosis-induced focal
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ischemia model, are nonreversible, while the
ischemic duration cannot be precisely controlled in
the endothelin model (Hossmann, 1998; Hossmann,
2008). Thus, it is reasonable to question whether the
existing animal models for repeated I-R cycles allow
for the optimal development of neuroprotective
mechanisms or the described experimental
complications counteract these mechanisms (Tanay
et al., 2006; Zhan et al., 2008; Hossmann, 1998;
Dirnagl et al., 2009; Zhang et al., 2008; Hossmann,
2008; Gidday, 2006; Beyersdorf et al., 1998;
Beyersdorf, 2009; Liu et al.,, 2009). To overcome
these difficulties, we developed a novel mouse model
that enables multiple and transient inductions of
forebrain I-R cycles. The model allows for the control
of ischemic duration and intervals. It is compatible
with many other research approaches, and can be
utilized for multiple applications.

2. Materials and Methods
2.1. Customization of the vascular occluder

The cuff ring of the commercially available vessel
occluder (Kent Scientific, Torrington, CT) was
trimmed by cutting both edges of the diaphragm-free
area while preserving the 1/3 of the middle area. The
occluder actuating tube was shortened to 2 cm,
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connected to the metal part of the microport (DaVinci
Biomedical Research Products, South Lancaster,
MA), and secured with super glue (Fisher Scientific,
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and sterilization.
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Figure 1. Installation of the occluder around the left common carotid artery (CCA). A. Customized
occluder-microport set. The actuating tube of the vessel occluder (a) was shortened and glued to the
metal part (c) of a microport (b) to produce a customized vascular occluder (d). The air tightness of the
occluder was tested by inflating the diaphragm (arrow) using a syringe with a 27G needle. B. Vessel
casting visualizing the main blood vessels that supply the brain. Electric coagulation of the vertebral
arteries, ligation of the contralateral CCA, and occlusion of the ipsilateral CCA are illustrated. C.
Installation of the occluder. After closing the right CCA and the vertebral arteries, the occluder ring was
cuffed onto the isolated left CCA (left panel). Inflation of the diaphragm (right panel) restricted the blood
flow via the CCA, producing forebrain ischemia. Cerebral blood flow can be restored upon deflating the

diaphragm.

2.2. Installation of the vascular occluder and

induction of I-R cycles

C57BL/6 mice (11-12 week old; 25-32 g; the total
number of tested animals, 127) were purchased from
Charles River Laboratories (Wilmington, MA). All
procedures and handling techniques were in strict
accordance with the National Institutes of Health
guidelines for the care and use of laboratory animals
and approved by the Institutional Animal Care and
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Use Committee, University of Kentucky. Mice were
anesthetized with oxygen containing 1-1.5%
Isoflurane. The major blood vessels supplying blood
into the brain were isolated. The right CCA was
ligated, both vertebral arteries were electrically
coagulated, and the left CCA was isolated (Figure
1B). The cuff ring of the occluder was placed around
the isolated left CCA and secured with surgical
sutures (Figure 1C). Then, the microport end of the
actuating tube was inserted through a subcutaneous

J Exp Stroke Transl Med (2012) 5(1): 1-10
Association of Experimental Stroke and Translational Medicine



CHEN et al, Model for repeated forebrain ischemia-reperfusion

tunnel and secured subcutaneously in the back.
Following the surgery, the wound was closed and the
animals were allowed to recover.

The installed occluder allows for transient obstruction
of the left CCA. Through the microport, air can be
injected or withdrawn using a syringe with a 27G
needle to inflate or deflate the occluder diaphragm.
Inflating the diaphragm compresses the vessel,
restricts the blood flow, and induces forebrain
ischemia, whereas withdrawing the air from the
diaphragm restores the blood flow (Figure 1C, left
and right panels). Using this procedure, the animals
were subjected to five [-R cycles repeated on
consecutive days. Duration of ischemia was set for 2
or 10 min, followed each time by a 24 h reperfusion
period.

2.3. Vessel casting and visualization of major blood
supply to the cortex and brain stem

Vessel casts were prepared to visualize the major
vessels supplying the brain and Willis circle, which
communicates between the two hemispheres.
Animals were euthanized and perfused with
heparinized saline and 4% formalin in PBS, followed
by 5 ml Mercox (Ladd Research, Williston, VT). After
the resin cured for 1-2 days at room temperature,
soft tissue was macerated in 7.5% KOH, followed by
5% formic acid at 50 °C for 24 h. Vessel casts were
water washed, freeze-dried, and photographed.

To verify the effectiveness of vessel ligation and
occluder manipulations, mice were perfused with
heparinized saline followed by 5 ml 2% Evans-blue in
latex (w/v, Spartan Adhesives & Coatings, Crystal
Lake, IL). Then, brains were harvested and
photographed.

2.4. CBF monitoring

A noninvasive near-infrared diffuse optical method,
namely diffuse correlation spectroscopy (DCS), was
employed to measure the changes in CBF in the
deep brain during 2 or 10 min I-R cycles. DCS
utilizes light intensity fluctuations collected from the
tissue surface to quantify microvasculature blood flow
in deep (millimeters to centimeters) tissues (Boas et
al., 1995). The method has been broadly validated to
other standards and used to probe various tissues,
including brain (Cheung et al., 2001; Zhou et al.,
2006 ; Kim et al., 2010; Shang et al., 2011). It was
also validated in our laboratory with a commercial
PeriFlux System 5000 Laser Doppler (PERIMED,
North Royalton, OH) (Shang et al. 2011). Briefly,
mice were anesthetized, the scalps were removed,
and foam bases confining laser source and detector
fibers were glued on the skulls. CBF changes from
both hemispheres were detected simultaneously.
Gluing the foam base to the skull allowed for reliable
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measurements at the identical tissue location and
depth at different days.

2.5. Evaluation of motor coordination and neurodeficit
testing

Several beam walking tests, adapted from a well-
established neurological severity score, were used to
assess motor coordination and balance (Pleasant et
al., 2011). After a 24 h recovery from the last I-R
cycle, mice were evaluated as they walked across
Plexiglass beams of 3, 2, 1, and 0.5 cm widths, and
finally a round, 0.5 cm diameter wooden rod. The
mice scored 3 points for successfully walking across
each beam and 2 points for successfully walking
across the rod, with 14 being the maximum score.
Within the allotted 30 s trial, points were deducted for
each limb misplacement or inversion on the beam.
Falling off the beam or refusing to move was scored
as zero.

Separate groups of mice were evaluated for
neurological deficits using the neuroscore as
described by Mbye et al (2009). The neuroscore
measures fore-limb function, hind-limb function, and
resistance to lateral pulsion on a scale of 0 (severely
impaired animals) to 4 (normal) for each function.

2.6. Induction of transient or
ischemia

permanent focal

Selected mice were subjected to transient or
permanent occlusion of the right MCA with a silicone
coated 6-0 nylon surgical suture (Doccol, New York,
NY). The successful occlusion was verified by over
75% decrease in CBF in the ischemic hemisphere.
In a model of transient ischemia, the suture was
withdrawn after 2 h. Following a 24 h recovery, these
mice were used as positive controls in the behavioral
test. For permanent ischemia, the suture was left
blocking the MCA for 24 h. Then, mice were
examined for stroke volume as determined by
staining with 2% 2,3,5-triphenyltetrazolium chloride
(TTC, Sigma) and quantified with NIH Image-J
software.

2.7. Statistical analysis

Behavioral changes were analyzed by the Kruskal-
Wallis nonparametric test, followed by the Mann-
Whitney U test. One-way ANOVA was used to
compare mean responses among treatments in the
stroke experiments. Statistical probability of p<0.05
was considered significant.

3. Results

3.1. Effects of vessel ligations on forebrain blood
supply
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Changes in the cerebral blood supply from ligation of
the CCAs and coagulation of the vertebral arteries
are shown in Figure 2. Ligation of single or both
CCAs lowered forebrain blood supplies but induced

Control

Both CCAs ligated

D

collateral blood flow through the Willis circle or
vertebral arteries (Figures 2B and C), while
obstruction of both vertebral arteries and both CCAs
resulted in complete forebrain ischemia (Figure 2D).

Single CCA ligated

Both CCAs ligated and
vertebral arteries coagulated

Figure 2. Changes in blood supplies to the cortex and brain stem resulting from
closing the major cerebral vessels. Cerebral vessels were visualized by perfusing mice
with 2% Evans blue solution in latex. A. Normal blood supply to the cortex and brain stem via
intact cerebral vessels. B. Ligation of the right CCA results in a decrease in blood supply to
the ipsilateral hemisphere with the compensatory blood supply from the contralateral
hemisphere and the vertebral arteries via the intact Willis circle. C. Ligation of both CCAs
results in collateral blood supply to the cortex and brain stem via intact vertebral arteries. D.
Ligation of both CCAs and coagulation of the vertebral arteries result in a drastic decrease in

blood supply to the cortex and brain stem.

3.2. Changes in CBF during repeated I-R cycles

Representative changes in CBF resulting from
closing of the cerebral vessels are illustrated in
Figure 3. With vertebral arteries being coagulated,
ligation of the right CCA decreased the brain blood
flow ~30%. Additional closing of the left CCA by
inflating the occluder diaphragm resulted in a
decrease in CBF by 87.8 + 1.0%, which was then
restored by deflating the occluder (Figure 3A).
Overall, we set a 75% CBF reduction as a threshold
for a successful global ischemia.
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Figures 3B and 3C llustrate the representative
changes in CBF of two mice that received 2 or 10 min
I-R cycles, respectively, for five consecutive days.
The CBF decreased over 85% from the basal level
during each ischemia episode and rapidly returned to
initial values after diaphragm deflation in the 2 min I-
R group. However, the CBF restored more slowly
and gradually worsened in the 10 min I-R group
(Figure 3B).
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Figure 3. Hemodynamic changes during CCA occlusion and repeated I-R cycles. The
recordings were performed after coagulation of the vertebral arteries. A. Ligation of the right
CCA results in ~30% cerebral blood flow (CBF) reduction. Inflation of the occluder closes the
left CCA and decreases CBF to less than 10% of the basal level (assigned as 100%). The
blood flow can then be restored by deflating the occluder. B and C. Representative cerebral
blood flow recordings during five I-R cycles performed on consecutive days. The CBF was
measured before, during, and after the 2 min (B) and 10 min (C) ischemic intervals, followed

by reperfusion.

3.3. Outcomes of the repeated I-R cycles

Figure 4A illustrates the experimental design
employed in the studies in which the outcomes of
repeated I-R episodes were evaluated. Mice were
acclimated to behavioral tests before any surgical
procedure was performed. Then, occluder was
installed and mice were subjected to five repeated I-
R cycles on consecutive days. Clinical data indicate
that 10-25% of patients with transient ischemic
attacks develop stroke. Such an outcome was also
demonstrated in our experiments. Approximately
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18% of mice subjected to repeated 2 min I-R cycles
developed neurological complications with stroke
being the most common side effect. These mice died
or were euthanized due to humane reasons and were
not subjected to behavioral evaluation. I-R
complications were much more common in animals
subjected to 10 min I-R cycles, resulting in a loss of
~50% mice (Figure 4B). Due to high mortality, we
excluded mice subjected to the repeated 10 min I-R
episodes from further studies.
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Figure 4. Outcomes of the repeated I-R cycles. A. Timeline of the experiments as described in the text.
B. Mice were subjected to five 2 or 10 min I-R cycles as in (A) and the survival of mice was plotted 24 h
after each ischemic event. B-D. Mice were subjected to five 2 min I-R cycles as in (A). Additional groups of
mice in C and D were subjected to the filament occlusion of the right middle cerebral artery (MCA) for 2 h
and served as positive controls. Naive mice did not receive any surgery whereas the sham group received

surgery without inflating the occluder.

Beam walking abilities (C), neuroscore (D), and hippocampal

morphology (E) were evaluated 24 h after the last ischemic event. Results are mean + SEM; 10 mice were
used in the Sham group, 55 mice in the 2 min I-R group, and 42 mice in the 10 min I-R group. *Statistically
significant as compared to all other experimental groups at p<0.01. Arrows in D indicate neuronal swelling
in the hippocampal sections of mice subjected to repeated 2 min I-R cycles.

The surviving animals that received 5 cycles of 2 min
I-R were evaluated for beam walking ability and
simple motor functions prior to evaluating their brains
by cresyl violet staining. Animals subjected to 2 h
ischemia served as positive controls in these
experiments. Five cycles of 2 min I-R did not induce
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deficits in balance or coordination assessed by beam
walking tests (Figure 4C) or affect basic motor
functions assessed using a neuroscore (Figure 4D).
Hippocampal sections were then stained with cresyl
violet because CAl neurons are susceptible to
ischemic injury. Compared to control animals,
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repeated 2 min I-R cycles resulted in minimal
morphological changes and induced only relatively

slight neuronal swelling (Figure 4E).
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Figure 5. Short-term ischemic incidents protect against stroke development. A. A timeline of the
experiments. Mice were subjected to five 2 min I-R cycles, followed by a permanent occlusion of the

right MCA. The sham group was subjected to surgery without inflating the occluder.

Infarct volume

was evaluated 24 h post MCA occlusion. B. Bar graph of quantitative data representing mean + SEM,

n=4 for each group.
Representative images of ischemic brains.

*Statistically significant as compared to sham animals at p<0.01.
The outlined brain areas correspond to negative TCC

C.

staining and are consistent with tissue necrosis developing in ischemic brains. MCAO, middle cerebral

artery occlusion.

3.4. Repeated 2 min forebrain I-R cycles attenuate
the outcome of ischemic stroke

One of the applications for our model of repeated
forebrain ischemia can be brain preconditioning
against a more severe ischemic event. To address
this notion, permanent MCA occlusion (MCAO) was
performed on control mice and mice subjected to 5
cycles of 2 min I-R. The design of these experiments
is illustrated in Figure 5A. After the occluder was
installed, mice were subjected to five 2-min I-R
cycles. Then, selected mice were subjected to
transient or permanent occlusion of the right MCA
and 24 h later the stroke volume was calculated
based on TTC staining. As shown in Figures 5B
and 5C, mice that were subjected to repeated 2 min
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I-R cycles had significantly reduced stroke volume
compared to controls, demonstrating  the
effectiveness of brain preconditioning.

4. Discussion

Multiple animal models have been developed to
investigate possible therapies for stroke (Yamashita
et al., 2009; Wang et al., 2010; Hoyte et al., 2006;
Hossmann, 1998; Zhang et al., 2008; Zhao, 2009;
Hossmann, 2008; Taguchi et al, 2010).
Nevertheless, only limited stroke models have been
established that allow repeated I-R cycles in a single
animal on different days (Hossmann, 2008). Among
different animal models of human diseases, rodent
models are especially valuable due to their relatively
low cost and wide spectrum of transgenic strains
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(Hossmann, 1998; Hossmann, 2008; Zhang et al.,
2008; Zhao, 2009; Del Zoppo et al., 1986; Pulsinelli
et al., 1988; Stenzel-Poore et al., 2007; Durukan et
al., 2008). In the present study, we describe a novel
experimental model of I-R using a customized
vascular occluder. The main advantages of this
model are the ability to repeat the I-R cycles multiple
times and to fully control the ischemic duration and
frequency.

In principle, our method is based on a four vessel
occlusion model. However, in our model only three
vessels, namely both vertebral arteries and the
contralateral CCA, are coagulated or ligated. CBF is
maintained through the ipsilateral CCA, which is
under reliable control of the installed occluder.
Indeed, inflating and deflating the occluder produces
a dependable model for repeated transient forebrain
I-R cycles.

To our knowledge, the procedure described in the
present study is the first rodent model that allows
repeated I-R cycles over an extensive period of time.
Importantly, the model requires only a single surgery;
then, I-R cycles are induced by inflating and deflating
the occluder through an easily accessible microport.
While we developed this model in mice, it is also
applicable for rats.

For humane and experimental quality control
reasons, we established the following stringent
criteria for a successful surgery:

e Ligation of the contralateral CCA should result in
a less than 30% decrease in CBF, indicating an

intact Willis circle.

Installation of the occluder around the CCA
should not reduce CBF. On the other hand,
inflation of the occluder diaphragm should
decrease the blood flow over 75%, producing
forebrain ischemia.

CBF should restore to at least 80% of the initial
values 20 min after diaphragm deflation.

No stroke symptoms or other complications
should occur during the I-R cycles. Thus, any
animals exhibiting eyelid ptosis, hemiplegia,
rotating, circling, abnormal postures, and/or loss
of body weight over 30% post surgery should be
excluded from the study.

The described model can be employed in a variety of
stroke and brain ischemia-related experiments,
providing opportunities to explore novel mechanisms
involved in stroke development and/or therapeutic
interventions. Examples of such studies include
evaluation of the effects of preconditioning,
postconditioning, or transient ischemic attack on
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stroke development. It has been widely accepted
that preconditioning and postconditioning treatments
can attenuate damage from more severe ischemic
insults (Corbett & Crooks, 1997; Hoyte et al., 2006;
Lee et al., 2008; Li et al., 2005; Ravati et al., 2000;
Dirnagl et al., 2009; Zhang et al., 2008; Zhao, 2009;
Stenzel-Poore et al.,, 2007; Pignataro et al., 2009;
Degracia, 2010). Nevertheless, the mechanisms
underlying these effects are still elusive. Some of the
important but unanswered problems include a) the
appropriate ischemic duration, b) the number and c)
the frequency of I-R cycles that allow the brain to
achieve optimal protection while minimizing their
adverse effects (Li et al., 2005; Tanay et al., 2006;
Zhan et al., 2008; Wegener et al., 2004; Stenzel-
Poore et al.,, 2007; Stenzel-Poore et al.,, 2003).
These problems can be easily addressed using our
novel experimental model. Despite losing ~18% of
mice due to complications of transient forebrain
ischemia, we determined that five 2 min I-R cycles
provided excellent protection against permanent
ischemia. On the other hand, 10 min I-R intervals
resulted in a high mortality of mice, which reached
50% after 5 cycles.

The observed mouse responses to the repeated I-R
cycles in many ways resembled those in patients with
transient ischemic attacks. The similarities include
transient brain ischemic incidents and recovery
without or only with mild neuronal and behavioral
deficit (Lloyd-Jones et al., 2010; Wegener et al,,
2004; Ratan et al., 2004). Approximately 10-25%
patients with transient ischemic attacks develop
stroke in 90 days after their first transient ischemic
occurrence (Wegener et al., 2004), which also is
mimicked in our model. Thus, our novel animal
model may be a valuable tool to study the brain
responses and pathological processes involved in
repeated I-R.

In summary: we report a novel experimental model
for repeated I|-R cycles resulting in forebrain
ischemia. The model is based on coagulation of
vertebral arteries and ligation of the contralateral
CCA, while controlling the flow through ipsilateral
CCA via a customized occluder and microport set.
The main advantage of this model is the ability to
control ischemic duration and frequency of intervals.
The model can be used in studies on pre- or
postconditioning and in research on transient
ischemic attacks.
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