Chapter 16
Animal Models for Ischemic Stroke

Liping Wang, Chuan Qin, and Guo-Yuan Yang

Abstract Developing reliable and reproducible animal model is of great impor-
tance in the therapeutic research of ischemic stroke. The location and volume of
injury are varied in different animal models. Researchers choose different animal
models according to the research purposes. In this chapter, we summarized the sys-
tem of ischemic stroke models.
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mNSS  Modified neurological severity score
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16.1 Introduction

In order to study the pathophysiology and treatment of stroke, developing reliable
and reproducible ischemic animal models is of great importance. The ideal animal
model can excellently mimic features of human ischemic characteristics. Cerebral
ischemic animal models could be divided into focal cerebral ischemic models and
global cerebral ischemic models. Focal cerebral ischemic models include suture
transient middle cerebral artery occlusion and permanent middle cerebral artery
occlusion, embolic middle cerebral artery occlusion model, distal middle cerebral
artery occlusion, photochemically induced middle cerebral artery occlusion model,
and neonatal hypoxic-ischemic brain damage model. Global cerebral ischemic
models include bilateral carotid artery ligation (2-VO), four-vessel occlusion
(4-VO), and cardiac arrest-induced forebrain ischemia. This chapter outlines meth-
ods and key points, applications, advantages, and limitations of different animal
models.

16.2 Focal Ischemic Stroke Model

16.2.1 Suture Transient Middle Cerebral Artery Occlusion
(tMCAOQO)

16.2.1.1 Methods and Key Points

Adult male rats weighing 250-300 g or adult male mice weighing 30-35 g were
ideal for this procedure. Isoflurane inhalation anesthesia and intraperitoneal anes-
thesia with ketamine (80-100 mg/kg) and xylazine (5-10 mg/kg) were the most
commonly used methods of anesthesia. To continuously monitor arterial blood pres-
sure and sample for analysis of blood gases and blood pH, a PE-50 catheter for rats
or a PE-10 catheter for mice was inserted into the femoral artery. Body temperature
is maintained at 37+0.3 °C using a heating pad. Under the operating microscope, a
midline incision on the neck is made. Then, the left common carotid artery (CCA),
external carotid artery (ECA), and internal carotid artery (ICA) are exposed and
isolated (Fig. 16.1). A 2.5-cm length of 4-0 suture for rats or a 1.5-cm length of 6-0
suture for mice coated with silicone was used. The suture was introduced into the
transected lumen of the ECA and gently advanced from the ICA across to the open-
ing of the MCA until a slight resistance was felt. The distance from the tip of the
suture to the bifurcation of CCA was about 18 +1 mm in rats, while it was about
10+ 1 mm in mice. A laser Doppler flowmetry was used to test the cerebral blood
flow. The reduction of the cerebral blood flow down to 10% of the baseline indicates
the success of the occlusion. For reperfusion, the suture was withdrawn to restore
blood flow following 60—120 min of MCAO. The dissected skin was sutured, and
the animal was returned to the cage when it recovers from the anesthesia [1-3].
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Fig. 16.1 Separation of cervical vessels and insertion of the suture under surgical microscope in
the operation of suture MCAO model

16.2.1.2 Application of Transient MCAO

In recent years, many ischemic stroke animal models were established to mimic the
clinical patients. In stroke research field, the aim of these stroke models was to
understand the pathophysiological changes in the stroke development and the post-
stroke recovery. We could use transient MCAO model to mimic the blood restora-
tion following acute ischemia in the clinical situation. This was important to
understand cellular and molecular mechanisms of stroke recovery even in the
prognosis.

Transient MCAO model was worldwide used in the research trial since this
model mimicked the human ischemic stroke and was highly reproducible. In addi-
tion, we could control the duration of ischemia and reperfusion, which was neces-
sary for the study of mechanism of ischemia and reperfusion injury, as well as
proper treatment during different time points.

The first main advantage of transient MCAO model was to understand the cel-
lular and molecular mechanism in the process of cerebral ischemia. During the
experiment, we could obtain the latest knowledge when the neurovascular unit was
injured in the brain. We could make our hypothesis and develop a novel approach to
attenuate ischemic brain injury and reverse the degeneration. Actually scientists
have found many methods to inhibit or attenuate stroke occurrence and develop-
ment such as signal pathway inhibitors, gene therapy, or stem cell therapy. Based on
viral vector gene transfection, gene therapy was beneficial for stroke repair and
recovery. Moreover, many kinds of stem/progenitor cells were effective for the
stroke therapy. Endothelial progenitor cells (EPCs) were a kind of stem cells, which
could differentiate into the endothelial cell for vascular repair after brain injury.
EPCs could secret growth factors such as VEGF and FGF, which was necessary for
the repair of vessels. The second advantage of tMCAO was this model could be used
to study the restoration of blood flow during the stroke recovery stage. Recombinant
tissue plasminogen activator (rt-PA) was the only proven drug for acute ischemic
stroke; however, the clinical time window was very limited (within 4.5 h). The
important advantage of intravenous rt-PA was that it could be used immediately
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after clinical assessment. Although intravenous rt-PA has the evidence for the acute
ischemic stroke therapy, the limitation including low rates of recanalization was
driving people to find new approaches to prolong the therapeutic time window and
to increase recanalization rates. Cerebral blood flow (CBF) was the critical issue for
the stroke recovery. Effect of endovascular thrombectomy should be assessed by the
recovery of blood flow. As we mentioned above, CBF changes following endovas-
cular thrombectomy were similar to the changes observed in the transient MCAO
models. Studies showed the similarities between the endovascular thrombectomy
and transient MCAO animal procedure in CBF and pathophysiological characteris-
tics, suggesting the rationale for the use of transient MCAO to mimic the potential
outcomes of adjunct therapies for endovascular thrombectomy in humans. We could
perform preclinical trials on animals and find more efficient drugs. Therefore, future
clinical trials for neuroprotection should consider the transient MCAO model to
assess preclinical efficacy.

16.2.1.3 Advantages

Intraluminal suture transient MCAO model was one of the widely used focal isch-
emia models. Suture-induced brain lesion is located both in the cortex and striatum.
Postischemic restoration occurs frequently in human ischemic stroke induced by
embolism. Transient MCAO model could mimic the clinical situation. It provides a
unique tool for the mechanistic studies of cerebral ischemia in vivo. There was no
need to perform craniotomy; therefore, the suture MCAO model was relatively
simple.

16.2.1.4 Limitations

Approximately 10% of the animals died either during procedure even in experi-
enced hands. The mortality was mainly due to subarachnoid hemorrhage, which
was caused by inappropriate insertion of the suture.

Suture transient MCAO model had a high variation of infarct volume. Many fac-
tors contributed to the variation including brain and body temperature, method of
anesthesia, physical properties of suture, duration, animal strain and weight, brain
vascular anatomy, and collateral circulation [4, 5]. Many modifications were made
to improve the stability.

Suture-induced thrombosis is a vital factor which causes the failure of reperfu-
sion and reproducibility. Thrombosis could affect the infarct volume and neurobe-
havioral outcomes. Heparin injection 10 min before suture withdrawal could prevent
thrombosis after suture withdrawal and does not reduce brain infarct volume or
neurological score [2].
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16.2.2 Suture Permanent Middle Cerebral Artery Occlusion
16.2.2.1 Methods and Key Points

The method for permanent MCAO is similar to that of transient MCAO described
above. The only difference is that the suture stays inside the ICA without withdraw-
ing it [6, 7].

16.2.2.2 Application of Permanent MCAO

The permanent MCAO was mainly established for the long-term ischemia of the
brain [8]. In this model, the suture or other emboli were placed in the bifurcation of
the artery to prevent the blood from flowing to the brain tissue. The ischemia period
lasted a long time, and it could mimic the clinical pathology of stroke, which was
the first leading cause of disabilities in the world. The model had a stable infarction
area, but the damage to animal was so horrible at the same time that the mortality of
this model was relatively high [9].

The huge territorial infarction and the considerable mortality rate in suture per-
manent occlusion were important features of the clinical malignant stroke, which
was a devastating disease pattern and consists of 10% of all stroke patients. While
neuroprotective therapies had frequently produced a significant reduction in
filament-induced brain infarction following tMCAQ, such protective effects were
consistently absent in permanent ischemia [10]. Thus, the experimental model to
mimic malignant stroke without high mortality rate was needed. Up to now, many
modified permanent MCAO models had been explored to get a better animal perfor-
mance and lower mortality rate [11]. These results showed that these new methods
strongly reduce mortality. Using these methods, researchers could extend the stud-
ies over days or even weeks and study the mechanisms of tissue damage, edema
resolution, and tissue remodeling.

By using this long-term period model, we could track the animal reactions dur-
ing stroke. Collateral circulation was an important physiological accommodation; it
could connect the vessels between artery and ischemic region where blood flow was
needed [12]. In the transient middle cerebral artery occlusion model, it was harder
to find the opening collateral circulation because there was no need to use the extra
vessels when the artery still had function. So the permanent MCAO model was
widely used to study the collateral circulation, the medicines which had the poten-
tial to open them, and the mechanisms during process.

As we claimed before, permanent MCAO model could mimic the clinical situa-
tion of stroke; many strategies were performed on this model. The pretreatment was
the most widely ongoing research because we hoped to prevent the stroke from
happening.
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16.2.2.3 Advantages

Permanent MCAO suture model could mimic the cerebral injury caused by isch-
emic stroke without reperfusion. The stability of permanent MCAO suture model
was better than that of transient MCAO suture model.

16.2.2.4 Limitation

Because the injured area of permanent MCAO was severer, the mortality of perma-
nent MCAO was higher than that of transient MCAO. Furthermore, this model
could not mimic the inflammation caused by reperfusion.

16.2.3 Embolic Middle Cerebral Artery Occlusion
16.2.3.1 Methods and Key Points

Sprague-Dawley rats, Wistar rats, and spontaneous hypertensive rats are the most
common used strains for the procedure. First homologous clot is prepared 1 day
before the experiment. Anesthetize a blood donor rat and expose the femoral artery.
Insert the femoral artery with a 25-cm PE-50 tube. Fresh arterial blood is withdrawn
by 2.5-ml syringe into the tube to form homologous clot. The clot is kept in the tube
at room temperature for 2 h and subsequently stored at 4 °C for 22 h. The PE-50
tube containing the clot is cut to the length of 4 cm. Use a 2.5-ml syringe filled with
saline to connect to the 4-cm tube and transfer the clot into a dish containing saline.
Connect a 20-cm PE-04 with a 20-cm PE-50 tube. Inhale the clot into this PE-04-50
tube with a 2.5-ml syringe (Fig. 16.2).

Animals were anesthetized by isoflurane or ketamine and xylazine. Temperature
was maintained 37+0.3 °C during surgery by a heating pad. An incision was made
in the middle of the neck of the rat, and the CCA, ICA, and ECA were exposed
under the microscope, and then the bifurcation of the ICA and pterygopalatine
artery (PPA) was exposed. The distal end of the ECA and the origin of the PPA were
ligated by 5-0 suture. The proximal side of CCA and ICA was temporally clamped
with microvascular clip, and then an incision was made at the ECA lumen close to
the ligation. The PE-04 catheter containing a single fibrin-rich clot was introduced
into the ECA Iumen through the small incision. Then the clip was de-clamped at the
ICA, and the catheter was advanced into the ICA. The tip of the catheter will be
about 2-3 mm from the origin of MCA. The clot was gently injected with a 2.5-ml
syringe filling with saline. After 5 min, the catheter was withdrawn from the
ECA. The skin was closed with 3-0 suture. The animal was put back to the cage
after it was awake from anesthesia [13-15].
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Fig. 16.2 Preparation of
thrombus

16.2.3.2 Application of Embolic MCAO

When human stroke was mostly caused by cerebral thromboembolism, a number of
animal models had been developed to mimic the embolic occlusion of brain arteria.
Embolic stroke models could be performed by injecting some large or small syn-
thetic microspheres into the internal carotid artery to the bifurcation of middle
carotid artery. In the first case, large infarcts were similar to those produced by the
permanent occlusion of the MCA which could be induced. But in the latter case,
some smaller and multifocal infarcts could occur [16, 17]. To study thrombolytic
therapies (a clinically very relevant therapeutic issue), several models of vascular
occlusion were developed using autologous blood clots that are injected into the
internal carotid artery [18]. Embolic stroke models were variable infarcts, which
made it more difficult to assess the neuroprotective results; and meanwhile they
were well suited to study the reperfusion therapies.

Thromboembolic models of focal cerebral ischemia were mostly used to reestab-
lish human thromboembolic stroke, particularly to investigate the thrombolytic
medicine for acute focal cerebral ischemia. In order to find new strategies that may
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increase thrombolytic efficiency and reduce the fail rate, the reproducible animal
model is required.

Embolic models were more closely representative of the pathophysiology of
human ischemic stroke; they offered potential to test more thrombolytic agents [19],
assess reperfusion damage after thrombolysis [20], and study potential combination
therapies, such as thrombolytic agents combined with neuroprotective drugs [21,
22]. At first, researchers had willings to use the human blood clot suspension of
homologous small clot fragments [23]. However, they induced infarcts where spon-
taneous recanalization took place, and later on autologous clot attracted researcher’s
attention [24]. Some researchers had described a model of microsphere embolic
stroke which had been proved to reduce variability in lesion and more close to the
evolution of human disease [25, 26]. However, a definitive microsphere model
remains to be defined, because one half of microspheres failed to place in the cere-
bral arterial circulation [27].

The thromboembolic stroke model showed an excellent reproducibility, and the
purified thrombin could be performed to the MCA with good precision [28].
Previously this model was given poor consideration in neuroprotection studies after
several failures in applying animal results in human. Moreover, the supraphysiolog-
ical thrombin content in clots generated by this method might confer resistance to
currently available thrombolytic agents [29]. Compared with the mechanical mod-
els that had greater accuracy, thrombolytic model did reflect hemodynamic charac-
teristics of blood reperfusion and influencing factors of brain tissue responding to
neuroprotective agents.

16.2.3.3 Advantage

Embolic MCAO model in rats could be used to mimic human thromboembolic
stroke. So this reproducible animal model could be applied to investigate thrombo-
lytic therapies for cerebral embolism.

16.2.3.4 Limitation

The infarct volume of this model was not stable. The variation was relatively high

because of the properties of thrombus. One main reason for failure was spontaneous
vascular thrombolytic recanalization.



16 Animal Ischemic Stroke Models 365

16.2.4 Distal Middle Cerebral Artery Occlusion
16.2.4.1 Methods and Key Points

Adult male Sprague-Dawley rats weighing 250-300 g were anesthetized by isoflu-
rane or ketamine and xylazine, and an incision was made between the orbit and the
tragus under an operation microscope. The temporal muscle was retracted laterally,
and a 3-mm diameter craniotomy was made just rostral to the foramen ovale. The
dura was incised with a tiny hook, and the MCA was exposed. The arachnoid was
then opened, and the MCA was ligated for the permanent MCAOQO.

For adult male CD-1 mice weighing 30-35 g or adult male C57BL/6 mice weigh-
ing 25-30 g, the process was similar to that of rats. Mice are anesthetized by isoflu-
rane or ketamine and xylazine, and a 1-cm incision is made between the orbit and
the tragus. The arachnoid is opened, and the MCA is ligated for the permanent
MCAQO. The reduction of the cerebral blood flow is verified by a laser Doppler flow-
metry. The incised skin is sutured. The infarct produced by this model restricts to
the cerebral cortex.

16.2.4.2 Application of Distal MCAO

Compared with the other models of MCAO, distal model was the most stable model
in all of them, and the infarct area of distal MCAO model was always in the cortex
whatever degree of injury was, while the infarct size was affected by whether the
MCA and CCAs are permanently or transiently occluded. Cerebral ischemia
induced by this method damaged most of the frontal, parietal, temporal, and rostral
occipital cortices, the underlying white matter, and a marginal part of the striatum.
This technique avoided the thalamic, hypothalamic, hippocampal, and midbrain
damage that was seen in the suture transient MCAO model [30]. In the distal MCAO
model, it was more common now to ligate the MCA at a more distal location and
leave the zygomatic arch intact. This made the surgery less intrusive and speed up
recovery time; this procedure induced a smaller infarct compared to the suture
MCAO model.

There were several advantages of this model, which has good reproducibility in
infarct size and neurologic deficits, low mortality, and visual confirmation of suc-
cessful MCAO surgery. The main disadvantage was the craniectomy technique,
which might lead to injury of the underlying cortex or rupture of a vessel by drilling
or electrocoagulation. Additionally, this technique allowed subsequent reperfusion
of ischemic tissue. Furthermore, this procedure affected intracranial pressure and
blood-brain barrier function and required significant surgical skills to perform it. In
order to overcome this limitation, researchers preferred to induce distal MCAO
using a photochemical approach through the intact skull of the mouse, which was
another kind of MCAO model.
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Cortex injury induced by the distal MCAO model was much more stable than
other models, so the distal model was becoming more and more widely used not
only for its stability but also the convenience in animal experiment. And in some
cases where we just want to create a cortex injury excluding the striatum, distal
model is the best choice; it is enough to produce the damage that we want.

16.2.4.3 Advantage and Limitation

The distal MCAO model had high stability and strong repeatability. The operation
was relatively simple. This model produced ischemic brain injury that was restricted
to the cortex of the ipsilateral hemisphere and similar to the pattern of cerebral isch-
emia in human. Although craniotomy was performed, the overall mortality rate
remained low. The limitation was that the infarct volume might be too small to
evaluate the therapeutic effect of intervention.

16.2.5 Photochemically Induced Cortical Ischemia
16.2.5.1 Methods and Key Points

Male C57BL/6 mice (20-25 g) were used in the photothrombotic cortical ischemia
model. The animal was anesthetized by isoflurane or ketamine and xylazine. The
body temperature was monitored continuously and maintained at 37+0.5 °C during
surgery using a heating pad. Under an operational microscope, an incision was
made between the right orbit and the external auditory canal. A fiber-optic bundle of
a KL1500 LCD cold light source with a 4-mm aperture was focused on the selected
arteriole. Immediately after the intravenous injection of rose bengal, the brain was
illuminated through the exposed intact skull for 2 min. Finally, the surgical wound
was sutured [26, 31, 32].

16.2.5.2 Application, Advantage, and Limitation

One of advantages of this model was its high reproducibility and the minimal varia-
tion in infarct size combined with a very low mortality. This made it a predestined
model to study repair mechanisms and related long-term functional outcome.
Another advantage of this model was that the researchers could select a specific
cortical brain region of interest to make the ischemia by using stereotactic coordi-
nates [33]. The major issues with this experimental model were fundamental differ-
ences compared to the situation in acute human stroke. In this kind of stroke model,
cytotoxic and vascular edema and the rapid breakdown of blood-brain barrier were
all in an acute phase [34].
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But in this model we could not reopen the vessel that was blocked by the throm-
bus induced by light. It could only be a permanent ischemic model. Compared to the
other focal stroke models, this model involved the nonphysiological treatment that
made a lesion [35]. Further, because of the damage of the vessels induced by the
“photothrombosis,” substantial local vasogenic edema formed early after infarction;
this was not similar to a clinical patient.

16.2.6 Neonatal Hypoxic-Ischemic Brain Injury
16.2.6.1 Methods and Key Points

Originally 7-day-old Wistar or Sprague-Dawley rats weighing 14-18 g were com-
monly used in this model. Isoflurane or halothane was delivered from a vaporizer in
a mixture of oxygen and nitrous oxide (1:1), 3% for induction and 1.0-1.5% for
maintenance. The duration of anesthesia should be less than 5 min. A cervical inci-
sion was made, and the common carotid artery was exposed. The common carotid
artery using two sutures was ligated; the artery was cut off between the two liga-
tures. The wound was sutured and infiltrated with a local anesthetic. The animal was
kept at around 33 °C temperature before and after procedure. The animal was not
anesthetized during hypoxia. The animal was allowed to recover for 1 h. After
recovery, the animal was put in the incubator, and the temperature was kept strictly
to 36 °C by flowing heated, moisturized air through the incubator for 10 min. The
gas flow rate was kept at 3.0 L/min and switched from 7.8% air for rats to 10%
oxygen for mice balanced with nitrogen for 50 min. The hypoxic gas mixture was
heated and moisturized prior to flow through the incubator and kept at a constant
flow of 3.0 L/min. The hypoxia time should be modified according to the lab condi-
tions and different animal strains. Gas flow was switched from 7.8% for rats or 10%
for mice oxygen to air for another 10 min. The animals were put back after ischemia
[36, 37].

16.2.6.2 Application

In the last decades, researchers had found some similarities in the mechanisms of
brain injury and damage evolution between rodents and human infants with cerebral
palsy during HI (hypoxia/ischemia) [38]. Modified HI models successfully repro-
duced hypoxic-ischemic conditions, white and gray matter damage in apoptotic-
necrotic pattern, and neuromotor impairments. However, the biggest limitation of
the HI rodent models was the difference between rodents and humans in the overall
complexity of brain organization and the discrepancies compared with human in the
rate of maturation in any period of time [39].
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Hypoxia-ischemia rodent models could be used to induce brain injury at the
similar stage of cellular development: between 24 and 32 weeks of gestation in
human. Most of the oligodendroglial lineage cells were at the stage of pre-OLs at
these time points, and they were maximally vulnerable to hypoxic-ischemic injury.

16.2.6.3 Advantage

The neonatal rodent cerebral hypoxia-ischemia model was the most widespread
perinatal brain injury model. Ischemic brain damage was produced by unilateral
common carotid artery ligation, which induced moderate hypoxia.

The operation was technically simple; this model produced reproducible brain
injury with low mortality. This model had proven to be an excellent tool to study
physiological and molecular mechanisms of perinatal hypoxia-ischemia brain dam-
age and test potentially protective treatments.

16.2.6.4 Limitation

The variation of the injury degree of brain tissue was considerable. So in order to
compensate for the variation, a large number of animals were needed in each group
[40].

Another disadvantage was that this model could not produce white matter lesions
easily. As white matter lesions were often observed in premature infants, this model
had the limitation in precisely mimicking the clinical situation.

16.3 Global Cerebral Ischemia

16.3.1 Bilateral Carotid Artery Ligation (2-VO)
16.3.1.1 Methods and Key Points

Male Wistar rats weighing 250-300 g were commonly used for the procedure. After
the rat was anesthetized, the neck skin was shaved and scrubbed with alcohol. A
midline cervical incision is made. Both common carotid arteries were gently
exposed and isolated from nerve fibers and the surrounding tissues. Then bilateral
common carotid arteries were ligated with 5-0 suture. The skin was closed with 3-0
suture. The body temperature was kept at 37+0.5 °C during the procedure until the
animal recovery from anesthesia [41].
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16.3.1.2 Application of 2-VO

Two-vessel occlusion was the most common model for the chronic cerebral hypo-
perfusion [42]. In clinic, the chronic ischemic represented many disease situations
like Alzheimer. In human, the most common state of aging was the hypoperfusion
of the brain tissue, especially the functional cortex that controls the movement and
memory [43]. Due to the importance of learning and memory, it was meaningful to
perform the chronic hyperfusion research. Though there were several models mim-
icking the chronic hypoperfusion situation, the two-vessel occlusion was the most
widely used model. The aim of two-vessel occlusion was to produce a global isch-
emic damage in which the onset and the reversal of ischemic process were very
rapid. The damage that is produced by the two-vessel occlusion changes the cell
morphology in the ischemic brain areas including the hippocampal CA1 subfield,
striatum, and cortex. And it had been well documented that the two-vessel occlusion
was neither to bring the cerebral blood flow down below the ischemic threshold nor
to upset the energy state of the brain tissue to an extent to induce the cell death [44].
With the management of the two-vessel occlusion, most of the brain areas had simi-
lar levels of damage, except the Purkinje fibers of the cerebellar brain stem.

With the establishment of the two-vessel occlusion model, pharmacology of
many medicines had been studied in the rat or mouse. A number of results were
found, and most of these experiments could be divided into these parts. The first
purpose was to detect the difference of the region blood flow between treatment and
control [42]. The trials were mainly wanted to study the effect of the regulation abil-
ity of a medicine or chemical compound. And the other aim of the model was to
study the protection mechanism of some medicine or compound. The ischemia
often led to the trouble of learning and memory ability, for the decrease of brain
blood flow reduced the activity of brain. Based on the theory, the 2-VO rat or mouse
was used as the learning- and memory-deficient model; scientists used this model to
study methods that could relieve or even reverse the symptom. The second purpose
of the model was to mimic the hypoperfusion microenvironment and assess the abil-
ity of some treatment that regulates the cerebral blood flow and the function of
specific region of the brain like the cortex and striatum. For example, researcher
reported effects of chronic guanosine treatment on hippocampal damage and cogni-
tive impairment of rats induced by chronic cerebral hypoperfusion [45]. This study
aimed at the reperfusion of the cerebral blood flow in the whole brain and how these
treatments could increase the perfusion level, such as the collateral circulation or
other way.

16.3.1.3 Advantage and Limitation

The surgical procedure was relatively simple. The success rate of this model is more
than 90%. This model could induce high reproducible ischemic damage with great
animal survival rate. This model had selective neuronal vulnerability and delayed



370 L. Wang et al.

neuronal death. For example, typically CA1 pyramidal neurons of the hippocampus
were most vulnerable.

The limitation was that brain ischemia could not be induced in awake rats, and it
required systemic control of hypotension.

16.3.2 Four-Vessel Occlusion (4-VO) Model
16.3.2.1 Methods and Key Points

Male Wistar rats weighing 250-300 g were used in this model. The animal was
anesthetized, and a dorsal neck incision was made from the occipital bone to the
second cervical vertebra. The paraspinal muscles were separated to expose the alar
foramina of the first cervical vertebrate. The vertebrate arteries were occluded by
electrocautery. On the following day, the bilateral common carotid arteries were
occluded with aneurysm clips for 10 min to induce ischemia. The animal lost its
righting reflex within 30 s, and its pupils were dilated and unresponsive to the light.
After 10-min ischemia, the aneurysm chips were removed for reperfusion. The body
temperature was maintained at around 37 °C during the procedure [46].

16.3.2.2 Application of 4-VO

The 4-VO was mainly used to produce a global cerebral ischemic pathology.
Moreover, this model was always compared with the two-vessel occlusion model;
the difference was that the posterior circulation is still working in two-vessel occlu-
sion model; the post-cerebral artery blood could be compensatory supplied to the
hindbrain, which only lead to forebrain ischemia [47]. When there is no compensa-
tory blood from the post-cerebral artery in the occlusion of vertebral artery, we
could create a permanent global cerebral ischemia and give the reperfusion after a
short time in the occlusion of the bilateral common carotid arteries.

There were always some collateral circulations or blood compensation involved
in other ischemic model, and that is why we could only induce a regional ischemic
model. In order to perform the global ischemic model, the four-vessel occlusion was
proposed. In the complete non-blood environment, apoptosis of neuron in the cortex
or hippocampus was studied. The neuropathological examination of the model
shows a good repeatability of the ischemic damage in the target brain region. The
vulnerable brain regions to ischemia were the CA1/2 region of the hippocampus,
subiculum, the CA3 region of hippocampus, the CA4 region of hippocampus, supe-
rior pyramidal lobe and inferior pyramidal lobe of dentate gyrus, and neocortex in
order. The CA1/2 hippocampus and subiculum were most vulnerable to ischemic
damage. With the increase of ischemic duration, the damage of the neurons from the
outer segment of CA1/2 hippocampus to subiculum was intensified gradually.
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Ischemic damage of the neurons in neocortex varied greatly in different individuals;
no evident change appeared even after 15 min of ischemia in some animals.

Combining 4-VO with arterial hypotension could considerably enhance the
severity of the ischemia by nearly eliminating all of CBF for sustaining tissue.
Indeed, total circulatory arrest in the brain was observed only when systemic hypo-
tension was employed and never when the blood pressure was normal. Global cere-
bral ischemia caused by 4-VO in the rat shows variation in its severity among
regions of the brain. Fortunately, the blood supplied to the cardiorespiratory centers
in the medulla is relatively spread, which maintained the viability of the animal.
Arterial hypotension during 4-VO considerably enhanced the degree of ischemia
and permits complete circulatory arrest to be achieved in the cerebrum [48].

16.3.2.3 Advantage

4-VO model in rat was well established and produces reproducible neuropathologi-
cal results. The cost in purchase and maintenance was relatively low. 4-VO model
induced transient forebrain ischemia that mimicked cardiac arrest in clinical situa-
tions. This model produced reliable outcome with selective, delayed cell death. For
example, CA1 pyramidal neurons in the hippocampus died 2-3 days after ischemia,
while CA3 neurons survived after the same insult.

16.3.2.4 Limitations

A common complication of this model was seizure. The incidence of seizures had
positive correlation with the severity and duration of ischemia. Ten percent of the
animals died during ischemia or after reperfusion. One major complication that
contributed to the animal’s death during ischemia was the respiratory failure during
the first 2—-3 min of occlusion. Death after reperfusion might have correlation with
severe ischemia. The electrocauterization of the vertebral arteries which are hidden
underneath the alar foramina was a difficult task. Unsuccessful electrocauterization
was the major reason for incomplete ischemia.

The damage of 4-VO might vary among animals. Many factors, including cere-
bral collaterals, brain temperature, anesthesia, etc., influenced the ischemic out-
come. So in order to obtain stable and consistent results, strictly control variables
and optimize experimental conditions in the surgical process.



372 L. Wang et al.

16.3.3 Cerebral Ischemia Induced by Cardiac Arrest
16.3.3.1 Methods and Key Points

Male adult Sprague-Dawley rats weighing 300-350 g were used in the asphyxia
cardiac arrest model. Anesthesia was induced with 4.0% halothane in oxygen,
which was then titrated to 1.5% halothane during the surgery. ECG electrodes were
put on each forelimb and hind limb. The left femoral area was shaved and prepared
with povidone-iodine. The femoral artery and vein were dissected apart carefully.
The left femoral vein and artery were inserted with catheters. Arterial blood pres-
sure and blood gases were monitored. The rat was paralyzed by slowly infusing
vecuronium (2 mg/kg) intravenously in order to induce asphyxial arrest. During
administration of vecuronium, halothane was discontinued. The oxygen source was
disconnected, and ventilation with room air was allowed for 2 min. Asphyxia was
induced by turning off the ventilator at end expiration. Blood pressure and heart rate
would begin to decrease within 30 s. There was no pressure gradient when arterial
pressure fell to near 20 mmHg or when pulsatile signals were absent from the arte-
rial tracing. Complete circulatory arrest occurred reliably within 180 s after onset of
asphyxia. After 8 min, the ventilator was reconnected, and ventilation resumed with
100% oxygen at a rate of 60 breathes/min. Rapidly administer the resuscitation
drugs and deliver chest compressions at a rate of 200 beats/min. Chest compressions
continued until spontaneous cardiac activity was detected. The rat would require
ventilator support for at least 60 min. When the rat breathes well on its own, the
tubes were withdrawn. Rats would not feed properly and might be in a coma for
several days after cardiac arrest. Subcutaneous fluids (e.g., 5% dextrose in 0.9%
saline) were administered (20-40 ml/kg/day) until rats could feed independently
[49, 50].

16.3.3.2 Application

The brain injury associated with cardiac arrest was more global with evidence of
neuronal injury in multiple brain regions. Thus, rats surviving cardiac arrest might
be expected to have deficits in a variety of behavioral tests in addition to memory
[49]. The global assessment of neurological function used here had more relevance
to the clinical situation of cardiac arrest, which caused coma followed by global
dysfunction.

An important limitation of many porcine cardia arrest models was that juvenile,
disease-free pigs were generally used. In clinical settings, patients who experience
cardiac arrest typically were elderly and suffered from chronic disorders such as
hypertension, atherosclerosis, congestive heart failure, diabetes, emphysema, or
end-stage renal disease [51]. The Ossabaw swine, which was predisposed to develop
metabolic syndrome when consuming a high-fat diet, provided a unique, clinically
relevant experimental model; it was suitable for studying cardiac arrest and
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resuscitation superimposed on metabolic syndrome [52]. Indeed, under anesthesia,
these swine developed severe arrhythmias, responsive to amiodarone, that might
deteriorate into cardiac arrest.

16.3.3.3 Advantage

Sudden cardiac arrest resulted in neurological injury, affecting the majority of per-
son who initially had restoration of pulses. The rat asphyxial cardiac arrest was an
established model which mimicked neurological injury after cardiac arrest. This
model could reproduce many aspects of neurological injury, for example, transient
coma, evolving motor deficits, persistent sensorimotor deficits, and the systemic
metabolic disruptions.

16.3.3.4 Limitation

The process of cardiac arrest requires 3 h of special care. The animals need 2-3 days’
care after operation. Acute death is not common. Most of the death time is 1-5 days
after cardiac arrest which is related to the severity of neurological impairment. The
main cause of death is respiratory failure.

16.4 Methods of Evaluation

16.4.1 Cresyl Violet Staining

Cresyl violet staining was used for infarct volume measurement. Following MCAO,
the animals were killed, and the brains were removed and frozen immediately in
isopentane at —42 °C for 5 min. A series of 20-pm-thick coronal sections from ante-
rior commissure to hippocampus were cut. The distance between adjacent sections
on the slide was 200 pm. The sections were dried and stained with Cresyl violet [7].
The infarct area that could not be stained by Cresyl violet (Fig. 16.3) was calculated.
Using Image J software, the ischemic area was delineated, and the infarct volume
was calculated by multiplying the infarct area by the thickness of the section.

16.4.2 2,3,5-Triphenyltetrazolium Chloride (TTC) Staining

Another method of detecting infarct area was TTC staining which was simple and
fast. After MCAO, animal brains were removed immediately and six (for rats) or
four (for mice) coronal slices were dissected using a brain slicer. The brain slices
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Fig. 16.4 A set of TTC-stained mouse brain coronal sections of a rat 24 h after embolic
MCAO

Fig. 16.3 A set of Cresyl
violet-stained mouse brain
coronal sections. The
mouse underwent 90 min
of MCAO, followed by

24 h of reperfusion

were stained with 2% TTC in Dulbecco’s phosphate buffer (pH 7.4) at 37 °C for
20 min [53]. The ischemic lesion area could not be colored red by electron transport
in active mitochondria. The volume of infarction is calculated by multiplying the
distance between sections (Fig. 16.4).

16.4.3 Brain Water Content Assay

Rats or mice were sacrificed at 1 or 3 days after acute ischemia. Brain samples were
weighted before and after dehydration in an oven at 95 °C for 24 h. Brain water
content was calculated using the formula: ((wet tissue weight — dry tissue weight)/
wet tissue weight) x100%. The water content of normal brain tissue was about 78%
while that of the ischemic brain tissue might elevate to 82-85% [54].
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16.4.4 Neurological Severity Scores

modified Neurological severity score (mNSS)

Raising rat by the tail

Flexion of the forelimb 1
Flexion of the hind limb 1
Head moved >10° to vertical axis within 30 s 1
Placing rat on the floor (normal=0; maximum=3)

Normal walk 0
Inability to walk straight 1
Circling toward the paretic side 2
Fall down to the paretic side 3
Beam balance tests (normal=0; maximum=6)

Balances with steady posture 0
Grasps side of beam 1
Hugs the beam and one limb falls down from the beam 2
Hugs the beam and two limbs fall down from the beam or spins 3
on beam (>60 s)

Attempts to balance on the beam but falls off (>40 s) 4
Attempts to balance on the beam but falls off (>20 s) 5
Falls off: No attempt to balance or hang on to the beam (<20 s) 6
Reflexes absent and abnormal movements

Corneal reflex (eye blink when lightly touching the cornea with 1
cotton)

Startle reflex (motor response to a brief noise from snapping a 1
clipboard paper)

16.4.5 Rotarod Test

Mice or rats were placed on a rotating rod at a fixed speed for 1 min to make an
adaptation. The rod was slowly accelerated from 20 to 40 rpm in 5 min. Duration
that mice stayed on the rod (fall latency) was recorded and analyzed as mean dura-
tion of three trials on the rotarod. Before performing stroke model, mice or rats were
trained for 3 consecutive days to get stable baseline values. The baseline values
represented normal neurobehavioral function. Rotarod test could be performed at
7 days, 14 days, 21 days, or 28 days after stroke [1, 55, 56].

16.4.6 Morris Water Maze Test

Water maze test was used to detect the capacities of spatial learning and memory.
The water maze was located in a large room with several visual signs around the
tank to show the orientation. The visual signs were used by the rats or mice for
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spatial orientation. The position of the cues remained unchanged throughout the
experiment. The round water tank is divided into four quadrants (north, south, east,
and west). Water was filled to a height of 50 cm. The water temperature was kept at
21-24 °C. A circular platform was placed in the center of one of the four quadrants
and was 1-2 cm for rats and 0.5—1 cm for mice under the water surface, hidden from
the animal’s view.

In the test, the animals were first trained to find the hidden platform for 5 days.
The animal was placed in the water facing the wall at a start position in any of the
four areas. Each animal was allowed to find the platform. If the animal failed to find
the hidden platform within 120 s for rats and 60 s for mice, it was placed on the
platform for 15 s. The procedure was repeated for all the four start locations. On the
sixth day, the platform is removed and the animal is placed in a novel starting posi-
tion. The number of platform-site crossovers, time, and distance spent in the target
quadrant was recorded [57-59].

16.5 Conclusion and Future Directions

Ischemic stroke models need high level of operation to ensure the model’s success
and stability. Patience, carefulness, and practice are required. Each model remains
huge space for development, and stroke models need continuously being improved.
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