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Abstract

Stroke is a devastating disease with high morbidity and mortality. Animal models are
indispensable tools that can mimic stroke processes and can be used for investigating
mechanisms and developing novel therapeutic regimens. As a heterogeneous disease
with complex pathophysiology, mimicking all aspects of human stroke in one animal
model is impossible. Each model has unique strengths and weaknesses. Models such
as transient or permanent intraluminal thread occlusion middle cerebral artery oc-
clusion (MCAo0) models and thromboembolic models are the most commonly used
in simulating human ischemic stroke. The endovascular filament occlusion model is
characterized by easy manipulation and accurately controllable reperfusion and is
suitable for studying the pathogenesis of focal ischemic stroke and reperfusion in-
jury. Although the reproducibility of the embolic model is poor, it is more conveni-
ent for investigating thrombolysis. Rats are the most frequently used animal model

for stroke. This review mainly outlines the stroke models of rats and discusses their
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1 | INTRODUCTION

Stroke is a leading cause of morbidity and mortality worldwide
and in China. In China, stroke was the leading cause of death and
DALYs in 2017.! Age-standardized DALYs per 100 000 population
decreased by 33.1% for stroke. Of all strokes, up to 80% to 85%
are ischemic,? which can be subdivided based on the Trial of ORG
10172 in Acute Stroke Treatment (TOAST) classification.® Large
vessel atherosclerosis of cervical or proximal intracranial vessels
comprises a major cause of acute stroke, ranging from 30% to 43%,
while 20%-31% is caused by cardioembolism. Approximately 10%-
23% of all strokes are lacunar in type, which are mainly caused by
diabetes and hypertension. Some additional unusual causes, such
as vasculopathy or extracranial artery dissection, account for 2%-
11%.*° Approximately 5%-21% of strokes are hemorrhagic, and

strengths and shortcomings in detail.

animal models, cerebral hemorrhage, ischemia, stroke

their common causes are hypertension and vascular malformations.’

Strokes are heterogeneous diseases, and in vivo models are essen-
tial tools to mimic these processes for investigating pathophysiology
and therapeutic approaches. Each model has its unique strengths
and weaknesses (Tables 1 and 2). Only when we realize their impor-
tance can we choose the best one for an investigation, with “best”
referring to that which most closely approximates a certain aspect of

the multiple facets of strokes.

2 | ISCHEMIC STROKE

Tissue plasminogen activator (tPA), adapted from a rabbit model,” is

the only therapeutic agent approved to treat acute ischemic stroke.®

From the late 1970s, a variety of animal stroke models have been
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TABLE 1 The characteristics of stroke models

Models

Ischemic stroke
Global ischemic stroke
4-VO model

2-VO model

Complete global brain ischemia

Ventricular fibrillation cardiac

arrest

Aorta/vena cava occlusion
models

Chemical and gas hypoxia
Focal ischemic stroke

Transcranial occlusion

Endovascular filament
occlusion

Embolic occlusion

Thromboembolic occlusion

Artificial spheres occlusion

Endothelin-1 occlusion

Photothrombosis model

Intracerebral hemorrhage

Whole blood injection model

Collagenase model

Advantages

Easy to prepare; high
reproducibility; low
incidence of seizures

One-stage surgical
procedure; controllable
recirculation; lower
mortality

Close to human condition
of cardiac arrest and
resuscitation

Smaller infarcts; lower
mortality; high
reproducibility

Easy manipulation;
controllable reperfusion;
ischemic penumbra

Investigate thrombolytic
processes

Microspheres induce graded
infarcts; reproductivity
of macrosphere
embolization

Easy manipulation; flexible
selection of infarct
regions

Reproducibility; easy
manipulation; less trauma;
long-term survival

Mimic the hematoma mass
effect and blood toxicity

Spontaneous bleeding; easy
manipulation. The size of
hematoma is controllable.

Disadvantage

Two-stage surgical
procedure; permanent
occlusion vertebral
arteries; high mortality

Poor reproducibility;
strains-depended

Extracerebral complications;
complicated procedure;
poor survival rate and
coma

Destroy dura; intracranial
infection; one-sided
blindness

Tremendous variations;
spontaneous
hyperthermia; not
suitable for thrombolysis

Poor reproducibility;
spontaneous
recirculation

Poor reproducibility of
microspheres models;
not suitable for
transient occlusion and
thrombolysis

Affected by anesthetics;
neural transmission/
modulation

Lack of penumbra; poor
responses to rt-PA

Uncontrollable hematoma
size; not suitable for
studying bleeding and
hemostasis

Bleeding is slow and
diffuse. exacerbates the
inflammatory response

ZI-\ _WILEY- 2

Las

Animals

Rats, mice, rabbits, dogs, pigs

Rats, mice, rabbits, cats, dogs, sheep, pigs

Rats, rabbits, cats, dogs, pigs, sheep

Dogs and pigs

Zebrafish

Rats, mice, cats, sheep, pigs, monkeys

Rats, mice

Rats, rabbits, dogs

Rats, rabbits, primates

Rats

Rats, mice

Rats, mice, rabbits, pigs

Rats, mice, dogs, pigs

developed with the aim of identifying the mechanisms of and devel- which led to the establishment of the Stroke Therapy Academic

oping new agents for ischemia therapy.” However, no preclinically Industry Roundtable (STAIR). It aims to draft recommendations

tested agents have been translated into effective stroke therapies,° for improving the quality of preclinical studies because we need
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ischemic stroke models that are more representative of the human
condition.!! Several recent animal models are known to exhibit cer-
ebral ischemia and have been designed to address specific risk fac-
tors. These models can be generally divided into two types, global
ischemia model and local ischemia model. Reliable stroke models
for ischemia are available in a variety of species, including primates,

domestic animals, and rodents.

2.1 | Globalischemic stroke

Compared to global ischemia models, the focal ischemic stroke
models are more relevant to the human ischemia.'? Although
global cerebral ischemia is not a common feature, it is also rel-
evant in global brain damage due to cardiac arrest and resusci-
tation. In addition, a global model of reversible ischemia may be
important in identifying the mechanism of potential neuroprotec-
tive agents.® The global ischemia model, both incomplete and
complete, characterized by the critical reduction of cerebral blood
flow in the whole brain, tends to be easier to perform. It can be
induced by different approaches. The most commonly used ones
are the incomplete global ischemic models of the four-vessel oc-
clusion model (4-VO model) and two-vessel occlusion model (2-
VO model).

211 | 4-VO model

In 1979, a 4-VO model was first introduced by Pulsi-Purkinjenelli
and Brierley in unanesthetized rats to result in bilateral hemi-
spheric ischemia with highly predictable brain damage.}* This
model consists of a two-stage procedure with permanent oc-
clusion of the vertebral arteries by electrocoagulation on day 1
followed by reversible occlusion of the common carotid arteries
(CCA) on day 2. Based on the anatomical basis of vertebral artery
proposed by Sugio et al, Toda et al improved the 4-VO model for
highly reproducible forebrain ischemia. The vertebral artery at the
second vertebra was electrocauterized under microscope to en-
sure complete occlusion of circulation of both vertebral artery.*’
This model shows biphasic changes in brain edema and scavenging
activity of superoxide following cerebral ischemia reperfusion.'’
Brain water contents increases at 1-48 hours after recirculation,
but are almost equal to the normal brain at 24 hours.'” The lowest
and highest superoxide scavenging activities are found at 45 min-
utes and 12 hours after recirculation, respectively.r” The model
has various advantages, such as ease of preparation, a high rate of
predictable ischemic neuronal damage, and a low incidence of sei-
zures. The major weaknesses are the need for a long time to finish
a two-stage surgical procedure and vertebral arteries being per-
manently occluded. Furthermore, because of the high mortality
and common complications, animals require better postoperative
care. In addition to rats, other mammals such as pigs,18 dogs,lc”'20

rabbits,?* and mice??have been used.

2.1.2 | 2-VO model

In 1972, the 2-VO model was first proposed by Eklof and Siesjo in
lightly anesthetized rats and has been modified on many occasions
since.?® Ligation of the carotid arteries alone decreases cerebral
blood flow to approximately half of normal, but it has no significant
changes in the energy state of the tissue,?® which is mainly due to
the well-developed circle of Willis in rats.?* Thus, permanent occlu-
sion of bilateral carotid arteries could produce a model for chronic
cerebral hypoperfusion-related neurodegenerative diseases.?> The
changes in CBF can be divided into three phases including acute
phase (start of occlusion lasting for a maximum of 2-3 days), chronic
hypoperfusion phase (lasting for 8 weeks to 3 months), and resti-
tution phase.?> However, the second phase is closest to the condi-
tion of CBF reduction in human aging and dementia.?> Although the
permanent 2-VO model does not show BBB destruction, there are
other changes in pathophysiological processes, such as alteration of
electrophysiological activity, neuropathologic changes, and continu-
ous oxidative stress.?> Transient bilateral carotid artery occlusion
(BCAO) should be combined with a reduction in mean arterial blood
pressure, which could successfully establish a forebrain ischemic
model.?%?” The insult in size and location produced by this model is
similar to that of the 4-VO models, with the exception of the brain
stem. By the mid to late 1980s, the 2-VO model gradually replaced
the 4-VO model because of its advantages, such as a one-stage sur-
gical procedure, controllable recirculation, and lower mortality.*®
However, the success of the model requires appropriate strains and
a precise grasp of the ischemic time. Mortality after BCAO varies
from 0% to 100% depending on the strain. Modifying the time inter-
val between the ligations of the bilateral carotid artery could ame-
liorate lethal effects.?® The approach is commonly used not only in

29,30

rats but also in other experimental animals, such as pigs, ovine

31 heonatal dogs,32 cats,*® rabbits,?* and mice.?? It is worth

fetuses,
mentioning that gerbils and spontaneously hypertensive rats (SHRs)
have unique advantages itself.

Most likely, the simplest model is that of BCAO in Mongolian
gerbils (Meriones unguiculatus). Unilateral or bilateral carotid artery
occlusions of gerbils were first described by Levine and Payan in
1966.%% They are widely used in forebrain ischemia because of the
incomplete cerebral circle of Willis. For 5 minutes BCAO of gerbils,
the CA1 region of the dorsal hippocampus will undergo an unusual
series of changes.“ According to the severity of transient ischemia,
neuronal loss in the hippocampus significantly differs.®” Due to the
low blood volume, the major disadvantage of this model is the diffi-
culty in taking blood samples and monitoring blood gas parameters.
In addition, the variability of cerebral vascular anatomy determines
the severity of ischemic insults in gerbils.*® Compared to high oak
gerbils, Charles River gerbils have an increased incidence of the com-
plete or partial circle of Willis (38.6% with unilateral anastomoses
and 22.7% with bilateral anastomoses).’

SHRs were constructed by Okamoto and Aoki in 1963.4° The
resting blood flow values between SHRs and normotensive rats
(NTR) were not different. However, after BCAO, the cerebral blood
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TABLE 2 The pathophysiological characteristics of stroke models

Stroke models Common processes
Ischemic stroke

Global ischemic stroke

4-VO model Energy failure, elevated intracellular Ca%
level, excitotoxicity, spreading depressions,
2-VO model generation of free radicals, destruction of

the blood-brain barrier, inflammation, glial
cell contribution, apoptosis, and necrosis

Complete global brain
ischemia

Aorta/vena cava occlusion
models

Ventricular fibrillation cardiac
arrest

Chemical and gas hypoxia
Focal ischemic stroke
Transcranial occlusion Energy failure, elevated intracellular
Ca?* level, excitotoxicity, spreading
depressions, generation of free radicals,
destruction of the blood-brain barrier
(BBB), inflammation, glial cell contribution,
apoptosis, necrosis

Endovascular filament
occlusion

Embolic occlusion
Thromboembolic occlusion

Artificial spheres occlusion

Endothelin-1 (ET-1) occlusion

Photothrombosis model

Intracerebral hemorrhage

Hematoma enlargement, coagulation cascade
activation and clot retraction, red blood
cells lysis and infusion of hemoglobin,
brain edema, necrosis and apoptosis, CBF
reduction, inflammation

Whole blood injection model

Collagenase model
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Special characteristics

Biphasic changes in the brain edema and scavenging
activity of superoxide

Permanent 2-VO model shows three phases of CBF
changes

Permanent 2-VO model does not show BBB destruction

Purkinje cells and the CA1 pyramidal cells induced by
CGBI consists of two phases, and the reversible
change in the early phase is related to the decrease
of the synaptic vesicles

A VF of 5-7 min could be easily recovered with
resuscitation, while VF for 10 and 12 min often
cannot be recovered

Significant ischemic cell changes (eosinophilic
cytoplasm, dark-staining triangular shaped nuclei,
and eosinophilic-staining nucleolus) in CA1
hippocampus can be observed at seven days of
resuscitation

Leakage of cerebrospinal fluid; one-sided blindness

Spontaneous hyperthermia; unavoidable harm to the
endothelial lining could alter vascular reactivity and
BBB permeability

Unreliable infarctions and variable neurologic deficits;
mainly to investigate thrombolytic processes

Autologous blood clots of experimental animals are
resistant to human rt-PA

Microsphere embolization produces relatively variable
infarcts

Macrosphere embolization model provides focal
cerebral infarcts similar to intraluminal suture
occlusion but avoids hypothalamic injury and
hyperthermia

Vasoconstriction; ET-1 plays a role not only in local
control of cerebral vascular tone but also in neural
transmission/modulation. endothelin-converting
enzymes and endothelin receptor B are expressed
in neurons and astrocytes, and regulated by nerve
injury

Photooxygenation leads to endothelial damage and
platelet adhesion, and aggregation to form thrombi
to block cerebral vessels

Classic photothrombotic stroke has poor responses to
rt-PA-mediated thrombolysis

Mimics the hematoma mass effect and blood toxicity;
involves no rupturing of cerebral vessels; no
activation of bleeding and coagulation cascade

Mimics bleeding; degrades collagen IV in the basal
lamina of the blood-brain barrier; rupture of small
vessels and capillary beds around the injection site.
Bacterial collagenase exacerbates the inflammatory
response
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flow in the cortex or thalamus was reduced more in SHRs than in
NTRs.* Furthermore, BCAO alone could cause severe ischemic in-
sults of the brain in SHRs.*? Seizures develop within 1 hour in BCAO
of awake SHRs.*® However, high mortality and feeding requirements
are the main causes that limit the development of this model. All
stroke-prone spontaneously hypertensive rats (SHRSP) died within
6 hours after BCAO. Stroke-resistant SHRs (SHRSRs) and Wistar-
Kyoto rats (WKYs) died within 8 hours after BCAO.*

2.1.3 | Complete global brain ischemia (CGBI)

The 4-VO models and 2-VO models are incomplete global ischemic
stroke models. Other models mainly mimic complete global brain
ischemia (CGBI), such as aorta/vena cava occlusion and cardiac ar-
rest. They are very good models for the human condition of cardiac
arrest and for resuscitation. CGBI of dogs by ascending aorta occlu-
sion combined with bypass formation between the aorta and right
atrium for 18 minutes could result in severe brain damage.****’ The
damage to the Purkinje cells and the CA1 pyramidal cells induced by
CGBI consists of two phases, and the reversible change in the early
phase is related to the decrease of the synaptic vesicles.*® Jackson
and Dore modified this model by using aortic and inferior vena cava
occlusion balloons, which avoids surgical invasion of the thorax.*®
Because of the great loading of lung circulation, aorta occlusion
without vena cava occlusion is more suitable for short-term study
on CGBI.*’ Dogs and pigs, as large animals, are the common choices
in this model.

Another common scheme to induce CGBI is ventricular fibrilla-
tion (VF) cardiac arrest. Briefly, this model is established by VF and
follows resuscitation. VF is mainly induced by shocking the heart
with electric stimulation. Urgent cardiopulmonary resuscitation
may include chest compression, adrenaline injection, transthoracic
countershock, and mechanical ventilation.’® A VF of 5-7 minutes
in dogs is easily reversed with resuscitation. Usually, VF of 10 or
12 minutes cannot be reversed. Therefore, a permanent brain dam-
age is inevitable.’! Significant ischemic cell changes (eosinophilic
cytoplasm, dark-staining triangular shaped nuclei, and eosinophilic-
staining nucleolus) in the CA1 hippocampus can be observed at 7
days of resuscitation.® In addition to rats and dogs, other mammals

52,53 sheep,54 cats,® and rabbits®® can be chosen.

such as pigs,

Aorta/vena cava occlusion models and cardiac arrest models, as
common approaches to build CGBIs, can be used to investigate neu-
roprotective drugs. However, there are several disadvantages that
limit the development of such models. The interruption of systemic
blood supply leads not only to brain damage but also to a series of
extracerebral complications. In addition, complicated procedures,
low survival rates and high rates of coma can occur in these models.
This means that intensive care should be taken postischemia during
the first couple of days.

Blockage of cerebral blood vessels means deprivation of oxygen
and nutrients. The brain is extremely sensitive to hypoxia and dies

5 minutes after interruption of the oxygen supply. A special model

of GCBI is chemical and gas hypoxia in zebrafish.’”">? Infarcts can be
seen in the optic tectum after 10 minutes of gas hypoxia. With the
prolongation of hypoxic treatment, the insult extends to the depth
of the optic lobe.>” This method is easy to use and has advantages in
high-throughput screening of stroke drugs, but it can only simulate

the hypoxic mechanism of cerebral ischemia.

2.2 | Focalischemic stroke

Focal ischemia, wherein blood flow is reduced in a very distinct and
specific region of the brain, is more relevant to human stroke than
global ischemia. Multifocal ischemia reduces brain blood flow in a
patchy pattern.®® Focal ischemic stroke models usually show several
common pathophysiological characteristics including energy failure,
elevated intracellular Ca?* level, excitotoxicity, spreading depres-
sions, generation of free radicals, destruction of the BBB, inflamma-
tion, glial cell contribution, apoptosis, and necrosis which occur after
CBF reduction without a certain order.’ Focal cerebral ischemia
models are established by mechanical occlusion vessels or various
embolization approaches.” At present, this model is mainly divided
into five types: transcranial occlusion, endovascular filament middle
cerebral artery occlusion (MCAo), embolic occlusion, endothelin-1
occlusion, and photothrombosis model. Because the middle cer-
ebral artery (MCA) is the most frequently involved territory (almost
50%),* most models of focal ischemia involve occlusion. MCA occlu-
sion might mainly cause cortex and striatum insults, but the extent
of infarction depends on the location and duration of occlusion and
the amount of collateral blood of the MCA. Because of their easy
manipulation and high survival rate, they have become the most
commonly used models in the investigation of etiopathogenesis and
novel treatment of ischemic strokes, especially the endovascular

filament model.?

2.2.1 | Transcranial occlusion

Many animals, such as dogs, pigs and other large domestic animals,
have rich collateral circulation (rete mirabile). An effective way to
solve this problem is to block the more terminal blood vessels sup-
plying the brain, and transcranial occlusion is a reliable choice.®®
Craniectomy requires the opening of the skull and sectioning of the
dura mater to directly block the proximal cerebral artery. There are
two main methods to build the model, including occlusion of the
proximal MCA alone by direct electrocoagulation, ligation, transec-

64-%7 and combined occlusion of the MCA

tion, and photothrombosis,
and bilateral common carotid artery (three-vessel occlusion model,
3-VO model) or ipsilateral common carotid artery.7°'72 The tech-
niques permit permanent and transient occlusion, which depend on
the blocking time. In the first method of modeling, the frontal cortex
and lateral part of the neostriatum are commonly involved,®* but the
size of lesions is strain dependent.”® Occlusion MCA and common

carotid artery mainly result in infarction of the ipsilateral neocortex
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in the MCA territory,”* and infarct size also varies by strain.”>”¢

The first method is widely used in rodents,®*%¢%® large domestic

7780 and primates.81 In addition, the second models are

animals,
commonly used in rats. Compared to suture-based MCA occlusion
models, transcranial occlusion models induce smaller infarcts, lower
mortality, and higher reproducibility.63 However, craniectomy de-
stroys the integrity of the brain environment, which not only causes
leakage of cerebrospinal fluid but also increases the possibility of
intracranial infection. If the transorbital approach is used, an inevi-
table side effect, one-sided blindness, will occur. This would affect
the detection of postoperative neurological deficits. Furthermore, it

requires a certain degree of surgical technique.

2.2.2 | Endovascular filament middle cerebral artery
occlusion (MCAO0)

The most common method of focal ischemic stroke is intraluminal
thread occlusion of the MCA, which has been used in more than
40% of stroke research.®®> The model was first described by Koizumi
et al in 1985 and modified by Longa et al in 1989.82 The basic tech-
nique involves introducing a filament with a round tip from the ex-
ternal carotid artery (ECA) into the internal carotid artery (ICA) and
advancing it to block the origin of the MCA.8 On this basis, liga-
tion of the distal branch of the ICA around the intraluminal filament

1.4 The model can be used

can produce a more reliable infarct mode
to establish permanent or transient focal cerebral ischemic stroke
depending on variable reperfusion time points.”>8> As the time of
occlusion elapses, it will lead to gradually serious brain insults. One
hour after occlusion, the ischemic cell change is slightly scattered,
whereas occlusion for more than 3 hours causes severe ischemic le-
sions in the anterior neocortex and the lateral part of the caudate
putamen supplied by the MCA.8¢ After permanent MCA occlu-
sion, irreversible injury appears first in the caudoputamen and then
spreads to the cortex.®’” In addition to the abovementioned factors,
transient and permanent MCA occlusion exhibits tremendous dis-
crepancies in various pathophysiological processes, such as neuronal
apoptosis, neuroinflammation, and oxidative stress.®®

Although this approach avoids the inconvenience of craniot-
omy, the size and distribution of ischemic infarcts vary considerably
among laboratories. The selection of strains, the properties of fila-
ments, and the location of occlusion play key roles in the genera-
tion of these variations. Sprague-Dawley rats are commonly used
for intraluminal filament occlusion, but they are not the most ap-
propriate strain. Compared to its effects on Sprague-Dawley and
Wistar-Kyoto rats, intraluminal MCA occlusion in SHRs is associated
with a more severe and reproducible volume of ischemic lesions.®?7*
Furthermore, not every strain is suitable for filament MCA occlu-
sion due to the discrepancy of cerebrovascular anatomy,”‘93 and the
Fischer-344 rats and SV129 mice show this very well.”*?° The types
of sutures significantly influence the final infarct volume. Compared
to uncoated filaments, filaments coated with silicone, poly-L-

lysine, or paraffin increase ischemic lesions and reduce interanimal

variability.”¢%° Other small changes in sutures also affect repro-
ductivity in this model, such as the diameter of the suture tip and
the insertion distance of the suture.’®>%2 However, the application
of electrocorticography (ECG), laser Doppler flowmetry (LDF), and
magnetic resonance imaging (MRI) can effectively guide filament
placement, reduce the variations caused by the insertion distance,
and immediately identify subarachnoid hemorrhages and premature
reperfusion.10310

Except for the tremendous variations among laboratories, the
model has other shortcomings. Almost half of all rats experienced
ECA ischemia detected by MRI. The adverse effects of ECA isch-
emia potentially impacted the outcome of this model.X°¢*%” Proximal
MCA occlusion results in a massive infarct. Involvement of the hypo-
thalamus leads to spontaneous hyperthermia,’°® which may worsen
the outcomes and obscure neuroprotective effects.®? Furthermore,
it is impossible to simulate thromboembolism under human condi-
tions by intraluminal filament occlusion. Thus, it cannot be used in
thrombolysis research. The main weakness is the unavoidable harm
to the endothelial lining of the ICA, which will be exacerbated by
reperfusion. This injury could alter vascular reactivity and BBB per-
meability. However, its lack of craniotomy, ease of manipulation,
accurate control of the ischemic duration, and the presence of a
significant ischemic penumbra may be the main factors leading re-
searchers to choose this model. With the development of transgenic
and knockout mice, this model has been widely used not only in rats

but also in mice.*°

2.2.3 | Embolic occlusion

Most focal ischemic strokes are caused by thromboembolism.
Embolic occlusion models can match this specific condition better,
which permits us to investigate the mechanism of vascular occlu-
sion. Embolic occlusion falls into two main categories: thrombo-
embolus and artificial spheres. Thromboemboli can be further
divided into spontaneous blood clots (autogenous or allogeneic
blood clots)!***2 and induced thrombi (thrombin-induced clots and
photothrombosis).1*31%7

In 1982, Kudo et al first described thromboembolic occlusion
in rats created by intracarotid injection of homologous blood
clots.'*! The surgical approach was essentially the same as the
intraluminal filament occlusion model. The infarct predominantly
involved the blood supply territories of the middle cerebral ar-
tery and anterior choroidal artery. The distribution of infarcts was
wide and uncontrollable, including the parietotemporal cortex,
hippocampus, thalamic striatum, and even a small proportion of
the contralateral hemisphere.!*! In particular, in line with human
ischemic stroke, except for the time of occlusion, the time of
spontaneous recirculation of the thromboembolic model is also
uncertain.’'® Late recanalization occurs in most patients with
ischemic stroke, and early reperfusion may lead to limited infarcts
in the transient ischemic attack. In the experimental situation,

premature recirculation diminished the difference in lesion extent
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between thrombolytic-treated animals and controls. Unreliable
infarctions and variable neurologic deficits can be modified by
precise occlusion MCA utilizing microcatheter and LDF.1*%'2° The
main application of the thromboembolic model is to investigate
thrombolytic processes. However, the response of the throm-
boembolic model to rt-PA is different and highly depends on the
composition and volume of emboli. The efficiency of thrombo-
lytic therapy is related to the number of red cells and inversely
related to the volume, fibrin content, and density of embolic blood
clots.?! Thrombin-induced clots are classified as elastic and
fibrin-rich, and spontaneously forming clots are classified as plas-
tic. Compared with thrombin-induced clots, spontaneously form-
ing clots have a faster response to rt-PA.1* In addition, autologous
blood clots of experimental animals are resistant to human rt-PA.
Under comparison conditions, human rt-PA can dissolve over 95%
of human plasma clots in vitro, but 80% of primate plasma clots,
60% of cat and rabbit plasma clots, 30% of dog plasma clots, and
only 10% of rat plasma clots.'?? Therefore, most thrombolysis
studies in rats use 10 mg/kg rt-PA instead of 0.9 mg/kg, which
is the common clinical dose in ischemic stroke patients. The cu-
mulative reperfusion flow induced by 0.9 mg/kg rt-PA was only
one-half that induced by 10 mg/kg rt-PA. In addition, 10 mg/kg
rt-PA was more effective than 0.9 kg/ml rt-PA in reducing the de-
gree of brain edema. In addition, rats treated with 0.9 and 10 mg/
kg rt-PA exhibited differences in mean reperfusion times of 40
and 25 minutes but showed similar reperfusion slopes. These data
show that the differences of 0.9 and 10 mg/kg rt-PA result from
a slower effect of 0.9 mg/kg rt-PA at starting reperfusion due to
the relatively low sensitivity of the rat's fibrinolytic system to rt-
PA.12% Thromboembolic models are widely applied not only in rats
but also in domestic animals such as rabbits and dogs.'?42¢

In addition to thromboembolus, an embolic occlusion model can
be induced by directly injecting artificial microspheres (15-50 um) or
artificial macrospheres (300-400 um diameter) into the CCA, ICA, or
MCA, most commonly not only in rats,*?”*28 but also in large animals
and primates.*??" 13! Artificial microsphere embolization is character-
ized by widespread infarcts in the parietotemporal cortex, corpus
callosum, hippocampus, thalamus, and lenticular nucleus of the em-
bolized hemisphere.'?” The development of infarct lesions can last
for 24-48 hours, which is significantly slower than that of the intralu-
minal filament model.*®? Primarily developed to mimic transient isch-

133,134 it can

emic attacks and cerebral microcirculatory disorders,
also be used to induce graded infarcts depending on the number of
emboli.*® Microsphere embolization produces relatively variable in-
farcts, which requires more animals to be used to test neuroprotec-
tive agents for a statistically significant result. Unlike microsphere
embolization, macrosphere embolization is more reproducible and
reliable. The macrosphere embolization model provides focal cere-
bral infarcts similar to intraluminal suture occlusion but avoids hy-
pothalamic injury and hyperthermia.X?® However, the model is only
suitable for producing a permanent model but temporary occlusion
and cannot be used for thrombolysis research as can the intraluminal

thread model.

2.2.4 | Endothelin-1 occlusion

Endothelin-1 (ET-1), a 21-amino acid peptide with potent vasocon-
strictor properties, was first described in 1987.1%% Local application
of ET-1 to vessels can cause a significant reduction in cerebral blood
flow, which is severe enough to induce ischemic injury.136 Directly
administrating ET-1 to the surgically exposed MCA markedly re-
duces CBF of the caudate nucleus, the genu of the corpus callosum,
and the cortex lying wholly within the territory of the MCA.137138
Similar infarct volumes can be achieved by injecting ET-1 into the
superficial cortex of conscious rats via a stereotaxic guide cannula
adjacent to the MCA. 137140 | addition to the above applications,
stereotactic injection of ET-1 into the cortex can be used to induce
infarction in other specific brain regions, such as internal capsule is-
chemia and frontoparietal cortex infarction.!*14® The application of
ET-1 can produce a permanent or transient cerebral infarction, which
depends on the dosage of ET-1 to a large extent. The reduction of
CBF can be completely reversed within 4 hours for the lower doses
of ET-1 but only partly reversed at 25 pL of 107 mol/L. Reversible
occlusion with ET-1 incorporates initial profound ischemia and the
second stage of increasing reperfusion lesion, which provides evi-

dence of the reperfusion injury.!4°

It should be emphasized that
the effect of ET-1 on vasoconstriction can also be affected by an-
esthetics. Compared with conscious rats, anaesthetized rats need
approximately four times the dose of ET-1 to produce a similar in-
farct volume.*** This model is widely used in rats due to its advan-
tages of easy manipulation and flexible selection of infarct regions.
However, it seems that mice are not suitable for this method.'*” The
most limited application of this model is that ET-1 not only plays a
role in local control of cerebral vascular tone but also plays a part
in neural transmission/modulation.’*¢'*” Furthermore, endothelin-
converting enzymes and endothelin receptor B are expressed in
neurons and astrocytes and regulated by nerve injury.}*®'%’ Thus,
exogenous ET-1 may make the pathogenesis of ischemic stroke more

complicated and affect the evaluation of neuroprotective drugs.

2.2.5 | Photothrombosis model

In 1985, the photothrombotic model was introduced by Waston
et al to produce a more reproducible cortical infarct without crani-
otomy in rats.}*° The process of carrying out this model is to inject
photosensitive dye (rose bengal, erythrosin B) into circulation and
then to irradiate the intact cranium of a specific area with a certain
range of wavelength laser beams to induce focal cerebral ischemia.
The main mechanism is that dye-sensitized photooxygenation leads
to endothelial damage and then platelet adhesion and aggregation
to form thrombi to block cerebral vessels. In addition, the rat skull
is sufficiently translucent to transmit the effective photochemi-
cal intensity to the internal brain regions, which makes craniotomy
unnecessary.t*°

In recent decades, the application of this model has been con-

stantly developed and modified to achieve greater specificity. In
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addition to photochemical embolization of cortical microvascula-
ture to cause local cortex infarction, the laser beam can directly
irradiate a certain vessel to produce cerebral ischemia in its supply
regions. Photochemically induced nonocclusive common carotid
artery thrombosis is a special thromboembolic model of forming a
unilateral carotid thrombus with subsequent platelet embolization
in the downstream circulation, which produces consistent and re-
versible neurobehavioral deficits.'*> Brain injury varies between
rats, but the majority of infarcts are observed in the ipsilateral cor-
tex.116117 Except for CCA, photothrombosis is commonly used in
MCA occlusion with or without craniotomy.**>*>? The infarct vol-
ume of MCA photothrombosis varies and is strain dependent.!>®
It is not possible to determine the exact time of recanalization.
However, based on the mechanism of vasorelaxation induced by

a pulsed UV laser,1>*

photochemical MCA occlusion and reperfu-
sion can be controlled by utilizing a 2-laser system.'>>%>% Classic
photothrombotic stroke has poor responses to rt-PA-mediated
thrombolysis, which may be due to the platelet-rich and fibrin-
poor composition of blood clots. The modified photothrombosis
is rose bengal plus thrombin, which can produce mixed platelet:-
fibrin clots and enhance the sensitivity to rt-PA treatment.?®” In
addition, it has been proven that some details of the procedure
can be refined, such as the application route of the photosensitive
dye, illumination, and stereotactic parameters.158 Using noncoher-
ent visible light instead of a laser beam also leads to ischemic brain
damage, but at the same time, it reduces laser-mediated thermal
tissue damage and the cost of the procedure.*®

Based on its advantages of reproducibility, easy manipulation,
minimal trauma, and flexible control of infarct size and location, the
model is widely used in rats and mice.X° Furthermore, there is still
a lack of a suitable model for poststroke complications, and photo-
thrombotic stroke in rats is supposed to be suitable for investigating
the mechanisms of poststroke epileptogenesis.** Most importantly,
it does not affect long-term survival. However, the biggest drawback
of this model is the lack of a penumbra when cortical infarction is
induced by direct irradiation of the skull, which is not consistent with

clinical ischemic stroke.

3 | INTRACEREBRAL HEMORRHAGE

Compared withischemic strokes, hemorrhagic strokes are less com-
monly occurred, but are more likely to be fatal. The mortality rate
of hemorrhagic strokes (67.9%) was higher than that of ischemic
strokes (57.4%). Hemorrhagic strokes include intracerebral hemor-
rhage (ICH) and subarachnoid hemorrhage (SAH). Accounting for
approximately 10% of all strokes, ICH strokes are the most com-
mon hemorrhagic strokes.'*> Nontraumatic ICH strokes occur as
a result of the spontaneous rupture of small vessels, leading to
bleeding within the brain. Injury mechanisms in acute ICH include
two processes, primary brain injury and second brain injury.t%
Mass effect and mechanical disruption of hematoma causes im-

mediate primary brain injury due to increased intracranial pressure

and mechanical compression of local structures.'®® Edema, inflam-
mation, and clot toxicity are the major causes of secondary brain
injury.2®® ICH triggers a series of pathophysiological processes,
such as early hematoma enlargement, coagulation cascade ac-
tivation and clot retraction, red blood cells lysis and infusion of
hemoglobin, brain edema, necrosis and apoptosis, CBF reduction,
and inflammation.'* These complicated pathophysiological events
lead to poor outcome and high mortality. The median case fatality
of ICH is 40.4% in the first month and 54% in the first year—figures
that have not declined over time.'%° Little progress has been made
in the clinical treatment of ICH.%%® Thus, developing a preclinical
model of ICH is quite important, which extends our understanding
of the pathophysiology of ICH-induced brain injury and effectively
promotes the speed of screening new therapeutic approaches.
Two models are commonly used to mimic clinical ICH in rodents
and large animals. One is the donor/autologous whole blood injec-
tion model. Another is a collagenase-induced hemorrhage model.
Both models’ strengths and weaknesses allow them to mimic only
specific aspects within ICH pathophysiology.

3.1 | Whole blood injection model

In 1982, the blood injection model was first described by Ropper
and Zervas, who promptly injected donor arterial blood into the cau-
date nucleus of rats to establish experimental ICH.*” To produce
ICH induced at arterial pressure in rats, the model was modified
by connecting the cannula that was stereotactically inserted in the
caudate nucleus or lateral ventricle to the femoral artery.*¢%¢’ The
main drawback of this approach is the uncontrollable hematoma size
due to the fluctuation of blood pressure. Later, the model was fur-
ther developed by Masuda et al, who stereotaxically injected 0.2 mL
of autologous blood (drawn from a femoral vein) into the caudate
nucleus.?’® To improve the reproducibility of the model, Yang et al,
using a micropump connected to a stereotactic syringe, injected au-
tologous femoral artery blood into the caudate nucleus constantly
and slowly.'’! However, the above models inevitably reflux the
blood along the needle track and uncontrollably extend the hema-
toma. A double blood injection method invented by Deinsberger
et al in 1996 could solve this problem well.”2 First, a small volume
of autologous blood is slowly injected into the caudate nucleus and
then waiting for a few minutes to form a clot. Subsequently, the re-
maining blood is injected into the caudate nucleus again to produce
a real hematoma.'’? Although double blood injection leads to the
difficulty of second blood injection, it could minimize the possibility
of blood reflux and significantly improve the reproducibility of the
model. To date, the double blood injection model is widely used not
only in rats but also in other animals, such as mice,'”>7* rabbits,'”>
and pigs.1”® The whole blood injection model best mimics the hema-
toma mass effect and blood toxicity, but the model does not involve
the rupturing of cerebral vessels. Thus, the blood injection model is
not suitable for studying the bleeding mechanism and hemostasis

treatment.



LI AN ZHANG

(senunuo))

(slepow
OA-E) V2D [I338]1q PUB YDA 3Y3 JO
UOISN|220 PauIqUIod ‘D) [edd3e|isdl
pue YOI [E3SIP 83 JO UOISN|I20 Wapue}

eIxodAy [ed1Wayd e 10} padnpo.jul
S| 3313|NS WNIPOS JO UoRIPPE 3y |

199D uo Apnis wa)

-]40Ys 404 9|qe3INs 940W S| UOISN|I20
BABD BUSA }NOYJIM UOISN|II0 B}IOY

XeJoy3 ay3 JO uoiseAul

|e2184NS SPIOAB SUOO||Bq UOISN|220
BABD BUSA JO1IDJUl pUE D1310. SuIsn

SYHS Ul uleiq ayj Jo S3nsul d1WaYds|
9J9A3S 9sNed p|nod auoje OvDg

$12349 |eyls| ajeloljswe

PIN02 yDg dy3 Jo suones)| ayy
U99M13(q |eAISIUI SWIY 3Y] SUIAJIPOIA

[Spow elwayds! uleiqaloy

a|qonpoudau Ajysiy Joj adoodsouoiw

Japun eigaliaA puodas ay; je
Paz1491NeI-04123|9 SEM AUSLIE |BI(D1IOA

sjuawanosdwi [ea1uyda]

sjewiue
JSOW Ul X23402 Alojipne ay3 pue
J0JOWII0SUSS BY} ‘WN3EIIISOdU By}

30 1Jed |eJ33e| 93 ‘X9340D |BIUOLY BY |

wn3293 213do

elwayds| ulelq [eqojo

elwayds| ulelq [eqo|

|opow 21WaYIS| uleiqaloy e ysijqeiss

pInod ainssaid poojq |el4a}Je ueaw
uj uoidNpal e YyIm QyIg juaisued|

$95e3SIp dAIjeIaUSSapOINaU

pajejas-uoisnjiadodAy

|e4g2432 D1UOJYD 104 [SpOoW B
2onpoud pjnod OyDg Juauewad

BIWaYIS| Ulelga04

suoi8aJ 3 nsuj

Awoydsiuesd
|edodwaiqgns |[ews e y3noayl YIIA
Jewixoid ay3 Jo wals ay3 3uipn|adQ

eixodAy sed uagouyN

uolnelnsnsas Aleuowndoip.aed
jua8in pue jieay ay3 Supjooys

wnuie ysu
pue elioe 8y} usamiaq uoljew.oy ssedAq
UM paulquiod uoisn|d220 e1ioe Sulpuadsy

ainssaid poojq |el1a}e ueaw
3y} Ul SUOIIINPaJ Y}IM Pauiquiod Jo
2UO|e S2149}IE PI30JED [BID]E[I] JO UOISN|IIQ

VDD O UOISN|220 3|qISIdAI pue
S9149}.€ |e4D}IDA JO UOISN|ID0 JUSUEWIDY

sayoeouddy

uoIsn[220

einwe] |eluesdsues|

1861
950435 d1WAYDS| |ed04

eixodAy sed

S8UIX ‘MDA TTOZ 10 [E21WaYD

(dN)
uone||lqly
1e|NdIIJUSA

ppoL 1861

|[9pow uoisn[220

ojowlyseH 6861 BABD BUDA/BIIOY

(1992) erwayds! utelq [eqo|s 33|dwo)

olsals pue Jopi3 CcL6T [SpoWw OA-¢

As|1a1g pue fjjausfupling-1sind 66T [2pow OA-+
elwayds| ulelq |eqo|s 23a|dwodu)
9041S d1WaYSI |BqO|D
S|opow 9%043S dJWayds|
sioyny

awi) s|apows 30135

S|opow 2X043s JO uoljesauasd ay3 jo JuawdoeAspayl € 319V.L



213

LI Ao ZHANG

—WILEY

ILas

(senupuo))

pauljad si sia3oweled 21308)03133S
pue uoneulwn||l ‘9Ap aAljIsussojoyd
ay3 Jo 93nou uonedijdde ay |
uswieal
Vd-}4 03 AAI}ISUSS B3} 9duUeyus
03 wie uiquoJyy snid |e3uaq asoy
wa)sAs Jase|-g e 3uizi|in
Aq pa||0J1u0d 3q ued uoisnjiadal
pue uoisn|220 YDA [edlwayd03oyd
‘suoi8a4 Ajddns s31 ul elWBYDS]
|e1(2492 92npoud 0] [9SSIA UIRIIDD
e 9lelpe.ldl A|32341p ued weaq Jase| ay |

uol3dleyul

X9}40 |e3211edojuoiy pue ejwayds|

a|nsded |eutajul se yans ‘suoisal

ueaq 214192ds Jay3o Ul uoi3diesul

2oNpul 0} Pasn 3 Ued X230 3y}
03U} T-13 4O UOHIY3[U} 213083091935

SaWIN|OA 30Jejul

Je[lWIs 3Y3 ysi|qelss ued YN

2y} 03 Juade[pe xa3400 |ediytadns
3y} 03Ul T-13 4O UONIB[UI 2IXBI0RIBIS

9s1oa4d
2J0W YDA JO UOISN|ID0 B8] 24NSUd
pnod 4Q7 pue Ja1ayiedoudiw Su

mn

Juswade|d juawe|ly apIn3
Aj9A109449 Ued YN pue 407 ‘D03
A3Adonpouadaa 109))e
24N1NS 33 JO 9dUBISIP UOoIIasUl
ay3 pue di3 a1nns ayj Jo JajawWelp ay |
Ajlliqeren
|ewiuelalul 9dnpad uljjeled 10 SUISA|
-1-Ajod ‘au021|Is y1m pajeod sjuauwie|i4

sjuawaAosdwi [e21Uyd3 |

X33400 |eJa3e|isd|

VO 34y}

40O AJ0}1443] B3 UIYHM Ajjoym SUlA|

X91102 3y} pue ‘wnsojjed sndiod
91 Jo nuagd sy} ‘snajanu a1epned)

aJaydsiway

|edaje|eaiuod ay3 jo uojjsodoud

||[EWS B USAD puUB ‘wnjeus dlweley)
‘sndwedsoddiy ‘x23402 |esodwajolalied

X93}402 3y} 03 speauds
uay} pue usweindopned ay3 ul
15414 saseadde Aunful o|qisianalil

‘U0ISN|220 YOI Jusuewsad oy
VO 3y} Aq pajjddns
uswejnd a3epned ay3 Jo Jed
|e493€| 9y} pUB X9310203U JOlIdJUe
Y3 U] SUOIS3| DIWBYIS] DI2AIS
S3SNed Y € Uey} aJow 104 UoISn[220
Sealaym ‘patarreds Aj3ysis ale s|jad
21WaYISI 3Y3 ‘UOISN|II0 J3}Je UNOY dUQ

suoi8aJ 3 nsuj

sweaq Jase|
yi8uajonem Jo a8ued ulellad e y3m eale
214123ds e JO WNjueId 30e3ul 3Y3 d)eIped]
0} USY3} puUB UoI3e|NJId 03Ul (g UISOIyIAID
‘le8uaq as0J) aAp aAnIsuasoloyd 3uiydafu|

VDIA pasodxa
Al[e2134ns ay3 03 T-13 Sunensiuiwpy

saJayds |ediji3ie pue
SN|OQUI20q W04y} JO UOI}d3[ul pijoledeliu|

VO 243 40 IS0 ay3 320|q
03 31 BudUBAPE PUE YD 3Y3 03Ul Y3 By}
wouy di} punod e y3im juswielly e Suipnposiul|

sayoeouddy

[opow

UOISBM  G86T  SISOqWOIYI0I0Yd

uoisnjd20

p1oy G661 T-utjsyiopuz

uoisn|a20

opny  ¢861 dloqui3

(OVDIN)
uoisn|a220
Alayie
|e1qaJad
a|ppiw
Juswe|y

wnzioy  S86T Jejnaseaopul

sioyny  awij s[apow 0435

(PenuUOd) € 374dVL



LI AN ZHANG

3.2 | Collagenase model

Collagenase is a metalloproteinase that degrades collagen IV in
the basal lamina of the blood-brain barrier and eventually causes
microvascular rupture and leakage surrounding the needle-
puncture site. In 1990, the collagenase-induced ICH model was
first described by Rosenberg et al.'”” The basic step of this model
is stereotactic injection of bacterial collagenase into brain regions,

leading to specific cerebral parenchyma or intraventricular hem-
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Technical improvements
Easy to control the size of the

is easy. Furthermore, it is easy to control the size of the hema-
toma by adjusting the amount of collagenase. Thus, the model is
commonly used in rodents and large animals.}”8*®* However, this
model is still unable to totally simulate the clinical incidence of
ICH, especially in the following respects. Bleeding in the model
is slow and diffuse due to rupture of small vessels and capillary
beds around the injection site. In reality, ICH is mainly the result
of the rupture of major brain vessels, and the bleeding caused by
it is also very urgent, which is not consistent with the situation
shown in this model. More importantly, bacterial collagenase ex-

acerbates the inflammatory response, so it is not suitable for in-
| 182,183

intraventricular hemorrhage

vestigating the immune reaction of IC

Specific cerebral parenchyma or

Insult regions
Caudate nucleus

4 | CONCLUSION

At present, there are limited treatment strategies for both is-
chemic stroke and hemorrhagic stroke to improve the survival
rate and prognosis of patients. These are undoubtedly due to the
low translational rate of preclinical studies. To speed up the de-
velopment of effective agents, the best research scheme should
be determined according to the advantages and disadvantages of

various animal models. Moreover, although the technologies of

into the caudate nucleus
collagenase into brain regions

the models have been continuously generated in recent decades

Injecting donor/autologous arterial blood

Stereotactic injection of bacterial

Approaches

(Table 3), the current stroke models still need to be further im-
proved. An excellent stroke model should have the following ad-
vantages: (1) simple to ensure that the repeatability of the model
will not be affected by the technical difficulty; (2) suitable for a
variety of small and large animals; (3) controllable harmful degree
of stroke; (4) can simultaneously simulate common clinical com-
plications, such as hypertension, diabetes, and hyperlipidemia;
and (5) sensitive to the existing clinical treatment, for example,

ischemic stroke models should be sensitive to rt-PA. In addition to

Ropper and Zervas

Authors
Rosenberg

constantly improving animal models to better mimic clinical onset,

the research results based on different models need to be repeat-

Time
1982
1990

edly verified by series of experiments. For example, after initial
evaluations in young, healthy animals, further studies should be
carried on aged animals with comorbidities such as hyperten-
sion. Furthermore, considering that the physiological functions of

(Continued)

non-human primates and other large animals are more similar to

injection model

those of human beings, we should gradually verify the therapeutic

Collagenase model

Whole blood

effect on these animals after verifying the treatment efficacy in

Intracerebral hemorrhage

TABLE 3
Stroke models

various models of small animals.'*
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