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Overview
Animal Models of Ischemic Stroke: Balancing      Ex-

perimental Aims and Animal Care

Sharon M. Graham, DVM,1 Louise D. McCullough, MD, PhD,2 and Stephanie J. Murphy, VMD, PhD1,†,*

Animal models of ischemic stroke are examples of an induced model that can present challenges from the perspec-
tives of protocol review and animal management. The review presented here will include a brief summary of the
current state of knowledge about clinical stroke; a general synopsis of important unanswered research questions
that justify use of animal stroke models; an overview of various animal models of ischemic stroke, including strengths
and limitations; and a discussion of animal care issues relative to ischemic stroke models. Good communication and
interactive education among primary investigators, laboratory animal veterinarians and caretakers, and institu-
tional animal care and use committee members are critical in achieving a balance between research objectives and
animal care issues when using animal stroke models.

Stroke, or cerebral vascular accident, is defined as loss or al-
teration of bodily function that results from an insufficient sup-
ply of blood to part of the brain (3). It is a disease process that
can strike abruptly, with severe consequences. On average,
someone in the United States has a stroke every 45 sec, and
death can occur in up to 50% of such events that happen outside
a hospital setting (2). Stroke is ranked third behind cancer and
heart disease as a cause of death in the United States, and is a
leading cause of serious, long-term disability (2). Among Ameri-
can stroke survivors surveyed in 1999, over a million adults re-
ported limitations in daily activities, functional disabilities, and
greater dependence on caregivers, resulting in changes in every-
day living and quality of life (2). Costs for medical care, therapy,
lost productivity, and disability exceed $50 billion per year (2).

In humans, stroke is a diverse disease in terms of causes,
manifestations, and anatomic sites of ischemia. Three types of
stroke are generally seen in clinical patients: ischemic, intracere-
bral hemorrhage, and subarachnoid hemorrhage. The most com-
mon type of stroke is ischemic stroke, accounting for 88% of
cases (2). A clot or other blockage in an artery leading to the
brain generally causes ischemic stroke. Blood clots or vascular
stenosis from plaque formation are common causes of arterial
blockage. The arterial obstruction leads to local loss of oxygen
and nutrients, resulting in cell death or infarction injury.

Hemorrhage within or around the brain can also cause de-
creased blood flow and disruption of the blood-brain barrier that
protects normal chemical balance in brain tissue, again leading
to cell death. Hemorrhage can be secondary to trauma, congeni-
tal malformation, aneurysm, or disease. Intracerebral hemor-
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rhage is a type of stroke caused by sudden rupture of an artery
within the brain that is often related to hypertension. Blood is
then released into the brain, compressing brain structures.
This type accounts for 9% of stroke cases (2). Subarachnoid
hemorrhage also is a type of stroke caused by sudden rupture
of an artery, but it differs from intracerebral hemorrhage in
that location of the rupture leads to blood filling the space sur-
rounding the brain rather than inside of it. About 3% of clinical
stroke cases fall into this category (2).

Research Questions Addressed by Use of
Stroke Models

Many of the general research questions regarding stroke
could apply to any major disease currently under study. Clinical
and experimental efforts are focused on the following areas: pri-
mary and secondary prevention (161), treatment and manage-
ment of stroke (161), and underlying mechanisms of ischemic
cerebral pathophysiology and neuroprotection (164). Particular
to stroke research, clinicians and scientists are interested in re-
defining and extending the therapeutic window for pharmaco-
logic intervention that is currently limited to a few hours after
stroke onset. In many stroke studies, the period between early
intervention and primary outcome assessment (usually 3
months after stroke) is also largely unexplored, even though
events that occur during this period may appreciably impact fi-
nal patient outcome (32).

Exploring sex-specific differences in brain injury and the role of
sex steroids in these differences has become an emerging area of
stroke research (112). Recent emphasis on women’s health issues
has caused investigators to refocus and view hormonal cycles,
menopausal physiology, and hormone replacement therapy (HRT)
as important to outcome in many diseases including stroke (36,
70). Historically, animal vascular and neurologic disease models
have almost exclusively involved study of males. Use of males was
justified as a means of reducing experimental variability caused
by female hormone cycling and was based on the assumption that
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mechanisms of cell injury or treatment effects observed in males
would also apply to females. In recent years, it has been recognized
that disease conditions and responses to therapy may be differ-
ent between genders, and women must be incorporated into
clinical trials and human research. Reversing the “male-only”
approach in experimental, animal-based studies has been
slower. Much remains to be explored about stroke in women,
such as the effects of age and reproductive status, gender-spe-
cific risk factors, and the importance of exogenous sex steroid
availability (i.e., contraceptives, HRT).

Identification and characterization of genetic and molecular
components of stroke also will be critical to our future under-
standing, diagnosis, and treatment of this disease. Ongoing work
in human and selected animal genome projects has already led
to identification of candidate genes for stroke susceptibility (28,
145), as well as sex differences in molecular mechanisms of is-
chemic damage (105). Animal stroke models will, therefore, be
essential for allowing investigators to examine which genes and
proteins are affected in response to stroke. Use of genetically en-
gineered mice will be particularly useful in further understand-
ing the complexities of ischemic pathophysiology and in
designing new neuroprotective and therapeutic strategies.

Overview of Animal Models
Most animal stroke models are based on ischemic stroke (Table

1), but experimental stroke models of intracerebral and subarach-
noid hemorrhage have been described as well (4, 90, 107, 119).

Why use animal models of stroke? The presence of intact
cerebral vasculature is essential to the study of abnormal brain
perfusion. Because of the complexity of the brain and its re-
sponse to injury, use of in vitro systems alone cannot thoroughly

evaluate cerebral ischemia and its consequences. Preclinical and
translational research into the causes, pathogenesis, and thera-
peutic management of stroke therefore use animal models in
addition to other in vitro techniques and models, such as tissue
culture and brain slices.

Many animal stroke models have been developed and charac-
terized (4, 10, 44, 55, 90, 95, 101, 107, 153, 164), but no one model
alone may fully mimic human stroke because of the heterogene-
ity of human clinical disease (32). Some of the limitations of
these models can include physiologic variability and, depending
on the model and research question, substantial mortality in
acute and chronic survival studies. Principal investigators must
also address the variable injury or infarct size that can be seen
in some animal models. Completeness of the vascular occlusion
may be unclear at times as well. Nonetheless, experimental ani-
mal models of stroke allow investigators to carefully recreate
specific aspects of human stroke and to study pathophysiologic
and neuroprotective mechanisms as well as therapeutic re-
sponses under controlled conditions and in ways that cannot be
done easily or at all in clinical patients and in human subjects
(32). More rigorous histopathologic, biochemical, and physiologic
measurements also can be done in animals. Finally, animal mod-
els allow investigators to study immediate and early ischemic
events, events that can be difficult to examine in human patients
because of the variable time delays in early recognition of a
stroke and initial therapeutic intervention.

Stroke models by species. One way to characterize animal
stroke models is in terms of the animal species used. Models de-
fined in this way can be placed into two general categories,
nonrodent and rodent stroke models. Nonrodent models offer sev-
eral distinct advantages over rodent models to the principal inves-
tigator. For example, in these models, concurrent and multiple
measurements (i.e., blood gas values, blood glucose concentration)
can be done over time in the same animal as well as more sophis-
ticated and complex physiologic monitoring, such as continuous di-
rect blood pressure measurements, with minimal animal distress
and research complications. Even though regional imaging tech-
nology is available for rodents and is continually being improved
(79, 85), many nonrodent stroke models are more amenable to re-
gional imaging techniques. Similarly, regional cerebral blood flow
(CBF) and metabolism can be more easily determined in
nonrodent models. Lastly, similar to that in humans, many of
these nonrodent models have a gyrencephalic or convoluted brain.

Some of the limitations of nonrodent stroke models are simi-
lar to some of the challenges faced for other surgical or disease
models using these particular animal species. For example, spe-
cies-specific anesthesia requirements may affect outcome mea-
sures such as infarct size, blood pressure, or CBF. Public animal
welfare concerns tend to focus more on nonrodent species, such
as nonhuman primates, cats, and dogs, than on rodents. Cost
and labor are other difficulties often cited by researchers using
large-animal stroke models, although the cost of using geneti-
cally engineered mice for stroke research applications, as well
as the work and time involved in using and maintaining such
genetically modified mice, can approach and even exceed that
of large-animal experiments.

Some of the benefits of using rodent models in stroke research
include smaller brain size, allowing more extensive and compre-
hensive evaluation of the entire brain without excess cost, time,
and labor. Rats in particular are useful for stroke research be-

Table 1. Animal models of ischemic strokea,b

Ischemic Stroke Model Animal Species

Complete global cerebral ischemia
• Decapitation Rat
• Aortic and vena caval occlusion Dog
• Neck tourniquet or cuff inflation Nonhuman primate, dog,

cat, rat
• Cephalic artery occlusion (neck, thorax) Nonhuman primate, cat
• Cardiac arrest ± cardiopulmonary resuscitation Nonhuman primate, dog,

sheep, pig, rat, mouse
• Bilateral common carotid artery occlusion (CCAO) Gerbil

Incomplete global cerebral ischemia
• Hemorrhage/hypotension Cat, pig
• Hypoxia-ischemia Dog, cat, sheep, pig, rat,

mouse
• Intracranial hypertension ± unilateral CCAO Rat
• 2-Vessel occlusion ± hypotension Rat, mouse
• 4-Vessel occlusion Rat
• Unilateral CCAO Gerbil

Focal cerebral ischemia
• Middle cerebral artery occlusion (MCAO) Nonhuman primate, dog,

cat, rabbit, guinea pig,
rat, mouse

• MCAO + ipsilateral CCAO Dog, rat
• MCAO + bilateral CCAO Rat
• Spontaneous brain infarction Spontaneously

hypertensive rats (SHR)

Multifocal cerebral ischemia
• Autologous or heterologous blood clot embolization Rat
• Microsphere embolization Rabbit, rat
• Photochemical-initiated multifocal embolization Rat

aAdapted from reference 112.
bBased on information from the following references (see text): 10, 44, 55, 95,
101, 164, 167.
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cause of their anatomic similarity to the human anatomy of cra-
nial circulation (176). Commercially available inbred rodent
strains are genetically homogeneous, allowing researchers to
minimize confounding effects due to a heterogeneous background.
Use of genetically engineered mice is particularly efficacious in
further understanding the complexities of ischemic pathophysiol-
ogy and in designing potential new preventative, neuroprotective,
and therapeutic drugs and interventions. Although transgenic and
gene-targeted mice can be expensive, normal rodent strains and
stocks are reasonable in terms of purchase and maintenance costs
compared with those for nonrodent, larger animals. Furthermore,
investigators have begun to look at functional outcomes in experi-
mental stroke by evaluating a battery of behavioral, cognitive, and
sensorimotor tests. A number of neurosensory and motor behavior
outcomes have been well described and standardized for rodents
(22) and can be applied to stroke paradigms (47, 59, 89). As men-
tioned previously, the public tends to have fewer animal welfare
concerns regarding rodents in stroke research.

Some of the difficulties in the use of rodent models of stroke
have already been discussed. Unlike humans, rodents have lis-
sencephalic or unconvoluted brains. Due to size and blood vol-
ume limitations, physiologic monitoring can be more demanding
in rodents. Lastly, concurrent and multiple measurements over
time may be limited or impossible. Experimental studies involv-
ing rodents may have to include nonsurvival animal cohorts for
physiologic measurements in addition to separate survival
groups for infarct and functional assessments.

Stroke models by type of ischemic insult. Another way to
characterize animal ischemic stroke models is by type of is-
chemic cerebral injury created. Models defined in this way can
be placed into one of three categories: global, focal, or multifocal
cerebral ischemia (Table 1). In global cerebral ischemia, CBF is
reduced throughout the brain. In complete global ischemic mod-
els, global flow has ceased completely for a period. In incomplete
models, CBF has been sufficiently reduced so that normal metabo-
lism and function cannot be adequately maintained. Table 1 lists
examples of complete and incomplete global cerebral ischemic
models.

It is important to specifically mention the gerbil, as this species
is widely used as a model of global cerebral ischemia and was one
of the earliest models to be used by stroke researchers (75). Gerbils
have a unique and convenient vascular anatomy in that they do
not have a posterior communicating artery, resulting in an incom-
plete Circle of Willis and no redundant circular vascular supply at
the ventral aspect of the brain (88). Complete global cerebral is-
chemia can, therefore, be induced by bilateral occlusion of the com-
mon carotid artery (33). A less severe, incomplete model of global
stroke involves unilateral common carotid artery occlusion. Ani-
mal species other than the gerbil have a complete Circle of Willis
and, therefore, bilateral or unilateral occlusion of the common ca-
rotid artery alone cannot be relied on to induce complete or incom-
plete global stroke, respectively (Table 1). For example, incomplete
global cerebral ischemia in rats can be induced by four-vessel oc-
clusion (bilateral vertebral and common carotid arteries [126-
129]), two-vessel occlusion (bilateral common carotid arteries)
combined with systemic hypotension (48, 49, 69, 103, 121, 148,
149), or unilateral common carotid artery occlusion combined with
hypoxia (87, 132, 141, 142, 167).

The relative simplicity of the surgical procedure performed in
gerbils, compared with rat models of incomplete cerebral global

ischemia, as well as the ability to study animals in a short period
are some of the major advantages of the gerbil global ischemia
model. However, the model can be quite variable in that some
gerbils may be resistant to stroke induction. Use of rat models
involving common carotid and other artery manipulations can
also yield considerable variability in results between laborato-
ries (55, 102, 164). Another confounding variable to ischemic out-
come is the natural susceptibility of gerbils to seizures. Seizures
triggered by handling, startling, or environmental change can oc-
cur in approximately 20% of the gerbil population (71, 92, 162).
Some of the disadvantages discussed for rodent models, such as
limited physiologic monitoring and sampling, also are associated
with gerbils.

In contrast to those in the gerbil and rat, effective models of
global cerebral ischemia in mice have proven more difficult due
to high mortality and frequent complications such as seizure
(164). Investigators have attempted to adapt rat and gerbil glo-
bal ischemia models to the mouse with limited success. How-
ever, cardiac arrest followed by cardiopulmonary resuscitation
(24, 81, 118) and bilateral common carotid arterial occlusion
combined with controlled ventilation (110) are examples of
complete global ischemic models that have been developed in
the mouse with some success.

Reduction in blood flow to a specific brain region is observed in
focal stroke models. Most focal stroke models involve middle ce-
rebral artery occlusion (MCAO) (51, 164). Injection of preformed
fibrin or blood clots (11, 37, 179-181), photochemical thrombosis
(172), electrocoagulation (157, 160, 166), surgical vascular clips
(23, 34, 53, 155, 177), ligatures (35, 42, 97), cuff inflation (46, 152,
173), topical application of the vasoconstrictor peptide
endothelin 1 (54, 96, 100, 147, 169), or introduction of an intralu-
minal filament (58, 82, 91, 165) are examples of some of the
many methods used to induce MCAO in animal models. Middle
cerebral artery occlusion results in brain injury (Fig. 1) and re-
duced CBF (Fig. 2) in the caudoputamen and the cortex, but the
degree and distribution of blood flow depends on duration of oc-
clusion, site of occlusion along the middle cerebral artery, and
amount of collateral blood flow into the middle cerebral artery
territory (164). Various transient and permanent MCAO models
exist and involve either the proximal or distal part of the vessel
(159, 164). Many of these models have been used extensively be-
cause of their supposed relevance to human thromboembolic
stroke (52, 61, 159).

A patchy pattern of reduced CBF is seen in multifocal cerebral
ischemic models (101). In these models, multiple sites of ischemia
result from the use of embolization of autologous or heterologous
blood clots (164), microspheres (78), or photochemically induced
thrombi (172). Embolic models more closely resemble clinical vas-
cular dementia than do MCAO models, even though the multiple
ischemias are confined to one hemisphere (115). Multifocal is-
chemia models have limited applications, but can provide a unique
opportunity to investigate potential antiplatelet and thrombolytic
regimens (101). Although these models are easy to study, the main
disadvantages are inconsistency in the location of the infarctions,
difficulty in detecting where insults are relative to infarction ar-
eas, and possible microvascular injury with photochemical reac-
tions (101, 164).

Animal Care Issues
The pathogenesis of stroke is multifaceted, with overlapping

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



489

and interactive mechanisms (16, 62, 143). Many of the pathways
involved have been worked out on the basis of results of studies
on animal models. In addition to the animal species selected, the
type of ischemic insult chosen, and the time point being studied,
the research hypotheses being explored also will impact animal
care issues associated with stroke models. This section will in-
volve animal care issues pertinent to experimentally induced is-
chemic stroke models.

Housing and handling. Housing and handling conditions are
important issues in modeling ischemic brain injury in animals
(144). For many studies, animals after surgery are often singly
housed so that investigators can monitor and follow recovering
individuals more closely. These animals may also require sepa-
rate housing due to decreased ambulatory abilities from neuro-
logic deficits, rendering them more susceptible to undesired
attention or attack from cage-mates. However, individual hous-
ing may be an issue for more social species, such as rodents,
dogs, and macaques, which benefit from physical contact with
compatible conspecifics (64). In the case of nonhuman primates,
federal guidelines dictate that research facilities develop and
document a plan for environment enhancement to promote psy-
chological well-being in nonhuman primates (31). Such plan
must include and address compatible social grouping as well as
environmental enrichment (31). For a stroke research protocol,
any exemption from participation in all or part of an institu-
tional environmental enhancement plan for nonhuman pri-
mates must be scientifically justified by the investigator and
reviewed and approved by the institutional animal care and use
committee (IACUC) (31).

Most animals on stroke studies are housed in simple, non-en-

riched environments, or “standard” caging and housing condi-
tions (31, 64), even though they are meant to model brain injury
in people who typically live in complex environments before and
after stroke (144). Many experimentally naïve laboratory animal
species housed in complex environments will develop an in-
creased number of neuronal synapses as well as other
neuroanatomic differences from animals raised in standard cag-
ing environments (15). Unfortunately, little has been published
about the effect of environmental enrichment on stroke out-
comes in nonrodent species. Environmental enrichment for ro-
dents used specifically in stroke studies has only recently
received attention in the last decade. For example, some stroke
studies have involved evaluation of the impact of environmental
enrichment on functional assessments (17, 39, 50, 66, 68, 133),
gene expression (40, 41), neuroprotection (175), neurogenesis
and differentiation (17, 83), neuroplasticity (67, 68), and cell
death (50) in rodents. In those studies, enriched environments
consisted of larger cages with elevated horizontal and inclined
boards and ladders, as well as objects such as wooden tunnels,
blocks, or balls, running wheel, chain, or swing (17, 39-41, 50, 66-
68, 83, 133). Overall, environmental enrichment in rodents influ-
enced and affected all outcome measures evaluated in these
studies. Therefore, depending on the specific stroke research hy-

Figure 1. In rodent models of stroke, infarct injury outcomes are often
determined using 2,3,5-triphenyltetrazolium chloride staining (12). The
brain is harvested and sliced into 2-mm-thick coronal sections, which
are then placed into a 1% 2,3,5-triphenyltetrazolium chloride solution
in saline and incubated at 37°C for 30 min. Viable brain areas appear
red as a result of the reduction of 2,3,5-triphenyltetrazolium chloride
by mitochondrial enzymes, whereas injured areas appear white. Stained
sections are then fixed in neutral-buffered 10% formalin. The rat brain
section shown is representative of the type of injury (caudoputamen,
cortex) observed in middle cerebral artery occlusion induced by inser-
tion of an intraluminal filament. Adapted from cover of the Contempo-
rary Topics in Laboratory Animal Science, volume 40 (2), featuring work
from reference 113.

Figure 2. Regional cerebral blood flow (CBF) measurements can be
made in rodent stroke models using quantitative [14C]iodoantipyrine
autoradiography (140). Prior to euthanasia, anesthetized animals are
infused intravenously with [14C]iodoantipyrine. During infusion, arte-
rial blood samples are collected. The brain is frozen, cryosectioned into
20-µm-thick coronal sections, and thaw-mounted onto cover slips. Sec-
tions are then exposed to film to generate autoradiographic images.
Rat autoradiographic brain section shown is representative of the type
of regional CBF patterns observed at the end of 2 h of middle cerebral
artery occlusion induced by insertion of an intraluminal filament. De-
creased blood flow is seen in caudoputamen and cortex in the ipsilateral,
or ischemic hemisphere. (see Fig. 1 for source).

Animal models of stroke
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pothesis being examined, such consequences from environmen-
tal enrichment may or may not be a potential confounding vari-
able to experimental outcomes.

The current use of genetically engineered mice and rodents
with spontaneous mutations in biomedical research may lead to
specific care issues unique to these individual animals that will
need to be incorporated into housing and stroke research proto-
cols. For example, diabetes mellitus and hypertension are two
well-known risk factors for stroke (2). Rodent models of both of
these conditions have been used in gender-based stroke research
(1, 26, 29, 123, 139, 163, 168). Diabetic animals require more fre-
quent cage bedding changes due to increased urine output as well
as daily insulin therapy and monitoring of urine and blood glucose
values (163). Aged hypertensive rats can sometimes experience
decreased appetite and weight loss due to progressing heart fail-
ure and the increased effort required to access pelleted feed (14).
Supplementation with powdered feed in food jars can greatly im-
prove eating and aid weight maintenance in these animals (14).

Because of experimental interventions, treatments, and func-
tional assessments, animals may need to be handled extensively
during experimental stroke studies. Depending on the experi-
mental paradigm, acclimatizing animals to treatments and
other experimental manipulations before and after stroke sur-
gery can help to minimize stress and distress to the animal.
Nonrodent species and rodent species other than laboratory rats
and mice that have undergone experimentally induced stroke
(i.e., gerbils) may also need to be housed outside of core animal
facilities for longer than 12 h to provide intensive postoperative
care and monitoring (see Peri-operative care section). Such hous-
ing requires justification in research protocols and prior IACUC
approval (31). In the case of laboratory rats (Rattus sp. only) and
mice (Mus sp. only), housing in satellite facilities for longer than
24 h requires justification and prior IACUC approval if any insti-
tutional research activities are conducted or supported by the Pub-
lic Health Service (PHS), which includes the National Institutes of
Health (NIH) (122). Any IACUC-approved animal housing outside
of core animal facilities must adhere to federal housing guidelines
appropriate for the animal species in question (31, 64, 122).

Animal numbers. The ongoing challenge in biomedical re-
search is balancing the necessary use of animal subjects to gen-
erate unbiased data with the animal welfare theory of reduction,
refinement and replacement (138). Current guidelines published
by the Stroke Therapy Academic Industry Roundtable (STAIR)
recommend use of neurobehavioral evaluations, functional tests,
and other long-term outcome measures in animal stroke models
(154). Therefore, some stroke investigations may require large
numbers of animals so that multiple long-term histologic and
functional measures can be evaluated. As mentioned previously,
greater numbers are often needed for rodent studies when con-
current measurements over time are restricted or unfeasible due
to size and blood volume limitations. As well, morbidity and mor-
tality associated with experimentally induced stroke can be vari-
able, depending on the model used.

Despite some of these issues and experimental requirements,
stroke researchers attempt to design experimental protocols
that involve use of the smallest number of animals possible
while allowing sufficient statistical power to test the hypothesis
of interest. Knowing ahead of time what is an expected success
rate on the basis of previous experience with a specific model as
well as performing a power analysis for various outcome mea-

sures can help to minimize animal numbers while in the plan-
ning stages of a project. For some stroke models and research
areas, it is possible to maximize the amount of data collected
from one experimental animal through careful planning. For ex-
ample, in global cerebral ischemia models created by use of car-
diac arrest, tissue from multiple organs can be collected so that
collaborators may study peripheral consequences of reduced
flow in other target organs such as kidney (24). Also, many
stroke laboratories will routinely bank a variety of tissues for
collaborator or future use when genetically engineered mice or
other species of limited availability, such as nonhuman primates,
reproductively senescent rodents, or aged animals are involved.

Peri-operative care. Animal stroke studies may require ad-
ministration of an experimental agent or drug before, during, or
after the ischemic insult (104, 111, 114). Frequency, administra-
tion route, and timing of experimental interventions will dictate
how much and what type of peri-operative care will be needed
for such treatments. Many of these cerebral ischemic models can
require appreciable surgical manipulation of animals under an-
esthesia. Anesthetic choice has been documented to affect is-
chemic outcome in experimental stroke (77, 106). Moreover,
there can often be wide variability in infarct outcome between
surgeons due to variable levels of surgical expertise. Monitoring of
brain and core body temperatures (25, 55, 60, 74, 108, 130, 178)
and physiologic variables, such as blood gas values (21, 95, 150,
178), blood pH (146, 178), blood pressure (30, 125), and blood glu-
cose concentration (55, 72, 73, 117, 171), also is essential when
studying ischemic models. These parameters can be a source of
infarct size variability if poorly controlled within and between
treatment groups.

During the initial postoperative periods, “stroked” animals
generally require intensive care, such as fluid, nutritional, and
temperature support, especially in the first 24 to 48 h of long-
term studies. After surgery, animals in general and “stroked”
animals in particular are usually less adaptive to environmental
changes due to possible loss of normothermic regulation and
may require external heat sources, such as recirculating warm
water blankets placed beneath a portion of their recovery cage,
to maintain appropriate body temperature. Loss of normal feed-
ing behaviors due to neurologic damage, possible visual deficits,
facial paralysis, or general depression from surgery and anesthe-
sia may require hand feeding or placing softened food pellets or
powdered food near the animal to facilitate food intake. Pro-
longed surgical procedures such as MCAO can cause dehydra-
tion and may require peri-operative administration of fluids to
correct imbalances. Baseline and postoperative functional as-
sessments may also be required for postoperative care and for
experimental outcome measures.

In rodent stroke models, poststroke complications can involve
a combination of factors principally involving the respiratory,
cardiac, and central nervous systems. Pulmonary edema and hy-
pothermia secondary to prolonged anesthesia and positioning,
hypovolemia from multiple physiologic sampling, or generalized
shock syndrome, depending on the severity of the infarct and re-
sulting cerebral edema, are some of the problems that may be
seen in the immediate postoperative period and during recovery.
Most animals are able to compensate and adapt to long-term
neurologic deficits, such as hemiparesis and induced circling, as
long as food and water are made easily accessible to these ani-
mals as described previously.
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Typically, in nonhuman primate models, similar findings with
temperature control and dehydration are seen during the imme-
diate recovery period. Depending on the model or protocol used,
administration of a long-acting analgesic, such as flunixin
meglumine (99) or buprenorphine (169), may be used to reduce
discomfort within the first 36 postoperative hours. Neurologic
deficits, such as left-sided hemiparesis or abnormal grasp reflex,
can lead to a necessary period of adaptation but usually does not
lead to permanent loss of mobility or feeding habits (99, 169). Easy
access to soft food and water (169) as well as hand-feeding by
caregivers, using human baby formula cereals or sweetened oral
rehydration solutions with added banana-flavored milkshake
mixes, can aid in recovery during the first 48 h after surgery (99).

Pain and distress. The question often arises on how to as-
sess pain and distress in animal subjects after stroke. How much
pain do animals experience due to the stroke itself rather than
experimental surgical manipulations? Limited experimental
data exist that specifically address this topic, especially in global
ischemic models, where selective neuronal cell loss occurs princi-
pally in the hippocampus and to a lesser degree in the striatum
and cortex. Pain-sensitive structures within the brain are lim-
ited to cerebral and dural arteries; the 5th, 9th, and 10th cranial
nerves; and parts of the dura at the base of the brain (19, 170).
White matter, the ependymal lining of the ventricles, choroid
plexus, and much of the cortex and its pia-arachnoid covering
are not pain sensitive (19, 170). However, a secondary vascular
lesion within the brain, particularly in thalamus, could possibly
be a source of central pain (170). One could therefore assume
that, in animal ischemic stroke models, observed clinical signs of
pain are more likely related to surgical preparation and manipu-
lation (i.e., incisions) than to neuronal damage.

Observational studies exist in human stroke literature, but of-
ten these studies center more on chronic pain than pain from the
acute ischemic insult. For example, a common problem in clinical
stroke is the management of poststroke spasticity and shoulder
pain after hemiplegic stroke. Shoulder pain is a common compli-
cation after stroke that can limit the patient’s ability to reach the
maximal functional potential and impede rehabilitation. In a re-
cent study of 85 patients with stroke, 54 of these patients
(63.5%) were found to have shoulder pain, although these pa-
tients were far removed temporally from the acute event (8).
This particular clinical consequence may not be an issue in ex-
perimental stroke models, as many investigational time points
for survival are often measured in days (see Endpoints section).

Chronic hemisensory pain known as Déjerine-Roussy syn-
drome can develop after acute strokes, usually as a result of le-
sions in the non-dominant thalamus and rarely in the parietal
lobe (5, 43, 116). In 40 to 60% of patients, the onset of central
pain often occurs more than a month after stroke (57). Often
post-stroke pain is refractory to treatment, but can be respon-
sive to anti-epileptics or amitriptyline (120). Acute limb pain
associated with stroke is a much less studied and rare event,
and has been described in subjects with hemispheric, thalamic,
and, less frequently, brainstem lesions (18, 27, 124, 134). This is
distinguishable from the more common delayed central pain
that develops weeks or months after a thalamic stroke as de-
scribed previously (56). In such instances, pain often begins
when sensory function is returning months after the acute
event. Acute limb pain is usually short lived (several days) and
dysesthetic or “burning” in quality (134).

A common patient complaint that usually follows or coincides
with acute stroke is headache. This can develop due to vessel
wall damage, as headache is a cardinal clinical feature of arterial
dissections and can occur without a subsequent ischemic event.
Headaches are more commonly reported after intracerebral and
subarachnoid hemorrhage than after ischemic stroke. However,
in a large clinical study, headache occurred in 32% of patients
with ischemic stroke and 64.5% of patients with hemorrhagic
stroke (9). Clinically, neurologists often do not treat these pa-
tients due to concerns of over-sedation. In addition, patients with
large strokes may also have difficulty in communication that is
attributable to aphasia or low arousal. Patients with subarach-
noid or intracerebral hemorrhage are often treated with only ac-
etaminophen (i.e., Tylenol), as narcotics make it difficult to
assess clinical deterioration, and antiplatelet drugs and aspirin
are contraindicated due to the increased risk of rebleeding. Con-
sequently, pain after acute stroke and brain injury often remains
untreated in human patients.

Many stroke scales and clinical assessment tools (65) such as
the NIH stroke scale, used to evaluate human stroke patients
have been adapted for use in large animals such as nonhuman pri-
mates (98, 99). Although modifications of these clinical assessment
guidelines are designed to directly evaluate functional outcome in
animals, they may be useful in indirectly evaluating pain and dis-
tress in that these factors may alter animal behavior and func-
tional responses. To better assess animal pain and distress due to
experimental stroke surgical manipulations, researchers must be
aware of normal species-typical behavior and be able to recog-
nize behavior patterns associated with the onset of pain and dis-
tress. Several behaviorally based scoring systems for general
postoperative application (109, 131, 174) as well as one recently
published guideline for specific application to a focal rodent stroke
model (76) are available. However, such subjective scoring systems
are limited, in that pain may not necessarily be the sole or even
principal cause of behavioral and physiologic changes evaluated in
“stroked” animals. Some responses may be due to subtle differ-
ences in animal handling, in the experimental environment, or to
analgesic administration (135, 136). Despite these limitations,
scoring systems can be helpful in establishing intervention crite-
ria, such as early removal or euthanasia of an animal, especially in
studies where analgesics cannot be given due to effects on out-
come measures.

Use of analgesics, such as nonsteroidal anti-inflammatory
drugs (NSAIDs) and opioids, in experimental surgical stroke
models may be problematic depending on the time points being
evaluated and the research questions being studied. For long-
term studies (weeks to months), administration of analgesics in
the initial postoperative period may not be a possible confounder.
However, for short-term studies (hours to days), analgesics could
alter outcome measures. For example, considerable evidence in-
dicates that cerebral ischemia triggers inflammation, which in
turn contributes to brain injury and worsening of neurologic out-
come (45, 63). Results of a recent study in rats indicated that
ibuprofen reduced striatal infarct size after focal cerebral is-
chemia (7). Consequently, use of NSAIDs or corticosteroids in
animal stroke models could bias experimental results if investi-
gators are examining inflammatory mediators, cytokine path-
ways, or subacute to acute time points. In addition, several
laboratories have documented alterations in the opioidergic sys-
tem in response to cerebral ischemia (20). The effect of analgesic
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opioids on experimental ischemic brain damage is currently un-
clear, with beneficial (38, 158), detrimental (80), or no effects
(151) on experimental stroke outcome being reported. The deci-
sion not to administer analgesics in experimental stroke proto-
cols must be justified and pre-approved by the IACUC (31, 64).

Multiple surgeries and/or interventions. For many ex-
perimental stroke paradigms, multiple minor or major surgical
procedures may precede the actual experimental stroke proto-
col. For example, use of telemetry to continuously evaluate pa-
rameters such as brain and body temperature, activity levels,
and blood pressure will require surgery to implant transmitters
days to weeks before an experimental ischemic insult (84).
Whether this procedure will be considered major or minor sur-
gery will depend on where the transmitter is placed. Implants
for drug or agent delivery as well as placement of injection or
sampling ports require similar considerations. Long-term in-
dwelling catheters may be required and may be used in con-
junction with a tether or jacket system to allow mobility of the
animal. The rationale for many of these preplaced devices is to
minimize handling and stress to the animal in the peristroke
period. As mentioned previously, some studies will require mul-
tiple drug or agent administrations via oral or parenteral
routes as well as continuous intravenous or bolus infusions (see
Peri-operative care section).

Minor survival surgery is a procedure that does not expose a
body cavity and causes little or no physical impairment (31, 64).
Examples of minor procedures that may be used in stroke stud-
ies would be intrascapular subcutaneous drug/agent implants
(1, 137) or telemetry transmitters (86, 93, 94, 156). Any proce-
dure that penetrates or exposes a body cavity or causes substan-
tial or permanent impairment of physical or physiologic function
is considered major surgery (31, 64). For example, in stroke pro-
grams evaluating gender effects, ovariectomy of a female rodent
would be defined as major surgery. By this definition, placement
of a telemetry transmitter within the abdominal cavity would be
another example of major surgery. Multiple major survival sur-
geries are not allowed for a single animal unless the investigator
can provide scientific justification and receives prior approval
from the IACUC (6, 31). Many stroke researchers will design
studies so that multiple procedures can be done during one anes-
thesia episode (i.e., ovariectomy and hormone implantation in
rodents) and will allow sufficient time for recovery and healing
prior to experimentally induced stroke.

Endpoints. Death as an endpoint is rarely needed or justified
for much of the stroke research currently being done. In perma-
nent and transient ischemia studies, typical endpoints for acute
stroke studies require hours to days, whereas chronic stroke
studies may require weeks to months. Many studies will evalu-
ate time points during ischemia itself or during the early
reperfusion period (minutes to hours), with no need to have the
animal recover from anesthesia (nonsurvival cohorts).

When considering any animal-based experimental protocol, a
principal concern should be eliminating unnecessary animal dis-
comfort. This can be done by establishing criteria for humane
endpoints within a given stroke model on the basis of clinical as-
sessment of physical and behavioral parameters before and after
experimentally induced stroke (76). Though final approval must
come from the IACUC when determining specific parameters on
ending individual experiments due to pain or distress, clinical
assessment of the “stroked” animal will guide the observer in

choosing early termination of the experiment. For example, a
moribund or comatose animal with labored respiration would be
an immediate candidate for euthanasia using pre-approved
guidelines. It is the more subtle clinical signs of stroke, such as
circling or changes in vocalization (13), that require thorough
understanding of the specific stroke model so as to differentiate
between expected clinical outcome versus true anxiety or dis-
tress. A thorough knowledge of normal behavior and the pro-
gression of physical and behavioral changes secondary to the
protocol is essential for all personnel involved with the monitor-
ing and care of these animals (see Pain and distress section).
Proper training is necessary to determine when such interven-
tion is appropriate. This training can often be done in concert
with institutional veterinarians and animal care staff to ensure
a positive approach to animal care and welfare. Careful planning
and establishment of specific protocols to handle these questions
before they arise allow good animal care and good science.

Conclusion
Stroke is a clinical disease with substantial mortality, morbid-

ity, and annual health-care costs. Current clinical and experi-
mental research is focused principally on mechanisms of injury,
prevention, and treatment. Many animal models of ischemic
stroke are available, but no model in particular fully mimics the
diversity of human clinical ischemic stroke. Nonetheless, these
models are useful tools for studying specific injurious and protec-
tive mechanisms as well as preventative and therapeutic mea-
sures for cerebral ischemia. Animal care issues particularly
relevant to ischemic stroke, such as pain and distress, must be
considered when using these surgical animal models for re-
search. A realistic balance between experimental aims and ani-
mal care can be achieved through discussion and interaction
among researchers, laboratory animal veterinarians and care-
takers, and IACUC members.
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