Received: 4 October 2020

Accepted: 28 January 2021

DOI: 10.1002/ame2.12166

REVIEW

N WILEY

Preclinical animal studies in ischemic stroke: Challenges and

some solutions

Sunil K. Narayan!

Saravana Babu Chidambaram?

Murugesan Arumugam

'Comprehensive Stroke Care and
Neurobiology Centre, Department
of Neurology, Jawaharlal Institute of
Postgraduate Medical Education and
Research, Puducherry, India

2Comprehensive Stroke Care and
Neurobiology Centre, Department
of Neurology, Jawaharlal Institute of
Postgraduate Medical Education and
Research, Puducherry, India

3Department of Biotechnology & School of
Medical Sciences, University of Hyderabad,
Hyderabad, India

“Department of Pharmacology, J5S Medical
College, Mysore, India

SDepartment of Biotechnology, School of
Life science, University of Pondicherry,
Pondicherry, India

Correspondence

Sunil K. Narayan, Jawaharlal Institute
of Postgraduate Medical Education and
Research, Puducherry, India.

Email: sunil.narayan@jipmer.edu.in

Funding information

Science and Engineering Research Board,
Grant/Award Number: CRG/2019/002076;
Council of Scientific and Industrial
Research, Grant/Award Number:
09/805(0012)/2019-EMR-I

1 | INTRODUCTION

Stroke is a condition of rapidly developing loss of brain function due

to disturbance in the blood supply to the brain causing neurologic
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Abstract

Despite the impressive efficacies demonstrated in preclinical research, hundreds
of potentially neuroprotective drugs have failed to provide effective neuroprotec-
tion for ischemic stroke in human clinical trials. Lack of a powerful animal model for
human ischemic stroke could be a major reason for the failure to develop successful
neuroprotective drugs for ischemic stroke. This review recapitulates the available
cerebral ischemia animal models, provides an anatomical comparison of the circle of
Willis of each species, and describes the functional assessment tests used in these
ischemic stroke models. The distinct differences between human ischemic stroke
and experimental stroke in available animal models is explored. Innovative animal
models more closely resembling human strokes, better techniques in functional out-
come assessment and better experimental designs generating clearer and stronger
evidence may help realise the development of truly neuroprotective drugs that will
benefit human ischemic stroke patients. This may involve use of newer molecules or
revisiting earlier studies with new experimental designs. Translation of any resultant
successes may then be tested in human clinical trials with greater confidence and

optimism.

KEYWORDS
cerebral ischemia, circle of Willis, focal ischemic models, functional assessment tests,
neuroprotection, preclinical model

impairments. Stroke presents as neurological deficits of sudden
onset depending on the region of brain affected and the functional
aspects of the affected part. The interference in the cerebral blood

supply may be due to ischemia (in 85% of cases) or haemorrhage (in
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Activator; SHR, spontaneously hypertensive rats; STAIR, Stroke Therapy Academic Industry Roundtable Preclinical Recommendations.
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15%). According to the American Stroke Association, stroke ranks
as the fifth commonest cause of all mortality in industrialized na-
tions and is the leading cause of long term disability in the elderly.}
The reduction in the cerebral blood flow in ischemic stroke is due
to a stenosis or occlusion of a cerebral artery by mechanisms such
as thrombosis, embolism, vasculitis or vasospasm and leads to a hy-
poxic condition followed by the death of brain cells in the region.
This ischemic-hypoxic condition leads to excitotoxicity, peri-infarct
depolarization, production of reactive oxygen and nitrogen species,
lipid peroxidation, calcium influx, inflammation, apoptosis and ne-
crosis resulting in tissue damage.?

Even though the pathophysiology of stroke is largely under-
stood, the therapeutic options for treating acute ischemic stroke
remain scarce, currently limited to antiplatelet drugs, thrombolytic

therapy, mechanical thrombectomy, surgical decompressions, care

in stroke units and rehabilitation.>* For several years, the use of the
clot busting drug recombinant tissue plasminogen activator (fTPA)
to promote recanalization was the standard of care for the treat-
ment of ischemic stroke, but recently acute mechanical thrombec-
tomy has become a more effective but difficult option. However,
the proportion of eligible ischemic stroke patients receiving rTPA
or mechanical thrombectomy is small because of the limited time
window of 3-6 hours and the sophisticated infrastructure required
for these treatments.>® The various neuroprotective agents other
than the clot thrombolysing drugs target specific pathways in the
series of cascade events. Since, the mechanisms of action of these
drugs are different, a combination of several agents targeting multi-
ple pathways can provide a more effective therapeutic intervention
for stroke.” Some of the common neuroprotective agents studied in

preclinical research are summarized in Table 1.

TABLE 1 Common neuroprotective agents used in stroke preclinical research

Neuroprotective agents Mechanism of action Drugs
Free-radical scavengers/ Scavenges the oxygen free Tirilazad
antioxidants radicals that cause destruction Citicoline
of cellular membranes
NXY-059
Edaravone
Ebselen
NSP-116
Calcium channel blockers Blocks the abnormal increase Nimidopine
in intercellular calcium levels, Eunerizing
which activates several
destructive enzymes
Glutamate antagonists Blocks the activation of of YM872
glutamate receptors, increases 7K200775
the calcium ion influx leading .
to cell death Aptiganel
MK-801
Anti-inflammatory agents  Targets the inflammatory agents Enlimomab
and mediators LenldAmrest:
rNIF
Anti-thrombotic agents Prevents the formation of clots Enoxaparin
Heparin
Aspirin
Thrombolytic agent Helps in lysing the clot that TPA

occludes the vessel

Multiple mechanisms

Other agents Multiple targets Statins

Cerebrolysins

Outcome

Effective but potential source of bias”®
Effective’?

Effective but confounded by study
quality?’

Effective but study quality issue”?

Effective but narrow therapeutic
window?”®

Effective’

No convincing evidence’

Effective”®

Effective’
Effective”®
Effective’
Effectivel®
Effective'®*
Effective®”
Effective'®?
Effectivel®®
Effective®
Effectivel®

Effective but side effects'®®

Helps recovery of brain tissue
surrounding infarction with
synaptogenesis

Effective (study quality issue)*®”

Abbreviation: rTPA, Recombinant Tissue Plasminogen Activator.

Hypothermia
Human urinary kallidinogenase
Granulocyte-Colony Stimulating Factor

Stem cells

Effective®®
Effective’®’
Effective *°

Effective (study quality and publication
bias)'*t
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Preclinical studies in animal models have a major role in contrib-
uting towards a better understanding of the pathophysiology and
therapeutic options for stroke. Over the past few decades, this has
resulted in the development of a number of experimental stroke an-
imal models that resemble human stroke. Though neuroprotective
strategies tried in these models have been theoretically very prom-
ising, there is a loss of translation in neuroprotection from preclinical
to clinical studies.®° Apart from the effects of species differences,
this has been attributed to suboptimal ischemic stroke models and
experimental designs, including outcome assessment methods. This
narrative review summarizes different cerebral ischemia animal
models, behavioural assessment methods used in these models and
the confounding factors of preclinical and clinical stroke research.

2 | PROBLEMS IN BENCH TO BEDSIDE
TRANSLATION

Animal studies have contributed a lot to the understanding of the
pathophysiology of stroke, and several animal species such as mice,
rabbits and non-human primates (NHPs) have been used as models
to study stroke. Many hundreds of drugs have been tested preclini-
cally in animal ischemic stroke models and found to be effective for
neuroprotection, but very few proved to have even a semblance of
clinically meaningful therapeutic benefit in human stroke trials.!*
To address the question of what makes an ideal stroke model, we
must ascertain to what extent an experimental stroke animal model

resembles human stroke.

2.1 | Drugadministration and the
therapeutic window

In a large number of animal models used to investigate the effects
of novel neuroprotective agents, these agents were used prior to
the induction of ischemia. However, in obvious contradistinction,
in human stroke, any practical neuroprotective drug must be used
postictally. Therefore any meaningful trial of neuroprotective drugs
in animal models needs to ensure the administration of neuroprotec-
tive drugs only after induction of ischemia and the appearance of
definite features of brain injury.}?*3

Similarly, the therapeutic window of neuroprotective drug plays
a major role. Most of the neuroprotective agents are known to have
a short therapeutic window. Usually, in preclinical studies, neuro-
protective drugs are administered immediately after the onset of
stroke symptoms, whereas in clinical trials, the effects of exposure
are often investigated beyond a thrombolytic/thrombectomy ther-
apeutic time window of 6 hours or more. So while it is essential to
administer the drugs as early as possible after the stroke onset,® it
may also be necessary, from a practical point of view, to test drugs
which work beyond such narrow windows.

Certain neuroprotective drugs such as citicoline, edaravone and

ozagrel have been shown to be successful in phase II/1ll clinical trials.

Edaravone, a free radical scavenger, received regulatory approval
in Japan after a multicentre, randomised, placebo-controlled, and
double-blind trial by the EAIS group in 2003 (N = 250). Even though
the trial found the drug to be efficacious, adverse events in the form
of acute renal failure were reported.’**> Similarly, the ICTUS multi-
centre trial conducted in Germany, Spain and Portugal to test the
effectiveness of citicholine (N = 2298), was terminated after the
results from an interim analysis showed no efficacy in moderate to
severe stroke.!® This was further supported by the 2020 Cochrane
review by Marti-Carvajal et al, which showed that citicoline made
little or no difference to a favourable outcome when compared to
controls. In addition, the authors reported that several studies in-
cluded in the review had a high risk of bias, having been sponsored
by pharmaceutical companies. Author neutrality is also scientifically
questionable since some of the authors of the studies were receiving
honoraria and consultation fees from drug firms.” A meta-analysis
of clinical trials on Sodium Ozagrel in treatment of acute ischemic
stroke showed its effectiveness in improving short-term impairment,
but large scale, high quality studies are needed to prove beneficial
effects on long-term disability.'® Cerebrolysin is another preparation
that has been claimed to be effective in stroke therapy but the inter-
pretations of the studies are far from uniform.?”?° A meta-analysis
of 9 trials of cerebrolysin by Bornstein et al in 2018 showed that it is
safe and efficacious in stroke therapy,21 but the Cochrane review of
cerebrolysin trials (2015) had failed to find similar result.??

It is against this background that the Stroke Therapy Academic
Industry Roundtable (STAIR) committee was formed and they rec-
ommended that certain preclinical criteria should be met before
going on to large clinical trials. The committee was formed to provide
recommendations for the preclinical evaluation of stroke therapies,
phase Il and phase Il trial design, enhancing trial implementation
and completion, novel approaches for measuring outcome, and reg-
ulatory considerations.?

The first drug that was approved by the STAIR committee was
the free radical scavenging drug NXY-059. The drug was extensively
studied in several animal models for transient and permanent stroke,
from the rat to the marmoset primate including dose-response stud-
jes which revealed neuroprotective effects of NXY-059.242° The
neuroprotective role was also demonstrated as reduction in the in-
farct volume as a surrogate marker in thrombotic models of stroke
in rabbits.? The effects of physiological parameters were also taken
into account in preclinical studies when functional assessments
were done for short and long term impact‘27 In order to minimise ex-
perimental biases, preclinical studies of NXY-059 also incorporated
newer clinical trial methods such as randomisation and blinding.
In the larger SAINT-II clinical trial that followed, NXY-059 was in-
efficacious for the treatment of acute ischemic stroke when given
within 6 hours of onset of symptoms. Even though NXY-059 studies
successfully fulfilled investigative criteria laid down by STAIR, the
drug failed in these phase IlI-1ll clinical trials to show its efficacy.?®
Subsequently no larger trials have reproduced these results. A meta-
analysis of the efficacy of NXY-059 in animal models revealed that

the results were confounded by low study quality.?’ Therefore the
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study design, conduct and reporting of results of preclinical studies
play an important role.

2.2 | The ideal stroke model

In preclinical research, the selection of the proper stroke model can be a
critical step. Since the human stroke is heterogeneous, it is very difficult
to produce a single perfect stroke model that mimics the human stroke
completely. Depending upon the species and method of induction
of stroke, the size, severity and the location of infarcts varies.30-32
For instance, some techniques involve craniectomy-like procedures,
resulting in skull trauma, which is very unlikely in human stroke.

Other embolic techniques are less invasive but allow less control
over the location and extent of the cerebral infarctions.®* Hence an
induction method that mimics the human clinical situation as closely
as possible should be selected.

The complexity of the nervous system increases from one
species to another in the hierarchy produced during the course of
evolution. Rodents are the preferred species for preclinical studies
of stroke but there are major differences in the brain composition
of rodent and humans. Gyrencephaly is a mammalian specific trait
present in humans, whereas rodents possess lissencephalic brains.3
About 90% of rodent brain tissue consists of gray matter while
human brains are only 50% gray matter. In the clinical situation, sub-
cortical white matter strokes account for almost 25% of stroke sub-
types but it is not easy to duplicate white matter strokes in rodents

t.3% The differences between

given their low white matter conten
clinical human ischemic stroke and animal models of ischemic stroke
are summarised in Table 2.

Circle of Willis (CoW) is an anastomotic vascular network which

connects the anterior and posterior parts as well as the left and

TABLE 2 Physio-anatomical
comparison of animal stroke models with
human stroke victims

Characteristics

Origin of stroke

Region affected

Population

Anatomy

Nature of stroke

Drug
administration

Animal stroke models

right sides of the brain, providing a collateral blood flow when there
is ischemia, vessel damage or any kind of occlusion. The status of
collateral circulation is of utmost importance to stroke risk and its
variations can influence the severity and progression of ischemic
stroke. CoW is normal only in less than 50% of the population and
is more commonly an incomplete circle in its anastomotic configura-
tion.3¢ Earlier studies have shown that patients with complete CoW
have a lower National institute of health Stroke Scale (NIHSS) score,
fewer neurological impairments and a better chance at recovery.”’
Similarly, in a study done in 2015 Seeters et al from the SMART
group reported that patients with an incomplete anterior CoW had a
higher risk of getting an anterior circulation stroke (Figure 1).%8

In animals, for instance, the diameters of the posterior com-
municating arteries (CoA) of both sheep and pig are similar to the
anterior cerebral artery. But in humans, the diameter of the poste-
rior CoA is half that of the anterior cerebral artery, which leads to
a reduced blood flow in posterior CoA in humans compared to an-
imals.%’ Similarly in baboons, the bilateral anterior cerebral arteries
are connected by a network of arteries, whereas in humans they are
connected by a single vessel.*° These variations play a major role in
modelling stroke in animals as they can affect the collateral blood
flow in CoW. Since the techniques used to induce stroke in animals
depend solely on the collateral blood flow, they can negatively influ-
ence the efficacy of drugs.

Studies show that cerebral lesions that develop in hypertensive
and normotensive patients can be significantly different. A patholog-
ical study was conducted on spontaneously hypertensive rats (SHR)
and normotensive rats (NTR) of the Wistar strain, in which the cere-
bral infarction after a bilateral carotid artery ligation was examined.
Only small cerebral infarctions appeared in 39% of NTR, whereas
82% of SHR developed diffused and extensive cerebral infarctions.*
In many study series, the subjects preferred for preclinical research

Human stroke victims

Occlusion method, .
photothrombosis,

Wandering of clot or by
rupturing of vessels

Embolic model e No craniectomy
Craniectomy is done to induce e No anesthesia
stroke

Anaesthesia needed

MCA territory

Healthy young males of animals
are preferred
No other prescription of drugs

Lissencephalic brain in rodents
Gyrencephalic brain dogs and
Non-human primates

Low white matter content in
brain

Homogeneity

Neuroprotective drugs given
prior to induction of stroke

Abbreviation: MCA, middle cerebral artery.

e Brain diverse regions

e Occursin old aged, mixed sex
people with co-morbidities

e Multiple prescriptions of drugs
delays Neuroprotection

e Gyrencephalic brain
e High white matter content

e Heterogeneity

e Treatment often given after the
induction of stroke
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RABBIT

RHESUS MONKEY

FIGURE 1 Circle of Willis (CoW) of mammalian stroke models. ACA, anterior cerebral artery; ACoA, anterior communicating artery; BA,
basilar artery; ICA, internal carotid artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; PCoA, posterior communicating
artery; VA, vertebral artery. (Hand drawn using Paint 3D based on the schematic representations in Sorby-Adams, A. J., Vink, R., & Turner,
R. J.(2018). Large animal models of stroke and traumatic brain injury as translational tools. American Journal of Physiology-Regulatory,
Integrative and Comparative Physiology, 315(2), R165-R190. https://doi.org/10.1152/ajpregu.00163.201

will be mostly young and healthy without comorbidities, whereas in
reality a large proportion of affected stroke patients are aged with

pre-existing comorbidities and on one or more prescription drugs.12

2.3 | Study design and confounding factors

A variable which should be considered in study design is the use of
anesthesia while inducing stroke in animal models. Anesthesia has
been found to have some sort of neuroprotective role because thean-
esthetic changes certain metabolic parameters in the brain but none
of them has proven to be a potential neuroprotective drug. Hence

the use of anesthesia could hinder studies of neuroprotection.*>*3In

order to circumvent this possibility, studies tend to avoid anesthesia
while inducing stroke models, which leads to another confounding
factor whereby the animals suffer stress, which can adversely affect
the results.**

Another flaw which could partly account for the failure of trans-
lation research could be the presence of bias. Only a minority of the
articles on preclinical studies published so far, were found to have
mentioned details of study methods such as allocation concealment,
randomisation and blinding, which are recommended by STAIR®
These study design features are essential to ensure a high standard of
scientific inquiry. To limit bias in the conduct of the studies and to en-
sure the proper reporting of the experimental data, it is recommended
to follow established guidelines such as ARRIVE or CAMARADES.#¢
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2.4 | Outcome measures and functional assessment

Assessment of cognitive and behavioural responses to interventions
in animal models is challenging because of obvious difficulties in
communications between the investigators and the tested animals,
and in deciphering what could be the equivalents of certain cogni-
tive domains such as reasoning and language. The measuring of ap-
propriate parameters of short and long-term functional status are
important in stroke recovery studies in clinical scenarios. Functional
outcome measures such as the Barthel index, the Modified Rankin
Scale and the NIHSS are widely used in human stroke trials. 4748
Perhaps conceptually similar functional outcome measures need to
be incorporated more in animal experimental studies, rather than
measuring only surrogate outcomes like cerebral infarct size, since
even small infarctions in certain locations can result in major func-
tional deficits and vice versa. Currently, there are, of course, many
behaviour assessment tests currently being used to analyse the
post-stroke functional status effects in animal models, which will
continue to help in monitoring functional outcomes over time.

In addition, the minimum and maximum tolerated drug doses
should be determined in preclinical studies in order to use the drugs
successfully in clinical trials. In general, there is a tendency to lower
the tolerated dose in clinical trials to avoid toxicity. On the other
hand, in preclinical studies, drugs are generally administered for
short periods after the ischemic stroke, so there is huge variability in
the dosing schedule of clinical trials. Sometimes a single dose will not
be sufficient to give the targeted response and excessive drug accu-
mulation can also cause deleterious effects and reduced efficacy.>*’
Taking account of these factors, the different mammalian models

of focal ischemic stroke are discussed below.

3 | MAMMALIAN MODELS OF FOCAL
ISCHEMIC STROKE

3.1 | Rodent models

Numerous animals have been used for preclinical stroke research
but the choice of species for ischemic stroke studies has mostly been
limited to rodents because they are relatively inexpensive and their
cranial circulatory anatomy is reasonably similar to the human neu-
rovascular anatomy. The ease with which the ischemic model can be
controlled in terms of severity, duration and location of occlusion

also makes rodents a preferred species.’®>?

3.1.1 | Method of stroke induction

Rodents are suitable candidates for the different methods of
induction available. The intraluminal filament model of middle
cerebral artery occlusion (MCAO0) is one the most widely used and
established methods of stroke induction in rats and mice. These

models exhibit a similar kind of penumbra, and large and reproducible

infarcts that mimic human ischemic stroke. The models are also
used for studying neuronal cell death and blood-barrier damage,
making them suitable candidates for neuroprotection studies.>?
The disadvantage of models developed through this method is the
extent of tissue damage caused in the brain. In some studies, damage
extended to the thalamus, substantia nigra and hippocampus. There
is a chance of retinal ischemia in rodents given filamentous MCAo
because of the close proximity of the ophthalmic artery to the middle
cerebral artery (MCA).>® The extensive damage can also result in
subarachnoid haemorrhages. Such aninduction method is not suitable
for thrombolysis studies because, thrombolysis acts by dissolution
of clots and re-establishment of perfusion as in the human stroke
scenario, whereas in the said technique, infarction is not induced
by occlusion of vessels by clots. The preferred models for studying
thrombolysis drugs are the photothrombosis and thromboembolic
stroke models. Both these models induce stroke by occluding
the vessels using clots and can be controlled in their severity and
duration of occlusion. The former model induces vasogenic edema,>*
whereas the latter produces a small and variable cerebral infarct
volume,®® which is unlikely in human cases. The ischemic lesions
formed by endothelin-1 administration are reproducible and there is
also a marked reduction in the cerebral blood flow but the ischemia
or hypoxia condition develops very slowly, with less edema, which

does not resemble human ischemic stroke.”®

3.1.2 | Anatomical comparison

Rodents are lissencephalic animals and their brains contain less than
10% white matter, unlike humans brains with more than 60%.%” The
CoW is collateral in both humans and rats, unlike some strains of mice.
In the ddY strain of mice, the internal carotid artery (ICA) joins the
CoW structure in between the MCA and the posterior cerebral artery
(PCA). Hence, the CoW does not complete a circle: the CoW nourishes
the anterior portion which branches out to the olfactory artery (OIfA),
and the PCA, along with the MCA, and the basilar artery (BA) does
not connect to the PCA. Thus, in humans, the ICA drains blood
directly into the MCA, while in mouse, it is drained into the OIfA.>®
It is very important to note that a complete mouse CoW is present in
only 10% of mice, while the posterior communicating artery is lacking

unilaterally in 60% and bilaterally in 30% of the animals.>’

3.1.3 | Neurobehavioral outcomes

The majority of ischemic stroke studies have been done in rodents
and include several functional assessment tests such as neurological
scales, sensorimotor tests and cognitive tests. The staircase,
lateralized stepping, rotarod and apomorphine-induced rotations are
the most robust and reliable tests for assessing long-term deficits in
the 30 minute transient MCAo model of stroke. The Pasta test helps
in assessment of fine motor coordination. Modified neurological

score are helpful in measuring short-term deficits and recovery.®°
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Generally, stroke patients often suffer language disability, aphasia,
and visual deficit along with other physical disabilities. But the
majority of preclinical studies do not take this into account due
to the difficulty in assessing these deficits in animals. Studies had
shown the involvement of the cognitive area, suggesting that there is
possibility of cognitive impairment after stroke in rodent models.662
Radial Maze and Morris watermaze tests are used to assess spatial

learning and memory impairments in rodents.®®%4

3.2 | Rabbit model of ischemic stroke

The rabbit has been used extensively for embolic models of ischemic
stroke. Thrombolysis studies done in rabbit embolic stroke models,
in contrast to the rodent ischemic stroke models, have been more
successful in translations to human therapeutic use. The current
standard of care TPA treatment was evaluated early in rabbit em-

bolic stroke models.®®

3.2.1 | Method of stroke induction

The rabbit model of focal ischemia is induced by the occlusion of
arteries by administering clots into the common carotid artery via a
catheter. This can be achieved with both small and large clots. The
rabbit small clot embolus model (RSCEM) results in the occlusion of
random smaller arteries, resulting in heterogeneous stroke, while
the rabbit large clot embolus model creates an obstructive embolus
in the MCA.%>%% Other approaches used for inducing focal ischemic
stroke in rabbits are transorbital occlusion of MCA without craniec-
tomy and transfemoral micro-catheterization of occlusion of PCA,
which produce large vessel ischemic stroke in rabbits, resulting in

reproducible and stable infarcts.®”%8

3.2.2 | Anatomical comparison

Rabbits are gyrencephalic and contain a significant amount of white
matter, unlike rodents. They possess a well-developed CoW, like
humans. New Zealand white rabbits are the most widely used rabbit
in embolic model of stroke studies. Like humans, these animals show
individual variation in CoW. Around 29% of rabbits had a complete
classical symmetrical CoW ina cohort of 100 rabbits having duplication
of the MCA. Hence duplication of the MCA can skew the results of
MCA targeted stroke studies.®’ Earlier models infused embolic agents
using a catheter via a vertebral approach, but this approach can be

complicated, if vertebral arteries are absent or hypoblastic.>%”

3.2.3 | Neurobehavioral outcomes

Neurological assessments in rabbit are still not established and

standardized. The Wryneck model of neurological assessment

includes tests for behaviour, reflex, stimuli reflex and posture. The
animals are scored from O to 10, with normal animals having a score
of 0 and dead animals, a score of 10.7° A modified Bederson scoring
has been used to evaluate neurological impairments in rabbits. The

total score is 4, with a higher score indicating a more serious defect.”*

3.3 | Pig model of ischemic stroke

The emergence of pig experimental models has increased dramati-
cally because of the close resemblance between pig and human
anatomy, physiology, and metabolic profile, and the pig's longer life
span. Pigs are also widely used because they are commercially avail-
able, and are less costly to maintain and present fewer ethical issues

than primate models.

3.3.1 | Method of stroke induction

The occlusion of MCA in pigs is complicated compared to rodents
and rabbits. Transorbital approaches have been used predominantly
for MCA occlusion but there are disadvantages such as intraocular
decompression and coagulation of the optic nerve or the enucleation
of one eyeball to provide sufficient surgical space and adequate
exposure of the MCA.”?> Hence, a transcranial technique has
been developed which involved performance of a frontotemporal
craniectomy along with orbital rim ostectomy and zygomatic arch
resection, which consistently resulted in cerebral infarction with
gray and white matter involvement but with an acceptably low
morbidity. Unlike other animal models, using other approaches like
embolus, catheter or ligation to induce stroke in pigs is difficult
as they have a network of blood vessels called rete mirable in the
skull. This collateralization of blood within the rete mirable limits
the use of occlusion along with approaches. However a distinct
disadvantage observed with this type of approach was a reduction

in feeding behaviour in the animals.>’

3.3.2 | Anatomical comparison

The gyrencephalic pig brain consists of more than 60% white
matter, like humans, making them an easily translatable model of
human neurological disorders. Human brains are 7.5 times the size
of an average pig's brain.>” The CoW structure of pigs is considered
similar to humans, but the presence of rete mirable should be taken
into consideration when developing models for cerebral ischemia. In
addition, the ICA forms an integral part of the CoW before dividing
into the terminal branches, namely the anterior and the middle
cerebral arteries, while in humans it is not an integral part of the CoW,
rather a connection point between the anterior and middle cerebral
arteries. Similarly, the anterior communicating artery forms a network
in the pig whereas in man it is a single artery. The PCA is a branch of

the BA in man, forming an integral part of the CoW, whereas in pigs,
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posterior cerebrals do not take part in the formation of the circle as
they are branches of posterior communicating arteries.%’

3.3.3 | Neurobehavioral outcomes

Because of the similarity in brain structure of pigs and humans, pigs
have been used to develop promising stroke animal models. A com-
monly used functional assessment is the open-field test which helps
to assess the locomotor activity and emotional reactivity of the ani-
mal. Studies have also used gait analysis which has shown significant
asymmetries in both temporal and spatial variables. Pigs induced
with stroke showed asymmetries in temporal parameters of the hind
limb as well as maximum height of front hoof.”* Some studies have
used adaptations from neurological assessment performed on dogs
to assess the post-stroke injury. The tests include menace response,
pupillary light reflex, qualitative gait assessment, postural reactions.
Functional impairments in stroke models also include levels of con-
sciousness, cranial nerve activity, changes in appetite, and circling

behaviour.””®

3.4 | Non-human primate model of ischemic stroke

Non-human primates, as in humans have a larger cerebral volume,
and more white matter content in their gyrencephalic brains. The
common species used for stroke research are marmosets of the
Papio and Macaca species. The neurological examinations that are
used for functional status and recovery in human studies can be
applied to these animals. This is because they mimic human stroke
more closely than other models. There are indeed subtle differences
between species of primates in terms of brain, vascular anatomy,
physiology and behaviour.

The method of stroke induction plays a major role in mimick-
ing human stroke. The most common approaches used have been
pterional craniotomy, craniotomy followed by electrocoagulation
and the transorbital approach. The transorbital method, however,
requires the enucleation of one eye, which will affect the physiology,
psychology and post-stroke neurological assessments.”® These are
invasive procedures that inflict pain and stress on the animal.”” In
order to overcome these disadvantages, an image guided endovas-
cular technique was developed. In this technique, a guiding catheter
is inserted into the femoral artery and is extended to reach the ICA.
With the help of a microcatheter, an embolus (such as a balloon) is
delivered to the MCA or an endovascular suture is applied to induce
cerebral ischemia. This results in successful establishment of focal

cerebral ischemia.”®”?

3.4.1 | Anatomical comparison

Both gyrencephalic and lissencephalic non-human primate species

are used as focal ischemic stroke models. Callithrix jacchus (common
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marmoset) and Saimiri sciureus (squirrel monkey) are the most

commonly used lissencephalic NHPs in stroke research.8 The
free radical trapping agent NXY-059 was found to be a successful
neuroprotectant in a common marmoset model of ischemic stroke,
but was proven to be inefficacious in human clinical trials.?®8* The
structural architecture of a brain without convolutions could be one
of the reasons behind its failure in humans. Gyrencephalic species
possess larger brains that exhibit cortical organization, deep gray
nuclei and white matter tracts like the internal capsule, white/gray
matter ratios, and vascular distributions similar to humans. Macaca
and Papio species are the most commonly used gyrencephalic
NHPs.8% The structure of CoWs of Macaca species look similar,
with the absence of an anterior communicating artery.®? Another
study done in Macaca mullata has shown that there is a single distal

anterior cerebral artery, unlike in humans.®®

3.4.2 | Neurobehavioral outcomes

Functional recovery for non-human primate animals depends upon
the species of animal. Animals such as baboons, which are aggressive
in nature, are only observed using a specialised non-human primate
stroke scale. This is a qualitative variant of the NIHSS in NHPs. This
sensorimotor test assesses the motor coordination, visual field
defects and cognitive defects.®* The two-tube choice task reveals
the spatial neglect and the hand preference of stroke induced
NHPs.8 The hill and valley staircase task helps to assess the motor
impairment of the contralateral arm and the degree of spatial neglect
associated with cerebral ischemia and it is also helpful in separating
motor deficits from spatial neglect. Marshall and Ridley (2000)
developed a test called the six-tube search task to understand spatial
deficits in stroke induced NHPs.8® The Kluver board task helps to
assess the overall strength of the extremity, fine motor function
and hemineglect or visual field cuts.8” Cognitive tasks help to assess
memory and learning deficits. The object retrieval detour task has
been used in a chronic ischemic stroke model in cynomogolous
macaques, and helps to evaluate cognitive deficits associated with
motor function in reaching movements.”” The Wisconsin General
Testing apparatus consists of a battery of behavioural tests like
the delayed non-matching-to-sample test, the spatial and color
conditions of the delayed recognition span test, spatial reversal
learning, and object reversal learning, which have been used in aged
rhesus monkeys to study the pattern of cognitive decline.®®

3.5 | Other non-primate mammalian models

The pursuit on models closer to the human species has led to
experiments in other species. These include sheep, cats and dogs.
The STAIR guidelines recommend using two different species
of animals for studying the efficacy of a drug, with initial studies
preferably on rodents and further studies on larger animals, before

going on to clinical trials.4%8?



th\AS—Wl LEY

NARAYAN ET AL.

TABLE 3 Comparison of rodent and
large animal models

Rodents Large animals
Physiological characteristics Dissimilar Similar to humans
Mimicking human stroke Poorly Better

Anatomical similarity

Induction of stroke involving
craniectomy

MCAOo by suture

Facilities required for the
surgery

MCAo procedure, Easy Complicated
anesthesia and monitoring
Cerebral infarctions Stable and can be Unstable

In vivo structural and
functional imaging of brain
such as MRI, PET and CT

Neurologic evaluation and
neurological behaviours

Lissencephalic and less
white matter

Difficult to perform as
they have small brain

Easy to perform

Doesn't need bigger
equipment to induce
stroke

controlled

Yes, but specially
designed equipment
is needed

Contain numerous
tests which account

Gyrencephalic and more white
matter like humans

Easy to perform neurosurgery to

induce stroke

Difficult

Need facility and equipment similar
to humans to perform surgery

Yes, the equipment used for human
studies can be used for the imaging

Similar to humans

for different
parameters in

rodents
Post-operative injuries Mild Severe
Transgenic manipulations Easy Difficult
Ethical issues Low High
Care and maintenance Easy Difficult
Reproductive period Fast Slow
Cost Less High

Abbreviation: MCAo, middle cerebral artery occlusion.

4 | CONCLUSION

Table 3 summarises the major differences between rodent and larger
animal ischemic models and gives an overview of these models. Though
models using larger and more evolved animal species more closely re-
semble human strokes, experiments in these models are plagued by
a number of practical considerations and ethical questions that have
significantly hampered their use in animal studies. Whether their use
may lead to greater scientific advancement and development of drugs
and devices useful in human stroke treatment interventions is a mat-
ter of intense debate. Better design of animal experiments and bet-
ter publishing guidelines for animal studies to minimise publications
of biased reports are also absolutely essential. Though discussion on
this subject is not within the scope of this review, serious deliberations
aimed at developing a clear scientific consensus and its support by na-
tional governments round the globe are urgently needed. The neuro-
protective strategy will continue to remain a vague but achievable goal
until then. Experimental studies and therapeutic interventions should
be designed in such a way that they resemble and have relevance to
the human condition. With the help of optimised, ethically sound and
scientifically robust animal research models and study designs, we can
bridge the gap between bench and bedside in stroke therapy.
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