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Animal models of cerebral ischaemia mimic at best less than 25% of all strokes.
Compounds which prove efficacious in animal models should, therefore, only be
expected to improve outcome in a quarter of all strokes. If trials for acute stroke
are to succeed, stroke subgroups represented by the animal models should be
targeted. For the other subgroups, e.g. lacunar stroke, appropriate animal
models need to be developed. Moreover, thrombolysis should be included in
animal models because it Is likely to be used as a first line treatment for
ischaemic stroke and any future therapeutics will need to be compatible with it.

The publication of the NINDS tissue plasminogen activator (tPA) Trial in
December 1995 demonstrated unequivocally that stroke in humans 1s
treatable. However, the need for an agent which affords neuroprotection
and which stabilizes resuscitated brains during reperfusion is paramount,
particularly given the very limited window of therapeutic opportunity (<3
h) which thrombolysis offers and the fact that most stroke victims do not
seek immediate medical attention. The ability to model cerebral ischaemia
and to provide a testing ground for novel compounds has made the
utilization of animal models essential prior to launching any clinical trals.

Although many models have been developed, the resulting ischaemia can
be broadly classified as either global or focal. Much criticism is levied at
the use of the global model, which mimics the human condition of cardiac
arrest rather than focal stroke, but the precision with which a global
ischaemic insult can induce damage to neurons gives investigators a precise
and quantifiable modality in which to assess the efficacy of a neuro-
protective agent, before advancing to focal ischaemia where there are many
more variables that need to be controlled. There are many compounds
which appear to work in focal ischaemia, but a critical review of the last
10 years reveals very few, if any, compounds which consistently achieve
neuroprotection in models of severe global ischaemia!.

Global modeils

The global model of cerebral ischaemia consists of a brief (5-15 min)
near complete cessation of cerebral blood flow, followed by reperfusion.
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Table 1 Models of global 1schaemia

Two-vessel occlusion model in gerbil
Transient bilateral occlusion of common carotids
Two-vessel occlusion model in rat

Transient bilateral occlusion of common carotids
plus hypotension (~50 mmHg)

Four-vessel occlusion model in rat

Transient bilateral occlusion of common carotids
plus permanent bilateral occlusion of vertebral arteries

Miscellaneous
Cardiac arrest
Decapitation
Neck Tourniquet
Elevated cerebrospinal fluid pressure

Decapitation models do not allow for reperfusion and result in a very
different pathology?. Cardiac arrest models of global ischaemia most
closely mimic cardiac arrest in man, but complicating systemic effects (e.g.
renal, hepatic and myocardial injury) and the difficulty of resuscitating an
animal following brainstem ischaemia, increase the morbidity of these
models. These problems have led to the utilization of models where global
ischaemia 1is, in fact, severe forebrain ischaemia. Flow continues to the
brainstem allowing animals the ability to spontaneously ventilate and
consequently there 1s an increase in the number of survivors. Although
there are many ways of inducing the interruption of flow in severe
forebrain ischaemia, most models utilize occlusion of the common
carotids (Table 1). There are 3 predominant models.

The simplest, and therefore most popular, global model for screening
novel neuroprotectants 1s the 2 vessel occlusion 1n gerbils. Bilateral
occlusion of the common carotids in this model is sufficient to produce
severe forebrain ischaemia, because gerbils lack posterior communicating
arteries (PComA) necessary to complete the circle of Willis which, in
humans and rats, permits collateral blood flow. The disadvantages of this
model are that, although there is delayed and selective neuronal death
produced, the results are variable because of variability in the collateral
flow and development of the PComA3. The small size of gerbils also lends
to difficulties in monitoring physiological variables and the behavioural
testing following the insult are restricted to simple tests, e.g. hyper-
locomotor activity*.

The two-vessel occlusion rat model with hypotension is also surgically
simple and, therefore, permits rapid screening. It produces delayed and
selective neuronal death and a reliable measure of damage by way of
histology and behaviour testing. Monitoring of physiological variables is
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carried out with relative ease. The only real disadvantages of this model
are that, because of the need to induce hypotension, many physiological
variables will be altered beyond the control of the experimenter. Modest
deviations from the generally accepted 50 mmHg of hypotension required
for this model and the variability in the collateral circulation between
amimals, strains and suppliers can potentially produce profound changes
in the severity of the nsult®.

The 4-vessel occlusion rat model 1s a more difficult surgical procedure.
A day before the carotids are occluded, the anterior vertebrals are
permanently occluded by electrocauterization. This is often a source of
error. Either the vertebrals are sufficiently occluded or the C1 vertebrate
1s excessively heated, resulting in damage to the medulla and an increase
in the mortality resulting from surgery because the animals experience
respiratory difficulties. Similarly, problems with gaining access to the
vertebrals can result in excess muscle trauma and myoglobinurea post-
operatively. There is a marked mortality after the first stage operation
but, in laboratories with skilled surgeons, this becomes minimal with
experience’. The advantage of this model is that there is opportunity to
measure physiological variables in the absence of anaesthesia or
hypotension. In addition, delayed and selective neuronal death can be
combined with rehable measurements of damage which include
behavioural testing. This model 1s associated with less variability than
most models, when the surgery is carried out successfully. As with any
model there is still some variability which can exist between species of
rat and even between batches of animals from the same strain and
supplier®®. Differences in vulnerability to 1schaemia between strains will
be discussed below with reference to transgenic mice.

The delayed and selective death following global ischaemia has been
well characterized and is similar among all global models. The
histopathology varies with the duration of ischaemia. With a relatively
brief insult of 10 min, there is selective damage to the CA1 region of the
hippocampus which occurs from about 3-7 days®. The rate of death in
this region can be accelerated or slowed somewhat by increasing or
decreasing the severity of the insult (Fig. 1)!°. After a critical threshold
in duration, death processes, rather than protective preconditioning
processes are initiated. The rate of death subsequent to crossing this
threshold is accelerated, but there is still a delay of 2-3 days before any
death occurs, providing that the threshold in duration is not exceeded
beyond a point at which death occurs immediately by necrosis. Within
the range sufficient to cause delayed death in the hippocampus, an
increase in severity will produce death of small and medium sized
striatal neurons as well as pyramidal neurons in layers 3 and 5 of the
cortex’. The time course of the death in these more resistant regions is,
counterintuitively, more rapid (6-12 h in striatum) than that in the more
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Focal models
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Fig. 1 Schematic illustration depicting the relationship between the severity of the
ischaemic insult and the temporal profile of cell death. Factors such as the duration of the
insult, glucose concentration and temperature all increase the severity of the insult,
whereas therapeutic intervention decreases the severity and consequently buys time and
prolongs the delay to death or even prevents the death process. With a very extreme
insult, death can occur without a delay and is referred to as necrosis.

sensitive hippocampal CA1 region. Interestingly, there is a temporal-
spatial vulnerability within the CA1 region. Pyramidal neurons die in an
orderly fashion from mesial to lateral and from septal to temporal’® like
a spreading grass fire!®. The underlying mechanisms of this vulnerability
are as yet unknown, but does not seem to correlate with the vasculature
of the hippocampus!!.

There are several varieties of focal models in rat, many of which are
variants of middle cerebral artery occlusion (MCAOQO) based on various
methods of occlusion, including coated or bare thread, clip, photo-
thrombosis, clot or endothelin (Table 2). The focal model is a closer
approximation to human stroke and produces a heterogeneous
pathology which includes a necrotic core and salvageable penumbra, as
well as normal, undamaged tissue in both ipsilateral and contralateral
hemispheres. In the necrotic core, the area at the centre of the ischaemic
territory, there is pan-necrosis in which both neurones and glia die. In
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Table 2 Models of focal ischaemia

Permanent or transient

Middle cerebral artery occlusion (MCAOQ) - methods of occlusion clip, ligature,
intraluminar thread (coated/uncoated), cautenization (not transient)

Use of spontaneously hypertensive rats (SHR) - produces more consistent
infarct with MCAO

Permanent - embolism and thrombosis models

Photochemical thrombosis using Rose Bengal (produces a core and no penumbra,
not transient)

Carbon microsphere injection into internal carotid artery
Injection of platelet aggregates into common carotid

Injection of small blood clots into common carotid (transient if followed by tPA)

the salvageable penumbra, at the edge of the core, neurones are at risk
of dying and can be saved if appropriate interventions are attempted.
The penumbra is the area said to be ‘at risk’ and, although this area
represents the smallest volume of tissue, it generates the most attention
because it may hold the key to the development of effective stroke
therapies. The analogy of a fire can be used, where the core represents
the forest already burnt, and the penumbra represents the front of the
fire where the fire fighters wage their battle to extinguish the blaze. As
with the penumbra, although the front of a fire represents a small fringe
of the burnt territory, if the front is left unchecked it will consume more
forest leaving a core of burnt territory in its wake.

Focal models are broadly grouped into two categories — permanent
and transient occlusion — although even with permanent occlusion there
will be some recovery of flow through collaterals, producing, in effect, a
transiently 1schaemic territory. The transient occlusion models have all
the features of the permanent models, as well as the additional com-
plication of reperfusion injury. Reperfused ischaemic tissue is tissue at
risk and best represents stroke in man, particularly after spontaneous or
therapeutic thrombolysis. The clip models are transcranial and require
removal of part of the skull and dura to expose the middle cerebral
artery. This affects the intracranial pressure and may reduce the oedema
that an intact skull would otherwise cause. There are also extended
periods of anaesthesia required in this model. The intraluminal models
are less invasive, but experimenters need to visualize the position of the
filament either in situ postmortem or by staining of endothelium after
transient occlusions. Recently, MRI has been used to visualize occlusion
during the insult’, but modifications to the surgery are required because
of the restrictions associated with working in a powerful magnet. Clots
have been gaining in popularity in focal models because it 1s thought
that they even more closely mimic stroke in man. Photothrombosis,
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Fig. 2 Photomicrographs of circle of Willis in SV-129 (A) and C57black/6 (B) mice, showing
marked difference in posterior communicating arteries after carbon black ink perfusion.
Larger posterior communicating arteries were detected in SV-129 mice than in C57black/6
mice (n = 10 in each group). There were no significant differences in anterior and middle
segments of the circle of Willis between the two strains. ACA indicates anterior cerebral
artery; MCA, middle cerebral artery, PCA, posterior cerebral artery, BA, basilar artery; SCA,
superior cerebellar artery; PCOM, posterior communicating artery. Scale bar, 1 mm
Reproduced with permission™

autoheterologous clots and 1 vivo thrombotic clots are used, but the
problem of standardizing clots to minimize the variability of the insult
is paramount and needs to be solved before meaningful data can be
obtained".

Issues for the next millennium

Transgenic mice models

Much attention to models in rats has been recently shifting to mice,
despite all of the work which has been carried out in standardizing the
rat models and their outcome measures. This is mainly because of the
facility with which mouse transgenics can be carried out relative to rats.
The standardization and development of ischaemia models has taken a
step back and has begun again for mice. Not only are there differences
in the patency of the PComA in mice of different strains (Fig. 2)'* as there
are in gerbils’, but there are very different vascular territories in the
different species of mice used to generate the transgenic mice (Fig. 3)".
The patency of PComA and cortical microperfusion in three strains of
mice commonly used for genetic manipulations were measured and
compared to that of gerbils and Wistar rats'®. The patency of PComA, as
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Fig. 3 Dorsal view of the cerebral hemisphere of C57black/6 mice (left) and SV-129 mice
(right) after microvascular injection with carbon black stained latex. The points of
anastomoses between the middle cerebral artery (MCA) and the anterior cerebral artery
(ACA) are marked with circles and connected by the line of anastomoses. Note the marked
shift of the line of anastomoses to the midline in C57black/6 mice. Reproduced with
permission’’.

measured by diameter relative to the basilar artery, was less than 23% and
the baseline cortical microperfusion following bilateral common carotid
artery occlusion, was less than 12% n four out of five of the C57BL/6
mice compared to one of five CBA and none of the DBA/2 mice. None of
the five gerbils measured had patent PComA in contrast to all five of the
Wistar rats used for comparison's. In another study, infarct volume
measured in three mouse strains, BDF, CFW and BALB/C, varied
significantly from 15 mm? in the BDF mice to 70 mm?® in the BALB/C
mice!’®. This has necessitated valiant efforts by experimenters to
demonstrate similar vascular territories and vessel patencies in both
parental strains used to generate the transgenic mutant. In addition to
looking at angioarchitecture and blood flow, another modality of the
insult is hypoxia. One way to address this aspect of experimental
ischaemia was to use immunohistochemistry to detect macromolecular
adducts of a pentafluorinated derivative of 2-nitroimidazole, EF5, which
is reduced by hypoxia and, therefore, directly delineates the hypoxic
territory?®. If only one wild-type strain differs from the mutant, then it
becomes essential to develop and test wild-type litter-mates. Alternatively,
mutant mice can be backcrossed with a single parent strain for at least 12
generations to ensure homogeneity of the genetic background?!. Other
problems have begun to arise as further differences are uncovered between
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murine species, such as differences in thermoregulation and vascular
responsiveness!* as well as vulnerability to KA excitotoxicity'’ (for review
see Steward et al'®).

Should changes be made to models based on trials?

There has been much disappointment resulting from the failure of clinical
trials of neuroprotection to replicate the apparent successes of animal
models, which has led to questioning of the validity of these models. It
should be pointed out, however, that changes in temperature, glucose
concentration and blood flow all have striking effects on human stroke
(1.e. severe stroke, hyperglycaemia, and hyperthermia all predict poor
outcome with thrombolysis)?, and, similarly, all have critical effects on
experimental stroke (Fig. 1). Even subtle changes in temperature, and
glucose have profound effects on outcome following both human and
experimental stroke adding to the validity of the experimental models.

For as long as amimal models have been in use, there has been debate as
to which model was most representative of stroke in man and/or which
model could most accurately forecast the success of a potential therapeutic
agent in chinical trials®¢. Based on the failure of several recent clinical
trials for acute stroke, should animal models be changed to better reflect
stroke 1n man? For example, phase 3 trials for Cerestat were discontinued
in December 1997, due to safety and efficacy concerns but a subgroup
analysis of patients with a moderate stroke (a score of 17 or less on a
modified Rankin stroke scale, 42% of all randomized patients), revealed
that 40% achieved a good or better outcome in contrast to 30% of the
placebo-treated patients?’. Similarly, efficacy was not achieved in the
phase 3 Clomethiazole Acute Stroke Study (CLASS), but analysis of a
subgroup of patients with total anterior infarct circulatory syndrome
(TACS; 17% of randomized patients) revealed that clomethiazole-treated
patients demonstrated a 37% relative benefit over placebo-treated
patients?’. Although these subgroup analyses may simply reflect the effects
of chance, the results argue in favour of designing clinical trials to target
a specific subgroup of stroke, e.g. TACS, which is well represented by the
model in which animal efficacy is observed. The best therapy for TACS
may not be equally efficacious in lacunar stroke and a compound which
demonstrates efficacy in the MCAO model should not necessarily be
expected to work in lacunar stroke.

Changes should also be made to the animal models to better reflect
stroke in the clinic. In addition to developing animal models which mimic
lacunar stroke or other serious types of stroke, changes should be made to
the models to reflect the clinical situation. Consideration should be given
to the interaction of potential neuroprotective agents with thrombolytic
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Conclusions

agents, not to mention the effects of thrombolysis alone on neuronal
damage and infarct size in animal models of cerebral ischaemia. The
effects of tPA alone have been studied 1in both global and focal models of
ischaemia with varying results?®-3°. There is controversy as to whether tPA
is neuroprotective’! or neurotoxic??23 and further study 1s required
before the debate can be resolved. With regard to combination therapy
with thrombolytics, it is entirely possible that there will come a time when
many of the patients being recruited 1n trials will be given thrombolytics
as a primary course of treatment since about 85% of all strokes are
ischaemic rather than haemorrhagic. Thrombolytics should, therefore, be
used in animal models together with test agents to test for efficacy in the
presence of thrombolytic agents as well as testing for potential interactions
with the test compound. The future of stroke treatment may well be some
form of polytherapy. Given the multiplicity of mechanisms involved in
ischaemic neuronal damage, a patient might require multiple pharmaco-
logical interventions to affect lasting protection and these agents may be
given together or at various times following the event, e.g. thrombolytics
early to restore blood flow, an excitatory amino acid antagonist together
with a sodium channel antagonist, followed by a free radical scavenger and
finally a trophic factor to promote regeneration. Animal models have
already begun such testing (for review see Buchan et al**). Although an
AMPA receptor antagonist, NBQX, together with an NMDA receptor
antagonist, MK-801, proved worse than with NBQX alone3’, both NBQX
with tPA% and MK-801 with tPA¥ resulted in better protection compared
with treating animals with either NBQX, MK-801 or tPA alone. Further
studies are required to identify and eliminate combinations which produce
adverse effects (e.g. MK-801 and NBQX?* and dextromethorphan and
tirilizad*®) and confirm which combinations demonstrate synergistic
neuroprotective effects (e.g. tirihizad and magnesium®; citocholine and
MK-801%, and eliprodil and tPA*).

Animal models of cerebral 1schaemia mimic at best less than 25% of all
strokes. Compounds which prove efficacious in animal models should,
therefore, only be expected to improve outcome in a quarter of all
strokes. If trials for acute stroke are to succeed, stroke subgroups
represented by the animal models should be targeted. For the other
subgroups, e.g. lacunar stroke, appropriate animal models need to be
developed. Moreover, thrombolysis should be included in animal models
because it is likely to be used as a first line treatment for ischaemic
stroke and any future therapeutics will need to be compatible with it.
With the growing interest in developing murine models of cerebral
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been found to reduce infarct volume by 20% in a rodent.
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