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ABSTRACT: Background: Inadequate preclinical testing (e.g., rodent studies) has been partly blamed for the failure of many
cytoprotectants to effectively treat stroke in humans. For example, some drugs went to clinical trial without rigorous functional and
histological assessment over long survival times. In this study, we characterized recent experimental practices in rodent cytoprotection
experiments to determine whether the limitations of early studies have been rectified. Methods: We identified 138 rodent cytoprotection
studies published in several leading journals (Journal of Neuroscience, Stroke, Journal of Cerebral Blood Flow and Metabolism and
Experimental Neurology) for 2000 — 2002 and compared these to those published in 1990. From each study we determined the ischemia
model, age and sex of the animal, the histological and functional endpoints used, and the methodology used to assess intra- and
postischemic temperature. Results: Ninety-eight percent of recent studies used young adult rodents and most used males. Most studies
(60%) did not assess functional outcome and survival times were often £ 48 hr (66%) for focal ischemiaand £ 7 days (80%) for global
ischemia. Over 60% of the experiments relied solely upon rectal temperature during ischemia and only 32.6% of ischemia studies
measured temperature after surgery. The 1990 data were similar. Conclusions: Many investigators ignore the need to assess long-term
functional and histological outcome and do not accurately represent clinical conditions of ischemia (e.g., use of aged animals). In
addition, intra- and postischemic temperature measurement and control is frequently neglected or inadequately performed. Further
clinical failures arelikely.

RESUME: Evaluation incompléte des cytoprotecteurs expérimentaux dans les études sur I'ischémie chez les rongeurs. Introduction: Une
évaluation préclinique inadéquate (i.e. études chez les rongeurs) semble en partie responsable de I’ inefficacité de plusieurs cytoprotecteurs pour traiter
I’accident vasculaire cérébral chez I’humain. A titre d’ exemple, certains médicaments ont atteint la phase des essais thérapeutiques sans évaluation
fonctionnelle et histologique rigoureuse & long terme. Dans cette étude, nous décrivons |es pratigques expérimental es actuelles au cours d’ évaluations de
cytoprotection chez les rongeurs pour déterminer si les lacunes des études antérieures ont été corrigées. Méthodes: Nous avons identifié 138 études de
cytoprotection chez des rongeurs publiées dans plusieurs journaux prestigieux (Journal of Neuroscience, Stroke, Journal of Cerebral Blood Flow and
Metabolism et Experimental Neurology) de 2000 a 2002 et nous les avons comparées a celles publiées en 1990. Pour chague étude, nous avons examiné
le modele d'ischémie, I’ &ge et le sexe des animaux, les critéres d’ évaluation histologiques et fonctionnels et la méthodologie utilisée pour évaluer la
température intra et postischémie. Résultats: Quatre-vingt-dix pour cent des études portaient sur de jeunes rongeurs adultes et la plupart étaient des
males. Laplupart des études (60%) n’ évaluaient pas|’issue fonctionnelle et e temps de survie était souvent de £ 48 heures (66%) pour I'ischémie focale
et de £ 7 jours (80%) pour I'ischémie globale. Plus de 60% des études étaient basées uniquement sur la température rectale pendant I’ischémie et
seulement 32.6% des études mesuraient la température apres la chirurgie. Les données de 1990 étaient semblables. Conclusions: Plusieurs chercheurs
ignorent I"importance d' évaluer les résultats fonctionnels et histologiques a long terme et ne reproduisent pas avec exactitude les conditions cliniques
de I’ischémie (i.e., utilisation d'animaux agés). De plus, la mesure et le contr6le de la température intra et postischémie sont souvent négligés ou faits
de fagon inadéquate. D’ autres échecs cliniques sont a prévoir.

Can. J. Neurol. Sci. 2003; 30: 368-374

Animal research has and will undoubtedly continue to
improve outcome for humans who suffer from cerebral ischemia
(e.g., stroke). However, the hope for an effective cytoprotective
(cell saving) drug has given way to pessimism as these
compounds have repeatedly failed clinical scrutiny.! A number of
likely explanations have been proposed.t* For instance, in many
clinical trials the putative cytoprotectant was given after an
unrealistically long intervention delay. At such long delays those
compounds also failed preclinical testing (i.e., rodent studies).
Thus, clinical trials were not always accurately based upon
preclinical studies.
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Inadequate preclinical assessment is also partly to blame for
the premature advancement of some therapiesto the clinic.1* For
instance, the stroke therapy academic industry roundtable
(STAIR)® report recommended that putative cytoprotectants be
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tested in larger gyrencephalic species prior to clinical trias.
However, efficacy has been and is based largely upon rodent
ischemiamodels. One major limitation of many early studies has
been the failure to assess long-term histological and functional
outcome. Many studies in the 1980s and 1990s used survival
times of one to two days for focal ischemia and four to seven
days for global ischemia, which are sufficient to allow the
majority of cell death to occur after moderate to severe ischemic
insults.>® However, substantial cell death may evolve beyond
these survival times when the insult is mild®1° or treated with a
cytoprotectant."1* For example, Dietrich et al'* showed that
three hours of postischemic hypothermiareduced CA1 cell death
at three and seven days following global ischemia, but did not
save CA1 neurons at two months.

In addition to using survival times that did not alow for
injury to completely mature, many early studies either did not
assess functional outcome or used simplistic neurological deficit
scores and only in the first few days after stroke. Remarkably,
long-term functional outcome is the clinical endpoint of greater
concern, and yet most experimental studies relied upon
quantification of early cell death, which does not necessarily
correlate with eventual behavioural outcome.2> Unfortunately,
when behaviour was assessed, it was often done with a
neurological deficit score (NDS) that not only varied among
laboratories but was not able to precisely gauge longer-term
deficits!® or distinguish true preservation of function from
compensatory processes.’

Stroke is more common in the elderly and yet the majority of
early studies utilized young adult animals. Since there are
outcome differences between young and old animals'®2° it seems
appropriate to assess cytoprotectants in aged animals at some
point. Furthermore, there are sex differences in ischemic injury
and recovery?! and yet thisisignored in most studies.

Finally, early rodent studies were plagued by temperature
confounds. Ischemia and the use of an anesthetic (e.qg.,
halothane, sodium pentobarbital) induce hypothermia, which is
the best cytoprotectant. Some early studies failed to measure
temperature during ischemia yet, aside from blood flow,
temperature is arguably the most critical determinant of ischemic
injury.?22® Furthermore, studies that assessed intra-ischemic
temperature often relied upon rectal temperature measurements,
which do not necessarily correlate well with brain temperature.?+2
Accordingly, a drug may augment brain hypothermia even with
core temperature maintained at normothermia. More recently,
the importance of postischemic temperature has been
recognized. Delayed fever substantially worsens global?"?8 and
focal®®% jschemic damage, whereas delayed cooling reduces
ischemic injury after global’2333* and focal cerebral ischemia3>%"
For example, hypothermia delayed for 12 hours after global
ischemia significantly reduced CA1 neurona loss.%¥%° The
consequence of not carefully assessing intra- and postischemic
temperature is best illustrated by the findings with MK-801404
and NBQX“? that reduced CA1 cell death largely or completely
by inducing hypothermia.

The aforementioned limitations of experimental stroke
studies have aso been identified in literature reviews.** In this
study we surveyed al of the publications in Experimental
Neurology, Journal of Cerebral Blood Flow and Metabolism, the
Journal of Neuroscience and Stroke for the years of 2000, 2001
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and 2002 combined, and this was compared to studies published
in 1990 in the same journals. We identified those ischemia
studies that used adult to aged rodents to assess the efficacy of a
cytoprotective treatment on histological and/or functional
outcome. The purpose of this survey was to characterize recent
ischemia studies and more importantly to determine whether
these studies are plagued by methodological limitations.

MATERIALS AND METHODS

Survey scope

We identified all of the rodent ischemia articles published in
the Journal of Neuroscience the Journal of Cerebral Blood Flow
and Metabolism, Experimental Neurology and Stroke for the
years of 2000, 2001 and 2002 combined along with the year of
1990. Data were collapsed across the years 2000 to 2002 to
improve the sample size of recent studies, which is the primary
focus of this survey, and because we did not observe any notable
change in practices during this time. In rare cases, two models
and/or species were used in one publication. These were then
considered to be separate studies. Only studies that used adult to
aged rodents to assess global or focal ischemic insults were
included; al others were excluded (e.g., neonatal hypoxia). We
limited the survey to rodent models since these are, by far, the
most commonly used to determine efficacy and mechanisms of
action. Of these adult ischemia studies we included only those
that tested a putative “cytoprotective’ therapy (e.g., glutamate
antagonist). A cytoprotection study was defined as one in which
a therapy was administered (most common) or a genetic
manipulation was made (e.g., knockout mouse; only a few
studies) and the effects of that therapy were assessed on
histological (including MRI determined lesion volumes) and/or
behavioural outcome. Studies that only examined intra- and/or
postischemic cellular aterations (e.g., caspase activation),
without direct manipulation, were not included. Studies that
examined very late interventions (e.g., stem cell transplants one
week after stroke) were not included.

A survey approach of four journals was chosen over a
computerized literature search for several reasons including:
1) to limit the number of articles, 2) to ensure that each article
included in the survey conformed to the above criteria, which
required a detailed examination of each article, and 3) to avoid
missing articles that did not use cytoprotection, neuroprotection
or drug therapy, etc. as a subject heading, but were nonetheless
efficacy studies.

I dentification of rodent models

Studies surveyed used either rats, mice or gerbils. Global
ischemia models in the rat included the two-vessel occlusion
plus systemic hypotension and four-vessel occlusion models. In
the gerbil and mouse the forebrain ischemia model used was
bilateral common carotid artery occlusion. Focal ischemia
studies used middle cerebral artery occlusion models either by
intraluminal suture occlusion, clot occlusion (i.e,, embolic
model, photo thrombosis), electrocauterization or clip occlusion
(or like procedure) of the middle cerebral artery.

I dentification of species, sex and age
The species, sex and age of animals were identified. Many
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studies did not state the animals age but instead stated a weight
range. In these cases, we categorized the age as undetermined
since weight is not a reliable predictor of age and is aso
influenced by sex, health status, strain, etc. We assumed that
these studies used young adults.

I dentification of temper atur e measurement technique

The methods used to measure intra- and postsurgery
temperature were identified and categorized into: 1) rectal or
core, 2) temporalis muscle or tympanic with or without
measuring rectal/core temperature, and 3) brain temperature with
or without other measurement methods. Postsurgery temperature
measurement was defined as any measurement beyond the end of
surgery and thiswas divided into thetimesof 0- 2 hr, 2- 6 hr, 6
-12hrand 12 - 24 hr (i.e.,, > 12 but £ 24 hr) after surgery. The
sampling rate was categorized as: 1) continual (sampling at least
every 15 minutes or continuously), 2) frequent (sampling every
16 - 60 minutes), 3) infrequent (sampling every 61 - 120
minutes), 4) rarely (< 1 sample every 2 hr) or 5) no postoperative
sampling.

Survival time and choice of endpoint

The survival time (hours to days following the start of
ischemia) was categorized (e.g., 0 - 24 hr, 25 - 48 hr, etc.) for
both global and focal ischemia studies. Behavioura evaluation
was categorized as. absent, a NDS (e.g., a scale that includes
ratings of spontaneous circling and activity, paw placement, etc.)
or additional testing (e.g., skilled reaching, water maze testing,

rotarod) with or without the NDS. Those studies that only used a
behavioural evaluation procedure to determine whether animals
were ischemic or not, but did not assess whether a treatment
affected behavioural outcome, were not considered to have used
behavioural assessments as an efficacy endpoint.

RESULTS

According to our criteria of an efficacy study, we identified
19 and 20 global ischemia experiments for 1990 and 2000 -
2002, respectively. There were six and 118 foca ischemia
experiments for 1990 and 2000 - 2002, respectively. The types of
model, sex and age characteristics are reported in the Table. The
vast mgjority of studies used male rodents and only two recent
studies used old animals (> one year old). The intraluminal
suture occlusion model has clearly replaced electrocautery as the
preferred model of focal ischemia. Interestingly, amost all
studies report positive results.

Survival time varied greatly for both focal and global
ischemia studies (Figure 1). Eighty percent of recent global
ischemia experiments used survival times of £ seven days. Sixty-
six percent of recent focal ischemia studies used survival times
of £ 48 hr whereas only 8.5% of focal ischemia studies examined
histological outcome after seven days. These results mirror those
in 1990.

Out of 20 recent global ischemia studies only two assessed
behaviour, which compares well to the one out of 19 studies that
examined behaviour in 1990. In the recent focal ischemia

Table 1: Study characteristicsfor recent (2000 - 2002) global and focal ischemia efficacy experiments

Global Ischemia

Model Type Rat 2-VO: 15% (37%)
Rat 4-VO: 20% (21%)
Gerbil BCCAO:  50% (42%)
Mouse BCCAO:  15% (0%)

Sex: Male only: 75% (79%)
Female only: 10% (5%)
Both sexes: 5% (11%)
Unstated: 10% (5%)

Age: Stated: 10% (31.6%)
Unstated: 90% (68.4%)

Focal Ischemia
Intraluminal suture:
+ Rat: 50% (16.6%)
e Mouse 20.3% (0%)
Clip occlusion:
e Rat: 6.8% (0%)
e Mouse: 0.8% (0%)
Clot occlusion:
+ Rat: 11.0% (0%)
e Mouse: 2.5% (0%)
Electrocautery:
e Rat: 5.1% (83.3%)
* Mouse 3.4% (0%)

Male only: 83.1% (100%)
Female only: 6.8% (0%)
Both sexes: 3.4% (0%)
Unstated: 6.8% (0%)
Stated: 20.3% (33.3%)
Unstated: 79.7% (66.7%)

two-vessel occlusion plus systemic hypotension (2-VO); four-vessel occlusion (4-VO);

bilateral common carotid artery occlusion (BCCAO); middle cerebral artery occlusion (MCAO)

While many papers did not state the age, aweight range was commonly given or they stated “adult.” Many of the ischemia studies that included females
studied estrogen or related compound. No study examined sex differences in the efficacy of any other cytoprotectant. The data from 1990 are given in

parenthesis within the Table.
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Figure 1: Percentage of 1990 and 2000 — 2002 studies categorized
according to the longest survival time used and according to use of
either a global (top) or focal (bottom) ischemia model. Of 20 global
ischemia efficacy studies (2000 — 2002) only one was a negative finding
at a seven-day survival time; thus that survival was sufficient. Another
study found protection at a seven but not a 28-day survival time.

studies, 55.1% did not assess functional outcome, 33.9% used
some sort of NDS aone, and 11.0% used additional testing (e.g.,
skilled reaching) with or without a NDS. None of the 1990
studies used behavioural assessment as an endpoint.

The majority of global and focal ischemia studies used either
rectal or core temperature measurements during ischemia
without any other means of predicting brain temperature (Figure
2). Some studies utilized temporalis muscle (or skull)
temperature. Very few studies directly measured brain
temperature. Telemetry probes (core, brain, temporalis muscle)
were rarely used in recent studies (15% of global ischemia
studies; 2.5% of focal ischemia studies), and not at al in the
1990 papers we surveyed.

Postsurgical temperature measurement after global ischemia,
defined as any measurement beyond the end of anesthesia, which
is likely < 10 minutes following the end of occlusion, occurred
in three out of 19 and six out of 20 studies published in 1990 and
2000 - 2002, respectively. The three 1990 studies sampled rectal
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Figure 2: Intra-ischemic temperature measurement methodology for
global and focal ischemia models categorized as. 1) rectal or core
temperature, 2) tympanic or temporalis muscle temperature (with or
without rectal/core measurements), 3) direct brain temperature
measurement (with or without other measures) or 4) unstated/none for
1990 and 2000 — 2002 inclusive.

temperature intermittently for up to 2, 6 or 24 hr. Three of the
2000 - 2002 studies measured continually with telemetry probes
for a least 24 hr. The other three studies sampled rectal
temperature up to either one or two hours following ischemia.
Several other studies stated that animals were placed in a room
or a chamber with constant temperature for several hours after
ischemia, but the animals temperature was apparently not
measured. The percentage of cytoprotection studies in focal
ischemia that measured temperature following surgical
anesthesia, even if once, was only 0% and 33.0% for 1990 and
2000 - 2002, respectively. Those 2000 - 2002 experiments that
measured postsurgically were assessed for when they measured
temperature and how often (see Methods, Figure 3). Only 3.4%
of all 2000 - 2002 focal studies used a telemetry probe (e.g., core
temperature). Most studies typically used intermittent rectal
probe measurements. Sometimes animals were placed in
temperature-controlled rooms without measuring the animals
temperatures.
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Figure 3: Percentage of focal ischemia cytoprotection studies (2000 —
2002) that measured temperature following surgery. None of the 1990
focal ischemia studies measured postoperative temperature. Data are
broken down according to the time of the postoperative temperature
measurement and by whether the sampling regimen was continual,
frequent, infrequent or rare (see Methods). The reperfusion time was
considered the* end of surgery” in those few studies that used prolonged
anesthesia.

Discussion

Numerous “ cytoprotectants’, which were beneficial in rodent
ischemia studies, failed clinical trids. As reviewed* this
inability to trandate positive results from the bench to the
bedside is due to incomplete experimental testing as well as
limitations of clinical studies. Unfortunately, this survey of
recent rodent ischemia studies demonstrates that most current
experimental studies do not accurately represent clinical
conditions of ischemia (e.g., aged animals) and many continue
(cf. 1990 data) to have serious limitations that will likely
contribute to further clinical failures.

Of greatest concern was the fact that 66% of focal and 80%
of recent globa ischemia cytoprotection studies used survival
times of £ 48 hr and seven days, respectively. These survival
times, and even somewhat longer ones (e.g., two weeks), are not
necessarily sufficient to allow injury to mature fully.81%14 Thisis
shown, for instance, in one of the papers surveyed where
flavopiridol reduced CA1 cell death at a seven but not a 28 day
survival.** Thus, the reduction in cell death observed in most
experiments surveyed likely overestimates long-term benefit.
The use of longer survival times (e.g., one month) is clearly
required and usually easily achieved.

Only 45% of focal and 10% of globa ischemia studies in
2000 - 2002 assessed behaviour. Thus, studies that did not assess
behaviour may have overestimated benefit since not all
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reductions in cell death will trandate into improved functional
outcome. Conversely, behavioural improvements may occur
without substantial reductionsin cell death. Of those studies that
assessed behaviour, most used only a NDS soon after injury
(e.q., infirst day). There are severa potential problems with this
approach. First, in some studies the animals were under the
influence of the cytoprotectant at that time of behavioural
testing. Second, the scales varied greatly (e.g., 2 - 10 point
scales) and they were often not clearly described in the Methods,
which makes it difficult to compare among studies. Third, a
NDS, even the more comprehensive scales, may not necessarily
predict long-term outcome. Indeed, deficits on these scales often
resolve within a few weeks.’6 Only a few studies used another
functional test (e.g., skilled reaching) that reveals more persistent
behavioural abnormalities. Regardless, recovery on either NDS
or more sophisticated tests (e.g., staircase test) was never
evaluated with respect to whether animals used compensatory
strategies or whether they truly recovered (i.e., regained the
original movement sequences in the test).}” The latter would be
expected to better predict clinica findings.

Most recent studies (82%) used male rodents. The inclusion
of female animals is crucia, as approximately half of all
ischemic insults occur in females. Only a very small number of
the latest studies (1.5% overall) used aged animals. In order to
efficiently and adequately evaluate potential cytoprotectants,
studies demonstrating benefit in aged animals and both sexes are
clearly required, at least at some point in the preclinical process.
This does not appear to be happening.

Cerebral ischemic injury is critically dependent upon intra-
ischemic temperature.2?®> Most studies assessed temperature
during ischemia. Rectal temperature was most commonly used.
However, while it roughly predicts brain temperature in conscious
rodents® this is not the case during global ischemia.?+26
Accordingly, many of the global ischemia studies that used only
rectal temperature measurements may be confounded by
unknown variations in brain temperature. The relationship
between brain and rectal temperature in focal ischemia is more
complex and likely depends critically upon blood flow among
other factors (e.g., craniotomy vs. intraluminal suture models,
use of anesthesia, species).

Postischemic temperature can substantially modify focal
ischemic brain damage. For example, delayed hypothermia
reduces infarct size®®® and delayed hyperthermia aggravates
infarction.®% Only a minority of global and focal ischemia
studies measured postsurgical temperature even though all of the
ischemia models have been shown to affect postoperative
temperature. 22832344445 Gjyen these findings and the possibility
of drug interactions, it is remarkable that most studies did not
assess postsurgical temperature at al, including those using
drugs known to affect temperature. Furthermore, of those that
did, many only took rectal probe measurements for ashort period
following ischemia, or sampled temperature too infrequently
(e.g., one sample at 24 hr after middle cerebral artery occlusion)
or not long enough following drug administration (e.g., 15 min)
to rule out temperature confounds. For instance, MK-801 can
causes large fluctuations in temperature that oscillate between
moderate hypothermia and normothermia.® Such large
temperature changes are easily missed with intermittent
sampling. Furthermore, rectal temperature measurements can
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cause stress-induced fever, which occurs to differing levels in
normal and ischemic animals#” Thus, it is quite possible, and
highly probable, that undetermined temperature aterations have
confounded many cytoprotectant studies.

Several investigators placed animals in temperature-
controlled chambers or rooms following ischemia, but
surprisingly some did not then assess the animals' temperature.
While this procedure would reduce the magnitude of
hypothermia it would not prevent group differences nor prevent
hyperthermia. Others claimed that the cytoprotective drug had
been previously shown to have no temperature effect despite the
fact that the temperature effects of a drug depend upon too many
factors (e.g., dosing regimen, ischemiainjury, species, sex, etc.)
to justify this claim. We strongly recommend that: 1) the method
and exact duration of temperature measurement be clearly stated,
2) investigators should not rely upon historical data with respect
to temperature effects of a drug, 3) investigators should not rely
solely upon temperature data from a limited subset of animals,
and 4) investigators measure temperature with telemetry probes
that allow for repeated and nonstressful data collection. The
latter allows for temperature confounds to be clearly ruled out,
and is also necessary for precise control of temperature, which
then lessens variability in outcome. *

There are severa limitations of this survey that must be
considered. First, we did not examine articles published in other
journas. Given the high status (e.g., impact factor) of the
journals surveyed, we do not expect any different conclusions if
other journals had been included in our survey and did not notice
any differences among the journals that we did survey. Second,
we cannot exclude the possibility that each treatment has been or
would be investigated in a more thorough manner prior to
clinical investigation. Our results simply indicate that thisis not
common. Third, we did not identify those differences between
positive and negative findings for each drug that might account
for the latter (e.g., absence vs. presence of temperature control).
There were simply too few negative studiesto do this. Fourth, we
did not survey many other important factors that affect ischemic
injury such as cerebral blood flow, plasma or CSF drug levels,
glucose levels, etc. These must aso be carefully considered in
evaluating cytoprotection literature, but were beyond the scope
of this survey. Finaly, it could be argued that insufficient time
has elapsed since the identification of these limitations (e.g.,
brief survival times) for experimental design to improve in the
studies we examined. For instance, the STAIR report® was
published in 1999 and thus investigators that adhered to these
recommendations could only start publishing improved studies
in late 2000 or 2001. We did not notice any trends within the
2000 - 2002 years and thus we grouped the data. Furthermore,
given that the STAIR report was based upon many previous
experimental findings and reviews, some published in the 1980s
and others in the early 1990s, we feel that there has been more
than sufficient time to allow investigators to improve their study
design. It appears that neither those original reports nor STAIR
(and perhaps this survey) has had a sufficient impact.

Experimental cytoprotectants have not translated well from
the bench to the bedside. This trandation failure is due to
limitations and design flaws in both preclinical and clinical
studies. While these limitations are widely recognized, the
present survey, which characterized only a few of them, shows
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that many investigators have not taken these concerns seriously
enough to better design rodent studies to avoid major
physiological confounds and to better represent clinical
conditions of cerebral ischemia Notably, many studies failed to
use: female or aged animals, behavioural assessment, longer
survival times, or proper temperature control. Perhaps thisis due
to the increased costs and time associated with the use of longer
survival times, behavioural assessments and physiological
controls. As well, investigators feel the urge to publish findings
quickly or may assume that other investigations will eventually
examine these issues (e.g., whether protection is permanent).

Without significant changes to the design of rodent studieswe
expect further clinical failures. Thus, we strongly recommend
that investigators more seriously consider these issues and that
journal editors and reviewers at least insist upon better disclosure
and discussion of these methodological concerns. Finally, while
there are no perfect experimental (or clinical) studies, we expect
that every attempt to account for the major limitations and
confounding factors discussed herein will result in better
predictive accuracy and eventua clinical success.
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