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Insulin protects cognitive function in
experimental stroke

A J Strong, J E Fairfield, E Monteiro, M Kirby, A R Hogg, M Snape, L Ross-Field

Abstract
There is evidence from in vitro systems
that the extent of neuronal loss in acute
central nervous system ischaemia can be
reduced by manoeuvres which restrict
availability of glucose to the ischaemic
area. Experiments were designed to test
whether hypoglycaemia induced with
insulin is associated with improved
behavioural outcome in a recovery

model of stroke. Rats learned a maze

task as a test of working memory,

believed to be subserved by the hip-
pocampus, and then had a period of
cerebral ischaemia, followed by reper-

fusion. After an interval of 14 days they
were tested on the same maze, where
lesioned animals had very significant (p
< 00001) impairment of working
memory, whereas lesioned and treated
(2-0 ulkg-' insulin, minimum single
plasma glucose value: 3-1 mmol/l-')
animals were indistinguishable from
control animals. It is concluded that a

striking degree of protection can be
obtained with levels of mild
hypoglycaemia which may be acceptable
and practicable for use in humans.
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The association of brain acidosis with adverse
outcome from stroke is widely recognised,
particularly in the experimental field, and
dates from work by Myers et al in 1976.'
They found first that primates undergoing
temporary occlusion of the ascending aorta
survived if fasted before the procedure,
whereas those allowed free access to food
recovered initially but later died, with signs of
brain swelling and brain stem compression.
They later found that fatal outcome was

associated with development of brain lactate
concentrations in excess of 20 ,umol/g wet
weight-', and attributed the difference to
reduction by fasting of plasma glucose and its
availability to the brain.2 The role of glucose
availability to the ischaemic brain in deter-
mining the extent of acidosis, and the relation-
ship of acidosis with metabolic reversibility
and histopathological changes, was further
examined by Rehncrona and Siesjo et al,34
who also suggested that the poorer outcome
from incomplete as opposed to complete
cerebral ischaemia was due to promotion of
acidosis by relative maintenance of delivery of
glucose. Information from the United States
Stroke Data Bank analysed by Mohr et al'
suggests a similar relationship in humans.
Raised blood sugar on admission was

associated with increased mortality: the prin-
cipal increase occurred with an increase in
blood sugar to above 5 55 mmol/l-1, whereas
mortality rose less strikingly with further
increases in admission blood sugar. Nor-
moglycaemia appeared to provide sufficient
glucose delivery to permit the development of
acidosis.

Several biochemical treatment strategies
have been explored experimentally in an effort
to restrict development of brain lactic
acidosis. We first confirmed the therapeutic
potential of mild insulin induced
hypoglycaemia in 1985: mild hypoglycaemia
(3-0-4-5 mmol/l-') was shown partially to
protect brain mitochondrial respiration in
unilateral forebrain ischaemia in the rat.6
Robertson and Grossman7 were able to show
significant improvement in recovery of spinal
cord acidosis and function (evoked potential
amplitude) in rabbits undergoing transient
spinal cord ischaemia and receiving insulin.
LeMay et al8 have recently demonstrated

improved survival and neurological perfor-
mance in rats subjected to cerebral ischaemia
and receiving 1-7 u/kg-' insulin one hour
before a period of 20 minutes of cerebral
ischaemia, compared with those receiving
intraperitoneal saline. For reasons given in
our discussion, we believe these results should
be regarded as an encouraging preliminary
result, but not as a definitive study demon-
strating protection of behavioural outcome
against the effects of ischaemia, opposed to
simply the experimental procedure.
This study was designed to meet the need

for evidence that mild hypoglycaemia
improves behavioural or neurological outcome
in an experimental model of stroke, as an
essential preliminary to a clinical study. Rats
learned a maze task, and were then subjected
to transient forebrain ischaemia, by bilateral
carotid occlusion combined with haemorr-
hagic hypotension. In the treatment group,
intraperitoneal insulin was used to induce
mild hypoglycaemia to a target minimum
plasma glucose concentration of 3-0 mmol/l-1.
After allowing 14 days for recovery, memory
was re-examined using the same maze task.

Methods
Assessment of memory using the radial arm
maze
The radial arm maze has been validated as a
tool for the investigation of spatial memory,9
and its use to examine the memory changes
occurring after a period of global cerebral
ischaemia has been described.'01' Briefly, it
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consists of a 0-6 m diameter circular central
platform standing 1 m above floor level, from
which eight 0 6 m long arms radiate. At the
end of each arm is a cup into which a food
pellet can be placed; visual cues are placed
around the room, to allow orientation.

Fifty male Wistar rats weighing 200-250 g
were handled daily for one week to familiarise
them with the trainer; subsequently they were
fed only sufficient food each morning to main-
tain them at 85% of their initial body weight.
Over the next week they were gradually
introduced to the radial arm maze until at the
end of the second week there was only one
food pellet in the cup at the end of five of the
eight arms. The rats were tested three times
per day on the maze. Before each trial one
food pellet was placed in five of the eight food
cups, the rat was placed in the centre of the
maze, and then allowed to run the maze until
either: 1) it had taken all the food pellets, or 2)
it had made 16 arm entries, or 3) it had spent
10 minutes on the maze.
During each trial a note was made of each

arm entered and the time taken to complete
the trial. If the rat re-entered an arm from
which it had already taken the food pellet it
scored one working memory error. If it
entered an arm which never contained food it
scored one reference memory error, and if it
re-entered that arm it scored a combined
working and reference memory error.
Each day following training the rats were

weighed, and their general physical condition
assessed. After 18 days of training on the maze
48 of the 50 rats had reached a performance
target of less than one working, and one
reference memory error per trial, and these
animals continued to the next stage of the
experiment.

Design of the trial
Rats were randomly allocated to one of four
groups:
Untreated sham (US) control group for anaes-
thesia and surgery (10 animals).
Untreated ischaemic (UI): to observe the
effects of ischaemia on behaviour without
treatment (17 animals).
Insulin treated sham (TS): to measure any
effects treatment might have on normal
animals (eight animals).
Insulin treated ischaemic (TI): to measure any
effects treatment might have on ischaemic
animals (13 animals).

Plasma glucose management
The rats were allowed free access to food and
water until 75 minutes before surgery, when
groups TI and TS received a single
intraperitoneal injection of 2 u/kg-' neutral
insulin (Human Actrapid, Novo), while
groups UI and US received an equivalent
volume of isotonic saline.

Surgical preparation
After 18 days of training on the radial arm
maze, cerebral ischaemia was produced by the
two vessel occlusion method."2 Anaesthesia
was induced with 70% nitrous oxide and 2%

halothane in oxygen. The trachea was
intubated and ventilation of the lungs com-
menced with 70% nitrous oxide and 1%
halothane in oxygen at a tidal volume of 15
ml/kg-' and a respiratory rate of 60 using a
rodent ventilator. Muscular paralysis was
achieved with an intraperitoneal injection of
suxamethonium 1 mg/kg-', repeated as
required.
A polythene cannula was inserted into the

tail artery for monitoring of arterial pressure
and gases.
Both carotid arteries were surgically

exposed through a single incision in the neck
and the vagus nerves carefully dissected clear.
Braided silk was looped around the arteries to
enable their later occlusion. The right internal
jugular vein was then cannulated, to allow the
administration of drugs and the withdrawal of
blood for hypotension.
When the surgical preparation had been

completed the animal was anticoagulated with
200 u/kg-' heparin, the halothane discontin-
ued, and anaesthesia maintained with 70%
nitrous oxide in oxygen.

Cerebral ischaemia
After an interval of 30 minutes to stabilise the
preparation, blood was withdrawn from the
internal jugular vein until the mean arterial
pressure was 80 mmHg. In those animals in
which cerebral ischaemia was required (UI +
TI), both carotid arteries were then occluded
by tightening the snares around them, and the
blood pressure further lowered by venesection
to a mean of 50 mmHg. The blood pressure
was maintained at 50-55 mmHg for a period
of exactly ten minutes by gentle removal and
infusion of blood as necessary. At the end of
this period all the withdrawn blood was
infused, and the carotid snares were released.

Sham surgery
In the control animals which were subjected to
surgery but not to cerebral ischaemia (US +
TS), the same procedure was followed, includ-
ing hypotension to 50 mmHg, but the snares
around the carotid arteries were not tightened.

Recoveryfrom anaesthesia
In all animals 2 mmol/kg- l sodium bicarbonate
(844%) was given intravenously following
return of blood pressure to normal to correct
the acidosis produced by the period of
hypotension, with additional supplements as
required depending upon blood gas estima-
tions; the internal jugular line was then
removed, and the neck incision closed. The tail
artery catheter was removed last. Ventilation-
with 70°/, nitrous oxide in oxygen was contin-
ued until good respiratory effort had returned
at which point the rat was ventilated with 100%
oxygen and the tracheal tube removed when
purposeful movements had returned. It was
then returned to its cage and given free access
to food and water.

Convalescence
Following surgery the rats were weighed, and
their general condition observed daily. All the
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rats that were unable to eat or drink, or were
otherwise suffering from obvious neurological
disorder were removed from further study.
After a period of 14 days the remainder had
repeat testing on the radial arm maze.

Blood samples
Four blood samples of 0-3 ml were taken from
the arterial line into a heparinised syringe: 1)
Immediately following insertion of the arterial
line, 2) Before starting the stabilisation period,
3) Two minutes following cerebral reperfusion,
4) Immediately before removal of the arterial
line.
One third of the sample was used for

immediate estimation of blood gases (Ins-
trumentation Laboratories 1304), and the
remainder was centrifuged and the plasma
frozen for glucose estimation later (Yellow
Springs Instruments).

Results
Mortality
Ofthe 48 animals that had surgery nine died for
technical reasons (for example, accidental
extubation, or haemorrhage) before the period
of hypotension, and these were withdrawn
from the trial, leaving 39 animals. Having
undergone ischaemia or sham surgery, eight
animals failed to recover from anaesthesia; US
n = 1,UIn = 2,RSn = 2,TIn = 3. During
the period of convalescence one animal from
group US was withdrawn from the trial follow-
ing tail necrosis, and six animals died of
neurological complications; US n = 0, UI n =
4, TS n = 0, TI n = 2. The number of deaths
in each group was compared using the Chi
squared test for the effects of ischaemia (UI +
TI vs US + TS) and insulin treatment (TI +
TS versus UI + US). No significant differen-
ces were found either for those failing to
recover from anaesthesia, or for those that died
during the period of convalescence.
Behavioural testing on the radial arm maze was
performed on the remaining 24 animals.

Plasma glucose
The mean plasma glucose levels for each group,
at each time period are shown in fig 1. Two way
analysis of variance was performed on this data
taking n to be the number of animals alive in
each group at that time (so that a deleterious
effect due to severe hypoglycaemia was not
missed). This analysis showed that at all time
points plasma glucose was significantly lower in

Figure 2a, b Exponential
regression lines (with 95%0
confidence limits) of the
number of reference (a)
and working (b) memory
errors made by each group
of ratsfollowing surgery.

ANOVA
NS

95% confidence imits

'.06" ANOVA

NW fieft
p ---<0.0001

28 31

Days following cerebral ischaemia

Figure 1 Mean plasma
glucose concentrations
measured atfour stages of
the surgical procedure
(groups UI, US, TI, TS,
with upper 95% confidence
interval): 1) immediately
following insertion of the
arterial line, 2) before
starting the stabilisation
period, 3) two minutes
following cerebral
reperfusion, 4)
immediately before
removal of the arterial
line.
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the insulin treated groups compared with the
untreated groups, and that at points 1, 2, and 4
the differences could be accounted for by
insulin treatment (p < 0-01). At time point 7
(immediately after the induction of cerebral
ischaemia) the plasma glucose was increased in
all four groups as a result of hypotension. The
effects of ischaemia caused an increase in
plasma glucose (p < 005), which was partially
controlled in those groups receiving insulin
treatment (p < 0-02), although there was no
significant two way interaction between the
groups.

Memory
Two-way analysis of variance of the number of
reference and working memory errors made by
the rats after surgery was made. There was no
significant difference in reference memory bet-
ween any combinations of the groups, but for
working memory the difference between the
groups was highly significant (p < 0-0001).
Multiple range analysis clearly confirmed that
the difference was between UI and the other
three groups. Because the day-to-day variation
in behaviour of the animals makes interpreta-
tion of raw learning curve data difficult, the
results are presented as the exponential regres-
sion lines calculated by the method of least
squares for the mean number oferrors made by
each group of rats for both reference and
working memory (fig 2a, b).

Discussion
To our knowledge this paper is the first demon-
stration that insulin-induced hypoglycaemia,
or insulin per se, corrects behavioural deficits
which are unequivocally due to cerebral
ischaemia rather than to a surgical preparation
artefact, and in which defects in untreated
animals are clearly demonstrable after a reason-
able period has been allowed for recovery from
the acute procedure. The protocol used by
LeMay et a18 is deficient in both these areas
since no animals had sham-occlusion, and they
were not observed for longer than 24 hours.
Our results show first that insulin treatment

effectively abolishes the effect of ischaemia on
working memory, and second, that it is possible
to select a dose of insulin which is not
associated with a deleterious degree of
hypoglycaemia. A number of important ques-
tions arise in relation to the choice of model,
mechanism of action, and relevance to the
management of stroke in humans.

Choice of model
The first requisite in these studies was to
identify a functional end point which was
capable ofbeing tested in the intact animal, and
was also subserved by a central nervous system
(CNS) structure within the ischaemic territory.
A further requirement of such a model was that
the ischaemic area should be potentially amen-
able to the protective regime. For example, the
corpus striatum and internal capsule receive
their blood supply from perforating vessels,
essentially end arteries with no collateral sup-
ply, where cerebral blood flow is likely to fall to

very low levels with almost any form of
ischaemic insult. Hyperglycaemia has an
adverse effect on evolution of ischaemia where
perfusion is partially maintained by collateral
circulation,'3 but protects in end-vessel
ischaemia.14 Core levels of ischaemia are
associated with homogeneous and irreversible
infarction, and no form of treatment can be
expected to improve outcome. In principle, a
middle cerebral artery occlusion (MCAO)
model which, at least in the cat and primate,
appears to be associated with an area of poten-
tially salvageable cortex, the "ischaemic pen-
umbra", would be suitable. However, for the
purposes of this experiment a small animal
model capable of being studied behaviourally
in sufficient numbers was required, and the
volume of cortical penumbra available in the
rat MCAO model has not been established.
Moreover, the precise cognitive or functional
correlates of any cortical preservation that
might be achieved in this model are unclear.
Our choice ofmodel meets the requirements

in that cerebral ischaemia produced by the
method described has been shown to reliably
produce hippocampal damage.'5 Although the
precise function of the hippocampus is still
unclear it is known to be important in certain
aspects of memory.'6'8 Behavioural testing of
the intact animal has been demonstrated to be a
sensitive indicator of hippocampal damage,9 10
and also offers the advantage ofbeing amenable
to protection with other agents.'9
Although hippocampal damage is a promin-

ent feature of the transient forebrain ischaemia
model in the rat, scattered neocortical damage
is also seen. Histological examination of our
material is in progress, and our results, which
relate only to behaviour, may reflect protection
of either or both sites.

Properties of model
The characteristics of the forebrain cerebral
ischaemia model in the rat have been exten-
sively studied. Cerebral blood flow (CBF) in
the hippocampus fell in one study
(autoradiography) from approximately 90 to 1
ml/l00 g-1/min-2 and in another (CBF by
dissection and scintillation counting) from 149
to 33 ml/100 g-'/min- 1. There was con-
siderable inter- and intra- animal variability.
The CBF threshold below which ischaemic cell
change in grey matter in the rat becomes
unequivocal is 24 ml/100 g-1/min-'.20 There is
initial hyperaemia upon reperfusion, but in fed
rats with ischaemia of identical severity to our
model but 15 minutes duration, CBF falls later
in the reperfusion phase to 28 ml/100 g-'/
min-m112 In the fronto-parietal cortex of
animals that had been fed, brain lactate rose
after 15 minutes of ischaemia to 19-5 Lg/g wet
weight-', close to the critical value identified
earlier by Myers et al In separate, limited
experiments we have used the umbelliferone
fluorescence technique2' for measurement of
regional tissue pH, and were able to confirm the
development of acidosis in this model. His-
topathological studies of the model by Swann
et al'5 have revealed mild hyperchromatic
change in the cytoplasm of less than 10% of
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hippocampal pyramidal neurons after 10 min-
utes of ischaemia, but after 24 hours of reper-
fusion, all cells in the hippocampal CAl region
were abnormal, and there was extensive peri-
neuronal oedema. In starved animals, changes
after 24 hours of reperfusion were mild to
moderate, but at seven days there was marked
deterioration in or loss of CAl neurons, but
improvement in other regions of the brain.

Microdialysis methods have demonstrated
that in the hippocampus during ischaemia
there are increases in the extracellular concen-
tration of glutamate, a major CNS excitatory
amino acid neurotransmitter.22 The density of
N-methyl-D-aspartate (NMDA) receptors
(one class of glutamate receptor) is high in the
CAl region of the hippocampus.23 NMDA
receptors activate post-synaptic channels with
high Ca2" permeability.24 Micro-electrode
recordings from the CAl region indicate con-
tinued post-ischaemic burst firing,25
extracellular calcium concentration falls during
ischaemia26 and intracellular deposits of cal-
cium appear in mitochondria (electron micros-
copy).27 Hippocampal ischaemic damage can be
reduced by deafferentationof the CA1 region.28
The pattern therefore emerges of progressive
CAl neuronal loss during the days following
the period of ischaemia, promoted by sus-
tained, abnormal neuronal activity which
results in high intracellular, and probably
cytotoxic, concentrations of free calcium ions.
The pattern of hippocampal pathology

present in this model, particularly its delayed
evolution, is by no means characteristic ofacute
neocortical ischaemia as it presents in primates.
Our model is most directly relevant in the case
of hippocampal damage resulting from
hypoperfusion from any cause, including car-
diac arrest,29 surgery and anaesthesia,303' as
well as occlusive lesions. In such patients
coming to post-mortem the loss of neurons
from the CA 1 region is striking, as is short term
spatial memory loss.'7 However, the main pur-
pose of our model was not to replicate any
particular combination of deficits as seen clin-
ically, but to establish that the protective
regime has produced improvements in
neurological function within the ischaemic
territory.

Selective ischaemic damage to working but not
reference memory
The generally accepted definitions of working
and reference memory are that working
memory involves the use of trial-unique infor-
mation (that is, retention is only required over a
short period), while reference memory involves
the use of cross-trial information (that is,
retention is required over a long period).
Our failure to demonstrate any detrimental

effect of ischaemia on reference memory, and
the observed adverse effect of ischaemia on
working memory in the untreated groups with
pre-lesion training, extend the findings of
Davis et al." They showed that global cerebral
ischaemia followed by behavioural training
(without pre-lesion training) also has
detrimental effects on working, but not
reference memory. Their data suggest that

ischaemic damage to the hippocampus affects
the initial processing of working memory,
while our data suggest that long term mainten-
ance of working memory is also affected.

Barnes in his review ofhippocampal lesions'6
suggested that as damage to spatial memory is
reduced by increasing the length of time be-
tween the end of behavioural training and
hippocampal insult, spatial information must
become at least partially independent of the
hippocampus given sufficient time. Our data
would suggest that 14 days is insufficient time
for working memory to become independent of
the hippocampus.
The pattern of temporally restricted

retrograde amnesia that we have found bears
marked similarities to the characteristic syn-
drome associated with damage to the human
hippocampal formation following an
ischaemic, or hypoxic insult.3' 32

Mechanism ofprotection
We believe that the most likely mechanism of
action of insulin in this model is to increase
glucose transport from blood into muscle and
fat, hence reducing plasma glucose and
therefore glucose availability to the brain. We
studied only a single dose of insulin, 2 u/kg-',
which we selected on the basis that levels of
plasma glucose lower than those resulting from
the use of this dose have been found to impair
recovery following cerebral ischaemia,33 and
would not be contemplated in clinical man-
agement. LeMay et al, using a different insulin
preparation, obtained optimal survival and
significant improvement in neurological deficit
score with 0 4 units regular insulin (approxi-
mately 1-7 u/kg-') with a minimum plasma
glucose two hours after intraperitoneal insulin
of 3-33 (0-39) mmol/l-', mean (SEM). With
higher doses of insulin (2-1 and 2-5 u/kg-'),
mortality rose.
Two other mechanisms of action are possi-

ble, but both are highly speculative. First, the
presence of insulin binding sites in the brain is
well established,34 especially in the limbic sys-
tem, and insulin might have a specific action at
these sites independent of its effect on blood
glucose, with primary or secondary protective
effects in the hippocampus similar to those of a
lesion in an afferent pathway such as the
perforant path.28 Second, evidence for an
insulin stimulated Na+/H+ antiporter system
in muscle has recently been obtained.35
However, we know of no evidence at present
for a similar system in the brain.
Our findings, although they support the

general concept of neuronal protection by res-
triction ofglucose availability, may be regarded
as less expected in the case of the hippocampus
than in cerebral cortex. Delayed neuronal loss
in the hippocampus following transient
forebrain ischaemia has been regarded as Ca2"
dependent, for the reasons given above, and
protection can be achieved with calcium
antagonists.'93637 We know of no established
hippocampal protective regimes with a sugges-
ted mechanism of action depending on control
or manipulation ofH+ or Na+ homeostasis.
Why then should restriction of acidosis also
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confer protection? It is believed that ischaemic
increases in cytosolic free proton concentra-
tion, in either neurons or glia, are buffered in
part by the operation of a plasma membrane
based Na+/H+ antiporter,3" driven by the
movement of sodium ions down their normal
electro-chemical concentration gradient,
which is in turn maintained by Na,K,ATPase
activity. A Na+/Ca2" antiporter also exists,39
apparently dependent on the same gradient for
Ca2" extrusion, and probably contributing to
the homeostasis of increases in free cytosolic
calcium due to ischaemia. It seems likely that
homeostasis of cytosolic pH and calcium con-

centration both depend on the maintenance of
the same sodium gradient. We are thus drawn
to the same conclusion as Hakim,40 that if a

particular therapeutic regime, for example a

calcium channel blocking agent, successfully
restricts this source of load on the sodium
gradient, then the potential energy of the
gradient is available for other antiporter sys-
tems, and in this example a reduction of
intracellular acidosis might be predicted. Such
a mechanism would explain the improvement
in ischaemic brain pH with the calcium channel
blocking agent nimodipine in the rat MCAO
model without improvement in CBF observed
by Berger and Hakim.4' In the case of our own
experiments, partial maintenance of neuronal
pH (if confirmed) would reduce turnover at the
Na+/H+ antiporter making the sodium
gradient available for intracellular calcium
homeostasis by the Na+/Ca2" system.

Application in humans
The potential applicability of these findings
and ofthose ofLeMay and colleagues is limited
by the fact that in all cases insulin has been
given before the start of ischaemia. We know of
no study where insulin given after onset of
ischaemia has been shown to be beneficial.*
However, the delayed onset of ischaemic com-
plications of aneurysmal subarachnoid
haemorrhage (SAH), and profound hypoten-
sion during anaesthesia, (for example where
cardiopulmonary bypass is used), represent
situations in humans where careful control
of plasma glucose within the range 3-54-5
mmol/l1 would seem appropriate and could be
implemented before the onset of ischaemia.
The clinical data5 suggest that values above 5 0
mmol/l-1 will not confer protection. The
demonstrations by LeMay et al and ourselves
of protection with levels of plasma glucose for
the most part greater than 3-5 mmol-' suggest
that a glucose clamping technique aiming for a

range of 3-5-4-5 mmol/l-' would leave an

adequate safety margin.
We believe that a good case can be made for a

prospective study of glucose clamping to the
region of 3-54-5 mmol/l-' in patients with
acute cerebral ischaemia. Our preliminary
assessment of this method in patients with
SAH suggests that it is practicable and safe, but
much further experience in its use will be
required, and we believe that a controlled,
randomised study may become necessary.

In the light of increasing evidence of the
beneficial effect ofnimodipine, it is likely that a

high proportion of SAH patients will in future
receive nimodipine. If the suggestion that
antiporter mechanisms compete for the Na+
gradient is correct, it is by no means certain that
patients receiving nimodipine would derive
additional benefit from mild hypoglycaemia.
Although in the recent British Aneurysm
Trial42 the incidences of poor outcome and of
definite or probable stroke were reduced by
nimodipine, the approximate incidence ofthese
end-points of 20% in patients receiving
nimodipine remains significant, and the poten-
tial value of mild hypoglycaemia requires
assessment.
We believe that our findings represent an

encouraging development in approaches to the
management of acute cerebral ischaemia, and
provide a basis for the design of a prospective,
controlled study.

*Note added in proof:
Voll et al' have studied a model almost identical with ours and
demonstrated that post ischaemic insulin reduces spatial learn-
ing deficits significantly. Pre-treatment with insulin in gerbils
undergoing unilateral common carotid artery occlusion for four
hours has been shown by Fukuoka et al' to be beneficial: their
end points were neurological deficit and histology.
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