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The effect of increased blood pressure on hemispheric
lactate and water content during acute cerebral
ischaemia in the rat and gerbil
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SUMMARY Infusions of metaraminol and angiotensin were used to test the effect of increased per-
fusion pressure on tissue metabolism and oedema after induction of regional cerebral ischaemia in
the rat and the gerbil. An increase of mean arterial blood pressure of 30-40 mmHg in the rat over
the first 2 hours after diathermy of the middle cerebral artery prevented the 100% rise in hemisphere
lactate seen in normotensive control animals. Angiotensin infusion also prevented early hemispheric
oedema in this model. In the gerbil, 4 hours after placing a clip on one carotid artery, metaraminol-
induced increases in blood pressure had no such protective effect on the metabolic changes or on
oedema. When the clip was removed after 3 hours to permit 1 hour of reperfusion, lactate levels
returned to normal but the degree of oedema was unchanged. Hypertension in this reperfusion
model caused a slight but not statistically significant increase in oedema. The evidence suggests that
moderate increases in blood pressure may be protective against the early metabolic sequelae of focal
cerebral ischaemia, but there are potential problems with oedema formation. It is argued that a
clinical trial should study the potentially beneficial effects of a brief early increase in blood pressure
in the acute aftermath of ischaemic stroke.

The existence of a temporary penumbral zone around
an area of focal ischaemia in which local blood flow is
sufficient to maintain neuronal structure and
viability, but not function' suggests that therapy
directed towards its salvage might improve outcome.
Recent experimental work has concentrated on the
use of metabolic inhibitors to reduce substrate
requirements, and vaso-active materials. Since auto-
regulation of cerebral blood flow is impaired in the
ischaemic territory' improvement of perfusion might
be possible by increasing perfusion pressure.

Several anecdotal clinical reports have suggested
that induced hypertension may benefit stroke vic-
tims.3-5 However, most experimental studies have
highlighted the potential dangers due to an increase in
vasogenic oedema if perfusion pressure is increased at
a time when the blood brain barrier is damaged.6-10
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Vasogenic oedema does not develop at once after the
onset of regional cerebral ischaemia, however, being
delayed some hours in animal models,"I and perhaps
by 24-72 hours in man.'2 It seemed to us therefore
that brief early induced hypertension might improve
the metabolic consequences of acute cerebral
ischaemia and avoid the risks of aggravating sub-
sequent oedema. If the ischaemic damage could be
reduced, early cytotoxic oedema might also be
reduced.
To this end we have investigated the effect of acute

increases in blood pressure in two animal models of
regional cerebral ischaemia: occlusion of the common
carotid artery and contralateral external carotid
artery in the gerbil,'3 and middle cerebral artery
occlusion in the rat. 14 We have measured whole hemi-
sphere lactate content in the belief that this should
reflect the depth and extent of ischaemic metabolic
derangement'5 and hemispheric wet weight/dry
weight differences to assess the degree of hemispheric
oedema.16 We used both metaraminol and angio-
tensin to maintain moderate elevations of blood pres-
sure to distinguish between the haemodynamic and
any other pharmacological effects of the drugs.'0
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Methods

Rat: middle cerebral artery occlusion
Male Sprague-Dawley rats (350-650 g) were allowed free
access to food and water prior to induction of anaesthesia
with ether. Surgical anaesthesia was maintained with intra-
peritoneal urethane (Sigma Chemical Co. Ltd.) 1-25 g/kg as
25% solution in normal saline. The right femoral artery was
cannulated for arterial blood sampling and blood pressure
recording, and the left femoral vein cannulated for infusions.
A tracheostomy was performed and the left common carotid
artery ligated. Body temperature was monitored by a rectal
probe and maintained by a lamp and by ice packs (in the
case of metaraminol treatment).

After physiological baseline values were established for
arterial blood pressure, pCO2, P02, pH and glucose, the
zygoma was removed and a limited craniotomy carried out
to visualise the left middle cerebral artery.14 17 The vessel
was diathermied just above the site where it crossed the lat-
eral margin of the olfactory tract.
The animals were then divided into three groups, the first

receiving a continuous intravenous infusion of angiotensin
II (Hypertensin Ciba, Ciba-Geigy Ltd.) (- 100 ig/kg/min)
to maintain mean arterial blood pressure 30-40 mmHg
above the pre-occlusion level, for the following 2 hours. A
second group received an infusion of metaraminol bitartrate
(Aramine; Merck, Sharpe and Dohme Ltd.) in normal saline
( - 20 ug/kg/min) to produce a similar elevation of pressure.
The third control group received no such infusions. All
groups also received 2 ml of normal saline intravenously
over the first 30 minutes after occlusion as part of another
protocol.
At the end of 2 hours animals were killed either by intra-

venous air embolism for measurement of brain wet
weight/dry weight determination, or by immersion in liquid
nitrogen for brain lactate assay (vide infra.). Normal values
were obtained from animals anaesthetised for sham oper-
ations. Three were given metaraminol to assess any direct
effect of drug induced hypertension on brain lactate.

Gerbils: carotid ligation
Mongolian gerbils of either sex (50-80 g) were similarly
given access to water and food prior to anaesthetising with
intraperitoneal sodium pentobarbitone 60 mg/kg (Sagatal,
May & Baker). A tracheostomy was performed; the right
external carotid artery was ligated and the left common car-
otid artery was either permanently ligated for 4 hours or
temporarily occluded by a Scoville Lewis aneurysm clip for
3 hours, recirculation being permitted for 1 hour sub-
sequently. Arterial blood pressure was monitored via a fem-
oral cannula from which a 50 pl sample was removed for
blood glucose estimation. Body temperature was again
maintained by a heat lamp. Blood pressure was elevated by
approximately 30 mmHg in half the animals by intra-
muscular injections of metaraminol bitartrate (0-02-003 ml
of a 1-6 mg/ml solution in saline to give 1 mg/kg). Further
injections of 05 mg/kg were repeated during the 4 hours of
the experiment to maintain blood pressure above the pre-
occlusion range.
Animals were killed after 4 hours by decapitation for cere-

bral water content determination, or by immersion in liquid
nitrogen for hemispheric lactate assay. Normal values of
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gerbil hemispheric lactate were obtained from six animals
anaesthetised for sham operations with sodium pen-
tobarbitone for 4 hours, three of which were also made
hypertensive with metaraminol.
Assays ofhemispheric water content: In both rats and ger-
bils the brains were rapidly removed and each cerebral hemi-
sphere separated from the hind brain and from the olfactory
lobes and its wet weight determined. They were then dried at
room temperature under vacuum in a dessicator for at least
48 hours and the dry weight of each hemisphere recorded.
The percentage tissue swelling of the ischaemic left hemi-
sphere was calculated according to Elliott and Jasper.16
Hemispheric Lactate: The heads were stored at - 70'C
until required when the brain was chiselled out and each
hemisphere ground to a fine powder in further liquid nitro-
gen. This was immediately vortexed in ice-cold 8%
perchloric acid (approximately 60 ml/g of dried brain), kept
on ice for 30 minutes and then centrifuged at 1600 g for 10
minutes. The supernatant was then used in a standard lac-
tate assay (Sigma Chemical Co. Ltd.). The residue was solu-
bilised in 0 5 M sodium hydroxide (approximately 60 ml/g of
dried brain) and assayed for protein.'8 Crystalline bovine
serum albumin (Sigma Chemical Co. Ltd.) was used to pro-
duce a standard assay curve for each batch of samples.
Duplicate assays were carried out on each sample. The mean
hemispheric protein content in the control hemispheres were
70-8 (SD 13-0) mg in the rat, and 22-3 (SD 4 2) mg in the
gerbil. Lactate values for each hemisphere were expressed in
pmol/mg of hemispheric protein + one standard deviation
(SD). The percentage rise in lactate in the left hemisphere
was calculated with respect to the right hemispheric value
for each animal by the following formula:

%rise = left hemisphere lactate - right hemisphere lactate x 100
right hemisphere lactate

Student's t test was used to calculate statistical significance.

Results

Rat model (tables 1,2,3)
Pre-occlusion values for arterial blood pressure,
pCO2, P02, pH and glucose were all within normal
ranges (table 1). In six untreated animals with post-
occlusion blood pressures averaging 90 mmHg, left
hemispheric lactate at 2 hours was 0-083 + 0 019
,umol/mg protein, a mean rise of 116% (table 2). In six
animals given angiotensin, blood pressures were con-
tinuously elevated by approximately 35 mmHg and
the mean percentage rise in lactate in the left hemi-
sphere was significantly reduced (p < 0-05). Right
hemispheric lactate values in both groups were not
significantly different from the sham operated rats.
The extent of left hemispheric oedema as measured by
percentage tissue swelling was 1-27 + 1-5% in six un-
treated normotensive animals (table 3). In another six
animals given angiotensin, elevating blood pressure
by approximately 45 mmHg, percentage tissue
swelling averaged -0 33 + 0.81% (p < 0 05). With
metaraminol infusion, causing a similar rise in post-
occlusion blood pressure, left hemispheric lactate was
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Table 1 Pre-operative physiological variables in the rat ( SD)

Arterial
Blood

Temp glucose BP p02 pCO pH
Group °C mMi-I mmHg mmHg mmHJg

Control 36-7 107 95 99-3 41 6 7 36
(0 8) (0 8) (20) (9 0) (2-8) (0 03)

Angiotensin 36-8 11 3 85 98-1 40-1 7-36
(0 5) (0 6) (15) (15 7) (3 5) (0 02)

Aramine 36-7 106 100 95-8 41 2 7-34
(0-8) (0-6) (15) (16 8) (4 9) (0-02)

Shamop'n 36-3 116 90 998 41t3 735
(0-2) (0-2) (5) (7 4) (15) (0-02)

Shamop'n 36-9 102 110 107 5 41 2 7-35
+ aramine (0-1) (1-7) (20) (1[ 9) (1.8) (002)

Table 2 Effect ofaramine and angiotensin on hemispheric lactate 2 h after occlusion ofthe left middle cerebral artery in the
rat (±SD)

BP mmHg Lactate pmol/mg protein

Group Mean post occl. Change L R Rise [%]

Control 90 -10 0-083t 0-039 116
(n = 6) (15) (5) (0 019) (0-013) (305)

Angiotensin 120 +35 0-054 0-040 42*
(n = 6) (15) (15) (0-016) (0-013) (52)

Aramine 140 +40 0042 0057 -26t
(n = 6) (10) (10) (0 011) (0-012) (13)

Sham 0-034
(n = 3) (0 006)

Sham + aramine 0-057
(n = 3) (0-008)

*Difference from control p < 0-05. tDifference from control p < 0-01. tDifference between L and R hemisphere p < 0-001.

Table 3 Effect ofangiotensin on hemispheric water content 2 h after occlusion of the left middle cerebral artery in the rat
(± SD)

BP mmHg Water content %

Group Mean post occl. Change L R Tissue swelling %

Control 90 -10 76-8 76-5 1-27
(n = 6) (5) (10) (0-5) (04) (1 5)

Angiotensin 160 +45 76-2 76-2 -0-33*
(n = 6) (35) (15) (0-6) (0-6) (0-81)

*Difference from control p < 0-05.

if anything less than that on the non-ischaemic side
(table 2). Sham operated animals given metaraminol
showed a small but significant rise in hemispheric lac-
tate compared with untreated shams, however.

Gerbil model (table 4,5)
Four hours after carotid ligation, 10 untreated gerbils
with post-occlusion blood pressures averaging 65
mmHg had a mean left hemispheric lactate value of
0-062 + 0 04 imol/mg protein, representing a mean
percentage rise of 63-3% above the right hemisphere
(p < 0-05). In 10 animals given metaraminol to main-
tain blood pressure approximately 30 mmHg above

pre-occlusion values, the mean percentage rise in lac-
tate was 98-9% (table 4). However, the range of val-
ues in both groups was quite wide (cf.Djuricic"5), and
there was no significant difference between them.
Right hemispheric lactate values in both groups were
similar to sham operated gerbils. Metaraminol made
no difference to the lactate values in the latter ani-
mals. Following 3 hours of occlusion and I hour rep-
erfusion, lactate levels were symmetrical and not
significantly different from the shams. Metaraminol
made no difference to these findings. In all four ex-
perimental groups assessing hemispheric oedema
(table 5), mean left hemisphere water content and per-
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Table 4 Effect ofaramine on hemispheric lactate content after carotid ligation in the gerbil (± SD)

Duration BP mmHg Lactate pmol/mg protein
ischaemia hrs + Blood glucose

Group reperfusion (R) Mean post occl. Rise mM l- L R Rise %

Control 4 65 -5 6-4 0.062*t 0-038 63 3
n= 10 (10) (10) (1-1) (0-04) (0008) (112)

Hypertensive 4 85 + 30 4 9 0-084*t 0-044 98 9
n = 10 (10) (5) (06) (0-05) (0.02) (136)

Control 3 + I R 60 -15 6-7 0-04 0-036
n = 10 (10) (15) (1.6) (001) (0006)

Hypertensive 3 + IR 90 +30 6 2 0039 0041
n= 10 (5) (10) (1 5) (0005) (0007)

Sham n = 3 0032 0034
(0 006) (0-008)

*Difference between L and R hemisphere significant at p < 0-05.
tDifference from results in sham operated animals significant at p < 0 05.

Table 5 Effect ofaramine on hemispheric water content 4 h after carotid ligation in the gerbil (± SD)

Duration BP mmHg Water content %
ischaemia hrs +

Group reperfusion (R) Mean post occl. Rise L R Tissue swelling %

Control 4 65 -5 77-7 76-8 3-6*
n = 10 (10) (5) (1 0) (0-5) (5-0)

Aramine 4 90 +25 76-9 75-7 4-8*
n = 10 (5) (10) (1.3) (13) (56)

Control 3 + IR 65 0 77-8 770 3.3*
n = 10 (15) (20) (1 1) (1 0) (3 9)

Aramine 3 + IR 90 +25 77 1 75 8 5.1*
n = 10 (5) (10) (14) (1.6) (59)

Sham n = 3 77 8 77-7 0-29
(0 3) (0 3) (0 7)

*Difference from result in sham operated animals p < 0 05.

centage tissue swelling were significantly elevated
above sham operated gerbils (p < 005). Reperfusion
had no effect on either parameter. However, hyper-
tensive animals had the highest values for tissue swell-
ing both after 4 hours ischaemia and 1 hour's
reperfusion, but this difference did not achieve statis-
tical significance.

Discussion

In the immediate aftermath of cerebral infarction,
there is evident loss of autoregulation of cerebral
blood flow both in man and in experimental ani-
mals.2 16 19 As a result, flow is pressure passive, fall-
ing in the presence of hypotension. The possibility
that an increase in perfusion pressure might amelio-
rate the ischaemic effects of occlusion of the carotid
or middle cerebral artery has been voiced over the
years but not often actively studied.2 5 20 The gener-
ally disappointing results of medical therapy for is-
chaemic strokes21 prompted a further experimental
study of the use of pressor agents.
One of the reasons for the cautious exploration of

this line of therapy in the past has been the fear that
infarction might be made haemorrhagic by an in-

crease in blood pressure and that oedema might be
aggravated. In the experimental animal hypertension
has been shown to increase vasogenic oedema.7 22 We
sought to avoid such complications by avoiding
severe hypertension shown to be potentially
deleterious8 and by only causing an increase in per-
fusion pressure for a limited time.
The choice of animal models requires some com-

ment. The advantage of the rat model of regional
cerebral ischaemia lies in the ability to produce a stan-
dard volume of infarction after middle cerebral artery
occlusion. 4 It was felt this would be the most suitable
model in which to test the "protective" effect of an
early increase in perfusion pressure. Once the blood
brain barrier is opened hypertension aggravates vaso-
genic oedema,9 so we wished to study the period after
middle cerebral artery occlusion before the onset of
blood brain barrier damage. In the cat O'Brien
showed that there was increased permeability to per-
technetate at 4 hours,23 and Tyson24 has recently
demonstrated increased blood to brain transfer of
'4C-aminobutyric acid in the rat 4 hours after middle
cerebral artery occlusion, but only if hypotension ag-
gravated the level of ischaemia. Hossmann25 had
shown that oedema is well established by 2 hours in a
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middle cerebral occlusion model, so we decided upon
a 2 hour period of ischaemia in which oedema would
be expected to play a role, but opening of the blood
brain barrier was unlikely. In the event Evans Blue
staining was not seen at 2 hours in our experiments
confirming that there was no gross blood brain bar-
rier damage at this time. Urethane was chosen as the
anaesthetic for convenience during the complicated
surgical procedure.
There is evidence in the literature24 that oedema is

increased by reperfusion. As this is somewhat difficult
to study in the rat we also looked at the effect of
occlusion of one common carotid artery in the gerbil.
This produces a more variable degree of ischaemia
but reperfusion is easy to study after removal of the
clip. Previous studies in our laboratory had shown no
Evans Blue staining 4 hours after carotid occlusion
even in hypertensive animals, so this was the period
studied. Reperfusion can lead to enhanced leak of
Evans Blue but even after severe global ischaemia in
the gerbil this is unusual before 60 minutes of reper-
fusion.27 We therefore chose to study 1 hour's reper-
fusion after 3 hours ischaemia to compare with the
effect of 4 hours ischaemia. Such a reperfusion model
more closely mimicks the clinical situation of cerebral
embolism in which the vascular obstruction may only
be temporary. Pentobarbitone was used to ana-
esthetise the gerbils as this was the anaesthetic used in
our previous studies, and those of Avery et a127 which
had been influential in the design of the protocol.
There was no reason to suppose the difference in ana-
esthetic would affect the response of ischaemia to in-
creased perfusion pressure.
As the clinical sequelae and histological changes

are difficult to quantify immediately after the onset of
ischaemia we sought a metabolic marker of cerebral
tissue ischaemia. To this end we chose to measure
whole hemisphere lactate'5 which should reflect the
volume of tissue forced into anaerobic glycolysis by
the depth of ischaemia. There is also evidence that
elevated lactate levels may contribute to the dam-
aging effects of ischaemia on tissue integrity, and on
oedema formation.28
As severe hypertension can open the blood-brain

barrier,29 30 we chose to produce only a modest rise in
mean arterial pressure. This was achieved with either
metaraminol or intravenous infusions of angiotensin.
The latter was not employed in the gerbil model to
avoid fluid volume overload in the small animals.

In the rat our results show that an infusion of meta-
raminol or angiotensin to elevate the mean arterial
blood pressure from 90-100 mmHg to 120-140
mmHg for 2 hours after middle cerebral artery oc-
clusion was accompanied by a significant reduction in
the lactate content of the ischaemic cerebral hemi-
sphere. In fact, in animals with an elevated blood

pressure, the hemisphere on the side of the middle
cerebral artery occlusion had a lactate content
insignificantly different from that on the intact side.
This observation suggests that an increased perfusion
pressure is capable of ameliorating the metabolic con-
sequences of regional cerebral ischaemia, presumably
by reducing the extent and/or depth of ischaemia
through collateral flow. The fact that metaraminol
and angiotensin both produced this result in the rat
argues in favour of a direct effect of the induced hy-
pertension rather than a pharmacological effect of the
pressor agents.
The concern that oedema would be aggravated by

hypertension was not borne out in the rat experi-
ments; indeed the hypertensive animals given angio-
tensin showed an abolition of early hemisphere
swelling. This finding is entirely compatible with the
idea that early water accumulation is cytotoxic, that
is, metabolic in origin, and can be reduced if the
metabolic derangement induced by ischaemia can be
moderated.3'
The results in the gerbil are discordant. Meta-

raminol produced a comparable elevation of blood
pressure to that in the rat, but there was no evidence
of a reduction in lactate or cerebral oedema. The
longer duration of ischaemia studied in the gerbil may
have played a role with oedema contributing to an
elevated intracranial pressure (ICP) and mitigating
against better hemisphere perfusion. There is less
chance of raised ICP in the rat with a small volume of
ischaemic tissue and an open skull when compared
with a gerbil model, which had a closed skull and, in
at least some animals, ischaemia affects a large pro-
portion of the hemisphere.

Other possible factors include a species difference
in the pharmacological effects of the pressor agents.
Metaraminol caused an increase in hemisphere lactate
in the rat in sham operated animals, though not in the
gerbil, though the pressor effect seems to have over-
come this potentially adverse change in the ischaemic
rats.

In the literature several reports have noted dra-
matic short term improvement in patients with is-
chaemic cerebral deficits as a result of infusions of
levophed, angiotensin or dopamine. Shanbrom and
Levy in 19573 reported two patients whose neu-
rological deficit came and went in parallel with the
pressor effects of a norepinephrine infusion. Wise4
was sufficiently impressed by the response of a patient
with hemiplegia following angiography to meta-
raminol that he went on to treat 13 patients with is-
chaemic stroke.5 Five patients with pressures of less
than 140/80 had pressor responses to 150-170 systolic
and 85-100 diastolic for a period of 3 hours. Their
neurological signs improved only to return when
blood pressure fell again.
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These anecdotal clinical reports and the experi-
mental results reported provide a strong argument for
a formal trial. Although early cytotoxic ischaemic oe-
dema may be ameliorated by early pressor treatment
later vasogenic oedema is likely to be aggravated. The
time window during which an increase in perfusion
pressure might be safe is probably measured in hours
only. Although maximal oedema in ischaemic stroke
is seen at 3-4 days' 2 32 there is evidence that the
blood-brain barrier is probably impaired in man
within 24 hours33 (and in animals within hours" 34).
The neurosurgical experience that dopamine can be
safely used to reverse the ischaemic deficit compli-
cating subarachnoid haemorrhage is based on its im-
mediate use in patients whose deficit develops while
under inpatient observation.3536 Any trial would
have to exclude cases with haemorrhagic infarction or
early mass effect with already elevated blood pressure,
and who arrived at the emergency room more than
say 8 hours after onset. Such limitations would make
severe logistic demands on the trialist but the evidence
seems clear that such an attempt should be made.

CM Hurst was partially supported by the Chest,
Heart and Stroke Association. We are grateful to
Ciba-Geigy Ltd. for supplies of angiotensin, and to
initial technical assistance from Miss T Penman and
Mr M Steiner. Dr David Cox of St Thomas's Hospi-
tal Medical School kindly advised on the protein and
lactate assays.
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