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BLOOD-BRAIN BARRIER TO PERTECHNETATE
FOLLOWING DRUG-INDUCED HYPOTENSION

P. R. COOK, D. MYERS, M. BARKER AND ]J. G. JONES

There is some disagreement on the effects of
profound hypotension and ischaemia on the
blood-brain barrier (BBB). In a study in the
gerbil, of the penetration of the BBB by Evan’s
Blue-albumin following clamping of one carotid
artery [1], it was found that no breakdown of the
BBB occurred with less than 30 min occlusion,
longer periods of ischaemia producing breakdown
which occurred in some animals only at 5-29 h
after restoration of blood flow. In contrast, dogs
subjected to hypotension to a mean cerebral
perfusion pressure of 30-45 mm Hg showed ex-
tensive breakdown of the barrier to Evan’s
Blue—albumin complex immediately after the end
of the hypotensive episodes [2]. Differentiating
between the effects of ischaemia and infarction,
Petito and colleagues [3] concluded that the BBB
remains impermeable to large molecules for
15-30 min after reperfusion foliowing ischaemia
without infarction. In the same model Sage, Van
Uitert and Dufly [4] showed that, in contrast to
large molecules, a small molecule (leucine) did leak
through the BBB 15 min after reperfusion. Some
of these differences may result from the dissimilar
procedures used for producing ischaemia, or
species differences, small molecules seeming more
sensitive than large ones to breakdown of the
BBB.

If breakdown of the BBB to large molecules is
widespread following hypotension [2], it might be
useful to develop a probe molecule technique for
clinical use as a sensitive diagnostic and prognostic
test of brain injury in unconscious man.
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SUMMARY

The integrity of the blood-brain barrier (BBB)
was examined in rabbits, in terms of the partition
of 99 mTc-pertechnetate (%" TcO, ) between brain
and blood, following intracarotid injection of
hypertonic arabinose, hypertension (168 mm Hg
and 10% inspired carbon dioxide), or hypo-
tension (< 20 mm Hg for 15 min). Corrections
were made for changes in tissue blood con-
tents, using chromium-51 as a red cell marker.
In control animals the mean brain:blood ratio
was 0.038 (range 0.027-0.052). Following arab-
inose there was a five-fold increase in mean BBB
permeability (mean brain:blood ratio 0.192
(0.070-0.378)). There was no change after
hypertension and carbon dioxide (mean ratio
0.034) or after hypotension (mean ratio 0.032),
despite an increase in cerebral extracellular
potassium. Examination of other tissues showed
no change in the #"TcQ, tissue/blood partition
in heart muscle in any study but, following
hypotension, ratios in the kidney (mean ratio
1.63) and, to a lesser extent, the liver (mean ratio
1.37) had increased, suggesting an abnormality
of active transport under these conditions. We
conclude that, while °"TcO, tissue/blood par-
titioning revealed osmotic disruption of the BBB,
profound hypotension with evidence of brain
cell damage did not change BBB permeability to
the same marker. Hypotension may influence
active transport of this ion in liver and kidney.

We chose the probe molecule **™Tc-pertech-
netate (**"TcO,~, mol. wt 163 Daltons) for two
reasons: the radionucleotide has a short half-life,
rapid elimination from the body, and is readily
available and easily detected; and it has been
shown (4] that a small molecule is even more
sensitive to BBB breakdown than is albumin.
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Although there are a number of techniques
used to detect brain injury in vivo, all are invasive
and impractical for clinical use. The technique for
measuring the change in extracellular potassium
is well established and we have used this as an
indicator of brain injury following hypotension.
To evaluate the permeability model, we have
compared the partitioning of **™TcO,~ between
blood and brain and other tissues, in control
animals, and following osmotic disruption of
the BBB, acute hypertension or profound
hypotension.

MATERIALS AND METHODS

Thirteen New Zealand White rabbits (mean
weight 3.9 kg (range 2.8-5.3)), were anaesthetized
with Hypnorm (fluanisone 3.3 mg kg™! + fentanyl
0.1 mg kg™") 0.33 ml kg™! i.m. Cannulae were in-
serted into an artery and a vein in the ear. Tra-
cheotomy was performed and the animals were
paralysed with pancuronium 4 mg and the lungs
ventilated artificially to an airway pressure of
15-20 cm H,O with 34 cm H,O of PEEP, using
509, nitrous oxide in oxygen. Anaesthesia was
maintained by a continuous infusion via the ear
vein of Hypnorm 0.1 mlkg ' h™! and pancur-
onium 1 mg kg™ h~!. Saline 0.9 9%, was also given
at 5mlkg™'h™', with 3mlkg*h™! boluses of
hydroxyethyl starch (American Hospital supply)
if required to maintain blood volume and arterial
pressure. Airway pressure and arterial pressure
were measured continuously using Statham pres-
sure transducers and a Devices carrier amplifier
with signals recorded on a Devices multichannel
recorder.

The animals were allocated to four groups.
Group 1 were controls.

Animals in group 2 were subjected to osmotic
disruption of the BBB with 30 ml of arabinose
1.8 mol litre™! injected slowly over 30 s into the
internal carotid artery [5]. This vessel was dis-
sected out and clamps placed on the external
carotid artery and the artery to the pinna on the
side of injection.

Hypertension was induced in group 3 animals
using an i.v. bolus of angiotensin II, 20 pg kg™!
[6]. To potentiate the effects of angiotensin I1, the
lungs were ventilated during this period with a
nitrous oxide in oxygen mixture containing 109,
carbon dioxide.

Craniotomy was performed in group 4 animals
and a potassium ion sensitive electrode was

inserted 1 mm into the parietal cortex. The
electrodes detected the extracellular potassium
throughout the course of the study, their signals
being processed by a high impedance amplifier
and recorded on a Watanabe MC6623 recorder
(7). The potassium electrodes were calibrated (7]
using six dilutions of potassium chloride in
sodium chloride, to maintain a constant chloride
concentration of 150 mmol litre™! and potassium
ion concentration of 1, 3, 5, 10, 25 and 50 mmol
litre~!. The cationic balance was maintained at
150 mmol litre™! with sodium ions. Calibrations
were carried out before each insertion into the
brain and after termination of the study, the
difference in calibrations being approximately
1 mmol litre™. In every case there was a large
increase in potassium ion concentration to more
than 50 mmol litre™! on final cardiac arrest in-
duced with i.v. potassium chloride. Hypotension
was induced with an infusion of trimetaphan
10 mg kg™' h! i.v., 19, inspired halothane and a
variable infusion of sodium nitroprusside (total
dose 1.65-6.25 mg kg™!). Fine adjustment was
achieved by blood letting (up to 10 mlkg™?).
Mean arterial pressure (MAP) was reduced
steadily, over a period of 25-30 min, to between
17 and 20 mm Hg. It was then maintained at this
value for 15 min. This pressure was that found,
by preliminary studies, to produce an abrupt
increase in cortical extracellular potassium con-
centration.

In each group of animals two radiolabelled
molecules were used. Red cells were labelled
tn vitro with chromium-51 to quantify the blood
volume in tissues sampled at the end of the study.
A 10-ml blood sample was taken from each animal
at the start of the study and chromium-51, 1 MBq
was added with citrate dextrose solution. After
30 min, the blood was centrifuged and the super-
natant removed. The cells were washed, re-
suspended and re-centrifuged three times. The
red cells were re-constituted with 0.9 %, saline to a
volume of 10 ml and injected back into the animal,
together with **"TcO,~ 100 MBq 5 min before
any experimental manoeuvre. Fifteen minutes
after a manipulation was finished, the anaes-
thetized animal was killed with a potassium
injection, a blood sample being taken ante-
mortem. Tissues were removed, weighed and
counted in a well counter to quantify chromium-51
and technetium-99m. In each case the **™TcO,~
count for the tissue sample was corrected for the
blood content of each tissue as measured by the
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chromium-51. A corrected **"TcO," tissue : blood
partition ratio was calculated.

Data were analysed using the Randomization
test for two independent samples [8].

RESULTS

Clearance of pertechnetate

An external scintillation detector over the
rabbit’s heart was tuned to detect technetium-
99m and this showed a clearance half-life of
approximately 4 h (fig. 1).

for blood content, for brain and heart in the four groups
(C = control; O = osmotic opening of BBB; 1 = hyper-
tension ; | = hypotension).

Tissue:blood pertechnetate partition ratios

Blood : tissue partition ratios of **™TcO," in the
myocardium showed no differences in any group
(fig. 2).

For brain, each hemisphere was sampled separ-
ately, so two values for each animal are shown in
figure 2 and table I. Significant differences were
found, but these should be interpreted with
caution because of the multiple comparisons.
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F1G. 3. Cortical extracellular potassium changes plotted against mean arterial pressure (MAP) for four
animals. Open circles show values of ECF potassium on returning MAP to normal.

Nevertheless, brain tissue from animals subjected
to osmotic damage (group 2) showed a significant
five-fold increase in mean brain : blood ratio, each
value being greater than control (P = 0.05, Ran-
domization test for two independent samples on
mean values of left and right brain sample pairs).
Compared with control values there was no
difference in the partitioning of ***TcQO,~ between
brain and blood in the groups subjected to
hypertension (group 3) or to hypotension (group
4). In group 3 there was an increase in mean
arterial pressure (MAP) from a mean of 70 to a
mean maximum of 168 mm Hg.

Ion flux studies in four animals are shown in
figure 3. It was necessary to reduce MAP to
< 25 mm Hg before a large flux in cortical extra-
cellular potassium occurred. Even so, when
potassium flux indicated brain cell injury, there
was no change in the partitioning of **™TcQO,-

TABLE 11. Ttissue : blood partition ratios for pertechnetate in the
control group. *One sample only

Tissue Mean Range
Brain 0.04 0.03-0.05
Myocardium 0.40 0.33-0.46
Liver 0.49 0.43-0.56
Kidney 1.02 0.96-1.07
Quadriceps muscle 0.12 0.11-0.14
CSF 0.03* —
Submandibular 0.56 0.54-0.58
Parotid 0.32 0.18-0.42
Tongue 0.43 0.42-0.45
Skull 0.14 0.10-0.18
Scalp 0.37 0.29-0.44

across the BBB in the group (4) subjected to
profound hypotension.

Other tissues were examined also (table II).
The values for liver in the control animals were
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essentially the same as in the groups subjected to
osmotic damage or hypertension (fig. 4). However,
the values in the group subjected to hypotension
were significantly different from those in the
control group (P < 0.03, Randomization test for
two independent samples), with three of the four
values greater than unity.

The kidney showed a wider scatter of values,
the hypotension and the osmotic groups showing
trends to higher and lower values than controls,
respectively (fig. 4). The group subjected to
hypotension was not significantly different in view
of small numbers and the scatter, but three of the
four values in that group were greater than unity.

DISCUSSION

The main finding in this study was that, in contrast
with the effect of opening the BBB by osmotic
insult, profound hypotension sufficient to produce
brain injury did not alter BBB function as
measured by partitioning of "TcO,~ between
brain and blood.

Brain injury was demonstrated at the time of
these partitioning measurements by direct meas-
urement of potassium concentrations in cerebral
extracellular fluid. This model of cerebral dys-
function has been compared recently with changes
in mitochondrial redox activity as an indicator of
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litre”! of potassium ion did not occur until
reduction of cytochrome a, a, reached > 809%.
Increases in potassium ion > 1 mmol litre™! were
associated with complete reduction of cytochrome
and reached a mean change of 3.29 (0.1) mmol
litre™! [9], similar to those recorded in this study
during hypotension.

tension.

The hypotension we achieved also produced no
effect on partitioning of **"TcO,” in the myo-
cardium, but was sufficient to influence parti-
tioning in the liver and kidney. The mean values in
the latter tissues were greater than unity, implying
an interference with an active transport mech-
anism rather than a change in passive diffusion.
This may be explained by the greater suscepti-
bility to hypoxia of active transport mechanisms
which remove the tracer from liver and kidney
cells, compared with the susceptibility of mech-
anisms which transport it into these cells.

We used angiotensin II to increase MAP as
described by Edvinsson and colleagues [6], but in
our study hypertension combined with hyper-
capnia did not influence the partitioning of
9¥mTcQ,”. The mean change in MAP in our study
was the same as that reported in rats by this
group, but their animals had a greater MAP
(180 mm Hg) compared with ours (168 mm Hg).
In contrast, they showed that angiotensin II
produced an increase in protein leakage into the
brain, but demonstrated an even greater protein
flux with adrenaline, despite a similar increase in
MAP. However, it is unclear whether this repre-
sents an increase in permeability of the para-
cellular pathway or an increase in the transcellular
pathway resulting from increased pinocytosis
(10].

An explanation of the differences between our
study and previous reports is the frequent large
percentages of tissue blood content recorded,
especially following manoecuvres which might
have increased vascular engorgement. Without
correcting for the blood content in tissue, we
would have shown spuriously high *"TcO,-
counts resulting entirely from increased blood
content, rather than a true increase in partitioning.

In contrast with the effect of hypotension, the
osmotic disruption of the BBB produced a striking
difference in %™ TcO,~ partitioning, showing that
our model was sensitive to changes in BBB
function. Our results are consistent with pre-
viously published studies on the effects of hyperos-
molar solutions in disrupting the BBB [11-13]. A
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greater increase in tissue **™TcO,” in the hemis-
phere ipsilateral to the intracarotid injection was
not a consistent finding, and implies a fairly
uniform distribution of arabinose across the circle
of Willis. It has been shown that these solutions
open the BBB by a non-energy dependent mech-
anism [13] which is unlikely therefore, to involve
pinocytosis. The technique is well established, is
reversible and is used in the therapy of human
central nervous system malignancies [14].

Our findings conflict with those of Ishikawa
and colleagues [2] who showed that hypotension
caused either a major breakdown of the BBB with
a leak of protein from the intravascular space, or
some alteration in a selective active transport
system or pinocytosis [10]. The time scale of our
study was similar to that in the Ishikawa study,
but we found no change in the flux of our much
smaller molecule. Furthermore, we also adminis-
tered Evan’s Blue in two preliminary hypotensive
experiments, but found no blue staining of the
brain in any section. This suggests that there are
species differences in addition to different mech-
anisms of active transport for the various solute
molecules crossing the BBB.

9¥mTcQ,™ is a complex molecule and may behave
as a pseudohalide. There is little information on
partitioning of *™TcO,” between brain and
blood. The pulmonary epithelium, although not
presenting as formidable a barrier as the BBB to
penetration of hydrophilic molecules, has been
studied [15] in terms of its permeability to
9mTcQ,~ (mol.wt 163 Daltons), chloride and
mannitol (mol.wt 160 Daltons). It was found that
chloride and **™TcQ,~ had similar permeabilities
and that, in penetrating the epithelia, 50 %, of each
passed through the cell wall and 50 9 through the
intercellular junctions (paracellular pathway). In
contrast, mannitol has a permeability coefficient
less than 509, that of **™TcO,” and, as a
hydrophilic molecule, it is assumed to pass
entirely through the paracellular pathway. These
results suggest that, if the impermeability of the
BBB to **"TcO,” remains intact after hypo-
tension, then so does the impermeability of the
BBB for mannitol, explaining its continued
efficacy in the management of cerebral oedema
under such circumstances. A seven-fold difference
in the permeability of the epithelium to ™ TcO,-
has also been reported [15], depending on the
direction of movement; that is, permeation from
mucosa to serosa is less than in the opposite
direction. This demonstrates an active transport

system for **™TcO,~ at least in the pulmonary
epithelium.

Sucrose (mol.wt 342 Daltons) and !Cr-EDTA
(mol.wt 341 Daltons), a non-charged hydrophilic
molecule, have a low permeation of the BBB
similar to that of mannitol {16]. The very low
concentration of all these molecules in the brain,
even after allowing prolonged periods for diffu-~
sion to occur, implies:

(1) A low penetration of the BBB because of
greatly impaired diffusion through the para-
cellular pathway.

(2) An active transport system that is eliminating
these molecules from the brain to the blood across
the BBB.

(3) Some active transport from the blood to the
brain, but a more effective transport system out of
the brain at the choroid plexus which removes the
tracer.

Active transport mechanisms may be involved
in **"TcQ,™ transport in the liver and kidney, and
may be affected by severe hypotension. However,
in these experiments, severe hypotension did not
affect these mechanisms in the brain.
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