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Osmotic Opening of the Blood-Brain Barrier in the

Monkey without Associated Neurological Deficits

Abstract. Hypertonic urea or lactamide solutions osmotically open the blood-
brain barrier in the monkey without producing gross neurological deficits if the
blood supply to the brain is not compromised. The brain is perfused via the left
lingual artery when the external and common carotid arteries are clamped tem-
porarily. Hypertonic perfusion, which opens the barrier by opening tight junctions
between cerebrovascular endothelial cells, can thus be used to study barrier func-

tion and brain pharmacology.

In a previous demonstration that the

blood-brain barrier (BBB) could be
opened in the monkey by internal
carotid perfusion of hypertonic urea
solution, it was noted that neuronal
damage often occurred (I). Hyper-
tonic perfusion reversibly opens tight
junctions between cerebrovascular en-
dothelial cells, probably by shrinking
the cells osmotically (2—4), and would
be useful for studying barrier function
and brain pharmacology if unaccom-
panied by neuronal damage.

The perfusion method in the mon-
key, which included permanent liga-
tion of the common carotid artery and
was associated with transient hypo-
tension (I, 5), may have predisposed
the homolateral brain to ischemic dam-
age (6). To test this, we altered the
method so as not to ligate the common
carotid artery nor to compromise per-
manently cerebral blood flow (4, 7).

Twenty-one monkeys (Macaca mu-
latta) weighing 2.5 to 3.5 kg were
anesthetized and given intravenous
Evans blue tracer (/). Filtered 2M
buffered urea (1), pH 7.4 (Ureaphil,
Abbott), 2M pr-lactamide (2), pH 5.0
(Sigma), or 0.9 percent NaCl was
perfused into the left lingual artery for
20 seconds at a fixed rate between 0.74
and 0.86 ml/sec. The left external and
common carotid arteries were clamped
temporarily during perfusion, so that
the perfusate went into the internal
carotid and then into the left hemi-
sphere of the brain (4). The animal was
ventilated artificially if transient apnea
appeared.
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The monkey was permitted to re-
cover and was examined for changes
in gross motor function or behavior.
It was killed 5 to 10 days later to
determine the extent of Evans blue
staining of the perfused brain (evi-
dence of BBB opening) and for brain
histology.

Table 1 summarizes the observations
and compares them with experiments
in which 2M urea was perfused for
30 seconds into the internal carotid
when the common carotid was per-
manently ligated (I). With permanent
ligation, urea opened the BBB in 9 of

.12 animals, usually in the distribution

of the left middle cerebral artery,
but only 2 of 9 were neurologically
normal.

Table 1. Effect of perfusion with hypertonic
solutions on the blood-brain barrier with and
without permanent ligation of the common
carotid artery.

Staining
(No. of animals)
Left
I(:rlgl‘js‘;t; Solution hemi-
None  Sphere
To- Nor-
tal mal*
Common carotid ligatedt
0.4 -1.7 2M urea 3 9 2
0.9% NaCl 5 1 0
Common carotid temporarily clamped
0.76-0.86  2M urea ) 2 6 6
2M lactamide 1 6 5
0.9% NaCl 5 1 1

* Normal neurologically. 1 Observations from
Rapoport, Bachman, and Thompson ).

With lingual perfusion and tempo-
rary carotid clamping, however, the
barrier was opened by both urea and
lactamide without associated right-
sided weakness or gross behavioral
changes in 11 of 12 animals. Both urea
and lactamide produced diffuse and
even brain staining, but isotonic saline
did not. Urea-perfused brains often
had superimposed darkly stained re-
gions, perhaps due to opening of large
intracerebral vessels as well as of capil-
laries (3). Frozen histological sections
stained with cresyl violet showed no
evidence of brain necrosis in the nor-
mal monkeys.

Electroencephalograms (EEG) taken
1 day after urea perfusion showed de-
creased amplitude on the left side in
4 of 6 animals with BBB opening. At
the time the animals were killed, EEG
records did not differ from controls
prior to perfusion for normal animals
perfused with urea, lactamide, or iso-
tonic saline. As was noted previously,
the anterior and posterior chambers of
the left eye were stained by Evans blue
after hypertonic perfusion (I, 8).

Osmotic opening of the BBB there-
fore can be produced without gross
neurological injury if the vascular sup-
ply to the perfused brain is not com-
promised permanently and if adequate
ventilation is maintained. This method
can be considered now for a more de-
tailed study of brain and barrier func-
tion (9).
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