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o Forty rhesus monkeys were subjected to acute experimental head injury by
extradural balloon compression of the brain. A critical endpoint in the compres-
sion was used to inject.either saline, urea, or dimethyl sulfoxide (DMSO). All
saline-treated animals died. Ten of 15 urea-treated animals survived, while 14 of
15 DMSO-injected monkeys survived. The incidence of neurological deficits seen
in survivors was four for urea and one for DMSO. It is concluded that DMSO
is capable of modifying the mortality rate and posttraumatic sequelae of brain

injury in the experimental model used.

Key Worbs
urea

duced in a variety of ways. For this
study, we used the acute extradural
compression model with which this labora-
tory has been familiar for many years.'s:**
A number of drugs now exist that modify
the effects of some head injuries, among
which urea is often used. In selecting urea
for our treated models we are aware that
other ancillary drugs are available that could
serve as well, or in some cases better, than
this osmotic agent. It seems clear that what-
ever physiological factors are to be tested, it
is first necessary to create a reproducible and
predictable animal model before a pharma-
cological agent can be properly evaluated.
Dimethyl sulfoxide (DMSO) was chosen
as a possible therapeutic agent in experimen-
tal head injury because it protects a variety
of cells from mechanical damage® and acts
as an antiinflammatory and diuretic agent
with a resulting reduction of edema.®'
DMSO is a dipolar aprotic solvent, which
has been shown to cross the dermal barrier

EXPERIMENTAL brain injury can be pro-
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rapidly in high concentrations with little or
no permanent tissue damage.’® It has also
been shown to cross the blood-brain barrier
to assist in the penetration of certain com-
pounds. such as '*C-pemoline,* L-dopa,’ and
adrenaline and noradrenaline.’* At first we
did not know whether penetration of DMSO
through the blood-brain barrier would be de-
sirable or result in a disadvantage for the
purpose of our study.

Methods and Materials

Forty macaque (Macaca mulatta) mon-
keys of mixed sex and weighing 3.4 t0 4.5 kg

‘were divided at random into three groups

as follows: 10 were treated with 20 cc of

.normal saline, 15 with 10 cc of urea (3.2

gm) followed by 10 cc of normal saline, and
15 with approximately 10 cc of pure DMSO
mixed with 10 cc of normal saline (2.2 gm/
kg). Animals were anesthetized intraperito-
neally with sodium pentobarbital. 40 mg/kg,
and the head fixed in a stereotaxic apparatus
(Fig. 1). Brain injury was induced by supra-
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Fio. 1. Experimental set-up showing monkey
placed in a stereotaxic headholder. Bifroatal burr
holes are made for recording intracranial pressure
and for extradural compressing balloon. Biparietal
leads are screwed into skull in contact with the
dura for EEG recordings. Pial window may be
placed contralateral to the compressing balloon.

tentorial extradural compression with a 5
mm Happenstein balloon attached to a rub-
ber catheter, and introduced into the left pa-
rietal area. The balloon was then slowly
filled with an initial 0.6 cc of saline. mixed

with a blue dye indicator (for detecting leaks -

in the system, none of which occurred) and
thereafter, 0.2 cc increments were added for
every 5 min. The total mean volumes of
compression for the three groups are sum-
marized in Table 1.

A Beckman Type R dynograph was used
to record respiration, systemic arterial pres-

sure, left carotid blood flow, intracranial .

pressure, and EEG. Respiration was moni-
tored by a Harvard pneumotachygraph con-
nected to a Statham strain gauge. All ani-
mals were intubated and allowed to breathe
spontaneously. Minute volumes were mea-
sured with a Monoghan Respiratory Ventila-
tion meter. Femoral catheterization was used
for intravenous fluid administration and to
record systemic arterial pressure. Left ca-
rotid blood flow (Lt. Car. B.F.) was re-
corded with a 6 mm calibrated flow probe on
the common carotid with the external ca-
rotid ligated in continuity. The flow probe
was connected to a square wave electromag-
netic flowmeter* and pulses were registered
on the dynograph. Zero flow was recorded af-
ter 2-sec occlusion of the common carotid

* Flowmeter provided by Carolina Medical
Electronics, Inc., King, North Carolina 27021.

proximal to the flow probe. A recording bal-
loon with a polyethylene tube attached to a
Statham strain gauge was placed on the right
parietal area to measure intracranial pres-
sure. Parietal EEG unipolar electrodes were:
screwed into the skull bilaterally 1 cm from
the midline and 1 cm posterior to the coro-
nal suture. Acrylic dental cement was used
to seal the bifrontal burr holes made for the

‘recording and compression balloons. Dura

was removed over a pial window placed con-
tralateral to the compression balloon in the
monkeys to study and .microphotograph thc
pial vasculature at low power magnification
(50X) during the surgical procedure. The
window was held in place with acrylic dental
cement.

Plasma volumes were determined using
commercially- available RIHSA+ according
to the method of Albert.® Determinations
were made at two points during the course of
the experiment: before the initiation of ex-
tradural compression and after injection of
DMSO or urea. IHSA-I'?5 was used for the
first determination and ITHSA-I'** for the
second, because of the difference in photo-
peak energies. Background samples and
post-drug-injection samples at 10, 20 and 30
min were obtained in order to extrapolate to
zero time. Determinations were not made for
the saline-treated animals because of their
failure to survive with reasonably normal
circulatory dynamics for a sufficient time in-
terval after the period of apnea.

During compression, physiological
changes were observed in all 40 monkeys

+ “Albumotope” made by ‘E. R. Squibb and
Sons, Inc., Princeton, New Jersey 08540.

TABLE 1

Mortalitv rate in 40 rhesus monkeyvs subjected to
extradural balloon compression®

Group No. Survivors Mortality (%)
saline-treated . 10 0 100
urea-treated 15 10 33
DMSO-treated 15 14 7

* Average balloon compression volume required to
reach critical apneic point (endpoint) was 53.1. 5.0, and
5.5 cc for saline, urea, and DMSO-treated groups
respectively. Mean balloon:compression volume for
all animals was 5.2 cc.
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which were similar to those previously re-
ported from this laboratory using cats'* and
dogs.”® At the stage of apnea, the animals
showed fixed, dilated pupils. a bilaterally flat
EEG, a self-sustaining rise in intracran‘al
pressure and blood pressure (as described
by Langfitt, et al.,'”) and a reduced blood
flow as measured by the carotid flow probe
and as seen through the cortical window.
Following the period of total respiratory ces-
sation, apnea was arbitrarily allowed to ex-
tend to a minimum of 45 scc. A few respira-
tory gasps followed and the drug under tr.al
was administered to cocincide with the first

respiratory spike (Figs. 2-4, arrow). The -

period of apnea was therefore variable be-
yond 45 sec but the subsequent respiratory
gasp was present in all animals. The balloon

= il a A -

was decompressed 1 hour later in the survi-
vors. -

Saline, urea, and DMSO were infused at
the rate of 8 cc/min at room temperature.
After the surgical procedure, the surviving
animals were. injected intramuscularly with -
100 mg Stecli~ and the scalp suture wound
was covered with Terra-Cortril ointment.
The brains from eight urea- and DMSO-
treated animals were used to measure the
percent difference of dry/wet weight ratio,
24 and 48 hours after compression.

Results
Survival

In Group 1 (saline only), all 10 control
animals died; only one survived the posttrau-
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FiG. 2. Three bands of polygraph recordings measuring physiological parameters during extradural
balloon compression, endpoint, and stabilization or death. During compression. no remarkable changes are
seen. At endpoint, respiration (Resp.) shows high amplitude slow wave activity culminating in a variable
period of apnea. Following apnea. a spontaneous respiratory- gasp is seen {arrow) and the drug or saline
is injected. Prior to the apneic period, a rise in systemic arterial pressure (BP) is evident, accompanied by a
sustained rise in intracranial pressure (ICP). The last 0.2 cc of fluid increment in the extradural balloon
is marked by a circled arrow. Left carotid blood flow (LT. Car. B.F.) is not measurable during endpoint.
Left and right parietal EEG is seen flattening during apnea. After urea or DMSQ is injected. ICP falls
suddenly with urea and more gradually with DMSO, while the drop after saline is only partial. Stabiliza-
tion of all parameters was seen in the surviving animals 8 to 10 min following the endpoint except after
saline injection where 9 of 10 monkeys died before balloon compression (10th monkey died within 10
hours after surgery). Time markers are 25 mm/min and 25 mm/sec for fast tracings.
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Fig. 3. Three bands of polygraph recordings measuring physiological parameters during extradural balloon.
compression, endpoint. and stabilization or death. (See Fig. 2 for detailed explanation.)

matic period, and even this animal did not
live for more than [0 hours. In Group 2

(urea plus saline), 10 of the 15 monkeys.

survived; of these, four had various neuro-
logical abnormalities (Table 2) and six re-
covered uneventfully from surgery and were
adjudged grossly normal in every respect.
All five deaths occurred before decompres-
sion. In Group 3 (DMSO-treated) 14 of 15
monkeys survived. Postoperatively one ani-
mal showed a mild neurological defect, con-
sisting of transient right-sided paresis of the
hand and arm. Motor and sensory function as
well as alert, aggressive behavior were rated
normal in all Group 3 monkeys following re-
covery from anesthesia. The only death in
this group occurred shortly after decompres-
sion even though the functional parameters
had seemed to be well stabilized up to that
point.

A 16th monkey that recovered after
DMSO treatment is not included in this se-
ries because it was artificially ventilated after
being presumably dead; ncvertheless, this
animal should be reported since it recovered
with no apparent ncurological deficit after
undergoing 6 minutes of apnea and 12 min-
utes with a flat EEG.

Blood Volumes

A significant mean increase over control
levels was similar for both agents: 18.5% in
the case of urea, and 22.5% in the case of
DMSO. DMSO and urea are both known to -
produce diuresis'® which would tend to mini-
mize this increase in plasma volume.* This
suggests that following the endpoint of com-
pression and injection: of the therapeutic
agent, there may have been an even greater
increase in plasma volume than we were able
to detect.

A beneficial hemodilutional effect with de-
crease in blood viscosity and improved cere-
bral blood flow is implied by the increase in

TABLE 2

Gross and neurological deficits in-urea- and DMSO-
treated monkevs 24 hours after compression

Deficit Urea DMSO
(4 monkeys) (1 monkey)
lethargy 3 0
anisocoric pupils 3 0
paresis (right side) 2 1
lack aggression . 4 0
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FIG. 4. Three bands of polygraph recordings measuring physiological parameters during extradural balloon
compression, endpoint, and stabilization or death. (See Fig. 2 for detailed explanation.)

plasma volume. One cannot be certain that.

this was due to the therapeutic agents exclu-
sive of other experimental factors, because
the insufficient survival time of the control
animals precluded postcompression blood
volume determinations,

Endpoint Observations

During and after the critical endpoint, the
following observations were made.

Respiration. In half of the control ani-
mals, respiration returned to a regular pat-
tern following injection of saline but within
an hour began failing and finally stopped; in
the remaining animals in this group, only a
few respiratory spikes were recorded,
followed quickly by death.

Respiration in monkeys treated with urea
or DMSO stabilized a few minutes after in-
jection and remained stable in the survivors
throughout recovery. It appeared that the re-
spiratory amplitude was greater after DMSO
(Fig. 4), suggesting a stimulatory effect of
this agent on respiration.

Systemic  Arterial Pressure. Animals
treated with saline showed an initial im-
provement in the arterial pressure. This im-
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provement coincided with the respiratory
gain observed in half of these animals. The
arterial pressure, however, deteriorated
within the hour and finally dropped to zero.
In urea- and DMSO-treated monkeys, the
arterial pressure returned to baseline levels
within 10 min after the endpoint and re-
mained normal in the survivors.

Left Carotid Blood Flow. Left carotid
blood flow decreased in all animals in rela-
tion to the increasing fluid levels in the com-
pressing balloon. The flow was barely mea-
surable during apnea. but quickly returned
to normal levels coinciding with stabilization
of systemic arterial pressure and respiration
in animals which survived.

Intracranial Pressure. Following saline
injection, intracranial pressure (ICP) de-
creased from its peak level to about a level
50% to 30% above the baseline and re-
mained elevated until death (Fig. 2). After
injection with urea, the ICP dropped quickly
to baseline. Following DMSO, ICP also
dropped to baseline levels but more grad-
ually (Figs. 3 and 4).

Electroencephalography. Electrical ac-
tivity in the saline controls was variable


















