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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

J. Neurosurg. / Volume 38 / March, 1973



Dimethyl sulfoxide treatment of brain compression

W B

- — e
'l”“ COMPRESSION

i

w

L
LT. CAR. B.F. |*10ccimin,

!

e
icr
mm Hy [70

N NN,
¢

5 A h
STARILIZATION (8min}

i
L]

tnuso‘

APNEA [

0
. s
“HMT ™

EEG LT

25 mm

[ EEG mT. Al : b
i ngu ‘I |

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



J. C. de la Torre, D. W. Rowed, H. M. Kawanaga and S. Mullan

RSN R PR

FiG. 5. Left: Pial vessels during apneic endpoint as seen through the cranial window. Large avascular

areas are seen in cortex while vessels are barely discernible due to arrest (v marks) or severe reduction of
blood flow caused by contralateral balloon compression. Right: Pial blood flow 30 to 60 min after DMSO
returns to almost complete revascularization as evidenced by the return of vessels (o marks) where prior
arrest of blood flow had occurred. Double and single rows of dots indicate the orientation of both cortical
fields. Balloon compression was maintained for an hour after drug treatment. x 50. ;

(Fig. 2). Some monkeys in this group
regained reasonable EEG amplitude follow-
ing endpoint compressions, while others
showed low-amplitude, fast-wave activity
which continued until death. Quasi-normal
EEG activity was regained some 5 to 20
min after either urea or DMSO treatment in
the survivors (Figs. 3 and 4).

Cortical Blood Flow. During the apneic
period, the circulation was virtually stopped
in all animals and microemboli were ob-
served (Fig. 5, left). Saline injection did not
significantly modify the rapidly deteriorating
circulation after apnea. Following urea or
DMSO injection, the rate of flow gradually
increased until nearly all channels under mi-
croscopic examination - gained practically
normal revascularization (Fig. 5. right).
Small vessel branches which had been virtu-
ally abolished by the compression were seen
to return within 30 to 60 min in the urea- or
DMSO-treated survivors.

Pupils. Reduction of pupillary size was
not seen in any of the 10 monkeys treated
with saline including one that survived 10
hours. The mydriatic pupils were reduced to
precompression size in all DMSO-treated
monkeys including the animal that later suc-
cumbed after decompression. Six of the urea
survivors adjudged grossly normal after sur-

350

gery had pupillary responses similar to those
with DMSO. Three other urea-treated mon-
keys showed anisocoric pupils (Table
2) even after surgical recovery, while a
fourth had partial mydriasis but light-reac-
tive pupils.

Fasciculation. About 1 min following the
DMSO injection, a brief fasciculation of the
monkey’s body and limbs was observed. The
tremors were as characteristic- as the strong
odor of garlic noted in the monkey’s breath
soon after DMSO.

Balloon Decompression. Decompression
of the extradural balloon 1 hour after the
drugs were injected was not marked by any
significant changes in the physiological re-
sponses measured.

Urine Volume. Copious volumes of urine
were generally excreted within 1 hour after
injection of urea or DMSO. The urine in the
DMSO monkeys was coffee-colored due to
the presence of methemoglobin and hemo-
globin.” No blood cells were found in the
urine of these animals even after centrifuga-
tion.

Brain Weights. The percent difference of
dry/wet brain weights taken 24 and 48
hours after compression -indicated no in-
creased fluid accumulation in any. of the sur-
vivors examined. Survivors had a mean dry
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/wet brain weight ratio of 23.2% (control
values, % of wet weight: 23.3 = 2% ) in ei-
ther hemisphere after 24 or 48 hours.

Discussion

The protective effects of DMSO as com-
ared to urea- or saline-treated monkeys is
shown in Tables 1 and 2. Animals treated
with DMSO recover within a few minutes
and return to stable physiologic homeostasis
within approximately 10 minutes following
the end point. At this time respiration, sys-
temic arterial pressure, intracranial pressure,
blood flow. and EEG return to normal lev-
els, while the fixed, dilated pupils are re-
duced to precompression size. Stabilization
after urea basically follows the same pattern
as with DMSO. However, the period of re-
covery in four of the 10 surviving animals
was marked by lethargy, anisocoric pupils,
loss of aggression, and, in one case, hemi-
paresis (Table 2). No gross neurological
signs were noted in the DMSO survivors, ex-
cept for one animal that showed mild and
transient right-sided paresis in the arm and
hand. :

Respiration

Whatever activity DMSO had in the ani-
mal after intravenous administration was
quite rapid since arterial and intracranial
pressures were quickly lowered, while respi-
ration was stable within a few minutes. This
suggests that DMSO either induces rapid di-
uresis or increases respiration by stimulation
of neural respiratory receptors. In support of
this suggestion, we observed that in normal
anesthetized rhesus monkeys, 2 gm/kg of
DMSO in a 50% solution injected intrave-
nously increased the respiratory minute vol-
ume on the average by 95%. The minute
volume remained high for 20 min then sloped
slowly to control values. This effect of DMSO
on respiration lasted for about 90 min. Urea
"did not appear to influence the respiratory
minute volume under similar conditions.
Figures 3 and 4 show the relative increase in
respiratory amplitude after. DMSO both in
relation to its preinjection amplitude and to
the respiratory pattern following urea admin-
istration.

Species Differences

Two studies,”** both using cats, have re-
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ported that an intravenous injection of 200
mg/kg of DMSO produced apnea and a
transient fall in blood pressure. Qur own re-
sults in monkeys do not support these
findings. The discrepancy could be due to
species difference and also to the fact that
the LD;, of DMSO in cats appears to be
much higher than in monkeys. An experi-
mental model for compression similar to the
one de-cribed for the monkeys was at-
tempted in the cat but later abandoned duc
to this difficulty. Doses of DMSO ranging

- from 50 to 500 mg kg in sodium-pentobar-

bital-anesthetized cats proved so toxic that a
reproduceable brain injury model could not
b; evolved.

Anoxia

The pharmacological versatility of DMSO
makes it difficult to explain its apparent
protective role in brain compression. Finney,
et al.® showed that a 10% solution of
DMSO with or without hydrogen peroxide
protects against experimental cardiac isch-
emia, possibly by aiding in the diffusion of
oxygen into the myocardial tissue, thus af-
fording a higher degree of protection from
anoxia as compared to control models. An-
other report!* demonstrated. a dose-related
ratio showing that as the concentration - of
DMSO is increased, oxygen consumption in
the frog skin is reduced. These investigators
also observed that the depression of the oxy-
gen consumption could be reversed with no
permanent tissue damage when DMSO was
later removed with Ringer’s solution.

Radiation Protective Effect

Ashwood-Smith® has reviewed the ra-
dioprotective properties of DMSO when ani-
mals are exposed to a lethal dose of x-rays
(LD,, 1007 rad). It appears that the pro-
tective mechanism is functional at the cellular
level® and may involve cellular increased re-
sistance to anoxic damage. Thus, van der
Meer?* showed that the oxygen tension in the
spleen was reduced after DMSO. This could
result in less oxygen utilization by the cells
and hence lower the degree of damage pro-
duced by anoxia in DMSO-treated animals.
Moreover, unpublished preliminary experi-
ments from this laboratory show that prior
intraperitoneal administration of 3.5 gm/kg
of a 50% DMSO solution protects rats
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(paired with saline controls) from death
when the animals are subjected to hypoxic
hypoxia in a nitrogen chamber. This protec-
tion against anoxia could conceivably ex-
plain why (but now how) one DMSO-
treated monkey (No. 16) recovered un-
eventfully after a 64 minute period of apnea
and an isoelectric EEG for 12 minutes.

Blood Flow

Previous experiments in this laboratory'™*°
have shown that after acute head injury in-
duced by balloon compression, carotid and
cortical cerebral blood flow will fail and the
animal will die of respiratory arrest. Preced-
ing this period of circulatory failure, sludging
of erythrocytes and platelets occurs which
obstructs the regional vascular supply, thus
decreasing oxygen transport. Hemodilu-
tion**** is thought to benefit cerebral circula-
tion by decreasing vascular resistance and
increasing perfusion. This could result in
lowering the incidence of platelet and red cell
aggregation at the cerebrocapillary level: In
addition to the intracapillary agglutination of
red cells and decreased oxygenation, dilata-
tion of available vascular channels may oc-
cur. In certain experimental models, both in
vitro and in vivo, DMSO has been shown to
lessen the adhesiveness® and aggregation?* of
platelets as well as thrombus formation. The
effect of DMSO on blood flow was reported
by Adamson. et al.,' who applied DMSO to
a pedicle flap raised on the back of rats and
observed that slough was decreased by 70%
and pedicle flap blood flow markedly in-
creased.

Intracranial Pressure

In our compression model, a high intra-
cranial pressure was achieved at the point of
apnea which. could be lowered to baseline
levels with urea or DMSO. The drop of in-
tracranial pressure after urea was somewhat
more rapid than after DMSO (Figs. 3 and
4). Even after saline injection. there was
about a 50% drop in intracranial pressure
which persisted until the monkey died. It is
still undetermined, however, whether the in-
tracranial pressure drop after saline is due to
some hemodilution effect of this physiologi-
cal fluid or rather is a consequence of the
spontancous respiratory movements which
are evident following endpoint.

352

Diuretic and Antiedema Effects

DMSO has been shown to be a potent di-
uretic agent. Formanek and Suckert'® re-
ported that a 90% solution of DMSO ap-
plied topically to rats five times daily in-
creased the urine volume tenfold, with a
concomitant increase in sodium and potas-
sium excretion. Formanek and Kovacs®
showed that topically applied DMSO was
capable of inhibiting traumatic edema in-
duced by intrapedal injection of otologous
blood in the rat leg. DMSO also reduced in-
flammatory edema induced by carrageenin.™

Cardiac Action

The action of DMSO in stabilizing the al-
teration of vital signs after cerebral balloon
compression is unknown. It has been re-
ported** that 10 gm of DMSO in a 25% solu-
tion with saline given intravenously to dogs
will increase the cardiac rate concomitant with
an increased electrical amplitude of the QRS
complex and will also elevate the mean arte-
rial pressure and the pulse pressure. At the
same dose, the rate and depth of respiration
increases from 10 to 32/min following
DMSO.

Lysosome Activity

Sutton, er al.,*> demonstrated that, follow-
ing brain injury induced by a focal freezing
lesion. a release of lysosomal enzymes ap-
peared to contribute to the cellular necrosis
and brain edema, and that this lysosomal
effect could be minimized- by stabilizing the
membranes of these cytoplasmic organelles
through hypothermia. This finding is also in-
teresting because Weissman, et al.,*” re-
ported increased lysosome stabilization  in
the rabbit liver by the use of DMSO in con-
junction with cortisone and chloroquine. It
has not yet been determined, =however.
whether DMSO alone can stabilize lysosome

disintegration after injury rather than by act-

ing as a potentiator of cortisone. It is also
known that DMSO lowers body temperature
and can act as a hypothermic agent when in-
jected into animals.’

Toxicity

The toxicity of DMSO in monkey appears
to be relatively low. Mason'® found that the
maximum tolerated dose in monkeys in-
jected daily with intravenous DMSO was 4
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gm/kg for 69 days. The single dose LD,
in the same animal has been estimated to be
between 4 and 8 gm/kg. Our own studies
indicate that the normal rhesus monkey un-
der light nembutal anesthesia will tolerate a
single 7 gm/kg dose of pure DMSO with no
gross functional alterations. Moreover, it
has been observed that regardless of the
routc of administration or how high the
dose, the signs and symptoms of toxicity in
any animal given DMSO- that survives for 24
hours will eventually disappear and that the
most transitory effect of this substance is to
be found in the central nervous system.'? We
have noted that three monkeys treated with

DMSO in our experimental ‘compression -

model and which have now been kept for 20
weeks, show no gross neurological or func-
tional abnormalities since their surgical re-
covery.

Fasciculation

The skeletal muscle fasciculations ob-
served in the experimental animals may re-
sult from an anticholinesterase activity by
DMSO. This suggestion is supported by evi-
dence showing that in in vitro assays, 8%
DMSO will inhibit bovine erythrocyte cho-
linesterase 16% to 18%.** Cholinesterase
inhibition would also explain the fascicula-
tion of skeletal muscle.**

Conclusions

It is concluded from this investigation that
DMSO is capable of significantly modifying
the mortality rate in monkeys subjected to
acute extradural balloon compression of the
brain. Mortality after a critical endpoint was-
100% in saline-treated controls as opposed
to 7% in animals receiving a single intrave-
nous dose of DMSO in solution. Similarly,
compressed monkeys receiving urea had a
mortality rate of 33%. In addition, neuro-
logical deficits seen in the surviving animals
were less evident in DMSO-treated monkeys
when compared with: animals injected with
urea.

Acknowledgments

The authors wish to thank Miss Lydia Johns
and Mrs. Christine Marcus for their excellent
technical assistance in this study.

References

1. Adamson JE, Crawford HH, Horton CE: The
action of dimethyl sulfoxide on the experimen-

]. Neurosurg. / Volume 38 / March, 1973

11.

12,

13:

16.

17.

18.

tal pedicle cap. Surg Forum 17:491-492, 1966

. Albert SA: Blood Volume. Springfield, III,
- Charles C Thomas, 1963
. Ashwood-Smith- MIJ:

Radioprotective and
cryoprotective properties of dimethylsulfoxide
in cellular systems: Ann N Y Acad Sci 141:
45-62. 1967

. Brink IJ, Stein DG: Pcrﬁoline levels in brain:

enhancement by dimethyl sulfoxide. Science
158:1479-1480, 1967

. de la Torre JC: Relative penetration of L-dopa

and 5-HTP through the brain barrier using di-
methyl sulfoxide. Experientia 26:1117-1118,
1970

. Deutsch E: Beeinflussung der Blutgerinnung

durch DMSO und Kombinationen mit Hepa-
rin, in Laudahn G, Gertich K (eds): DMSO
Symposium Vienna, 1966. Berlin, Saladruck,
1966, p 144

. DiStefano V, Klahn JJ: Observations on the

pharmacology and hemolytic activity of di-
methyl sulfoxide. Toxicol Appl Pharmacol 7:
660—666, 1965

. Finney JW, Urschel HC. Balla GA, et al: Pro-

tection of the ischemic heart with DMSO
alone or DMSO with hydrogen peroxide. Ann .
N Y Acad Sci 141:231-241, 1967

. Formanek K. Kovacs W: DMSO bei Experi-

mentellen Rattenpfotenodemen: in Laudahn G
(ed): DMSO Symposium. Vieana, 1966. Berlin,
Saladruck. 1966, p 18

. Formanek K. Suckert R: Diuretische Wirkung

von DMSO, in Laudahn G, Gertich K (eds):
DMSO Symposium, Vienna, 1966. Berlin,
Saladruck. 1966, p 21

Franz TJ, Van Bruggen JT: A possible mecha-
nism of action of DMSO. Amn N Y Acad Sci
141:302-309, 1967

Gorog P: Cited in Jacob SW: Pharmacology of
DMSO, in Jacob SW, Rosenbaum EE, Wood
DC (eds): Dimethyl Sulfoxide. New York,
Marcel Dekker, 1971

Gorog P, Kovacs IB: Effect of dimethyl sulf-
oxide (DMSO) on various experimental in-
flammations. Current Ther Res 10:486—492,
1968

. Hanig JP, Morrison JM Ir, Krop S: Increase

of blood-brain barrier permeability to cate-
cholamines by dimethyl sulphoxide in the neo-
nate chick. J Pharm Pharmacol 23:386-387,
1971

. Ishii S, Hayner R, Kelly WA, et al: Studies of

cerebral swelling. II. Experimental cerebral
swelling produced by supratentorial extradural
compression: J Neurosurg 16:152-166, 1959
Kligman AM: Topical pharmacology and toxi-
cology of dimethyl sulfoxide—Part 1. and 2.
JAMA 193:796-804, 923-928, 1965

Koelle GB: Anticholinesterase agents, in
Goodman LS, Gilman A (eds): The Pharmaco-
logical Basis of Therapeutics. New York, Mac-
Millan, 1970, ed 4. pp 442465

Langfitt TW, Weinstein JD, Kassell NF, et al:
Transmission of increased intracranial pressure.
II. Within the supratentorial space. J Neuro-
surg 21:998-1005, 1964



19.

20.

21

22,

J. C. de la Torre, D. W.. Rowed, H. M. Kawanaga and S. Mullan

Mason MM: Toxicology of DMSO in animals.
in Jacob SW. Rosenbaum EE. Wood DC (eds):
Dimethyl Sulfoxide. New York. Marcel Dek-
ker, 1971, p 116

Mead CO, Moody RA. Ruamsuke S, et al:
Effect of isovolemic hemodilution on cerebral

blood flow following experimental head injury.

J Neurosurg 32:40-50, 1570

Peterson CG. Robertson RD: A pharmacody--

namic study of dimethyl sulfoxide. Ann N Y
Acad Sci 141:273-276, 1967

Rodriguez LP. et al: Efectos del DMSO sobre
presién y respiracion. Arch Inst Farm Exp 18:
97-101, 1966

. Sams WM Jr, Carroll NV, Crantz PL: Effect

of dimethylisulfoxide on isolated-innervated
skeletal, smooth. and cardiac muscle. Proc Soc
Exp Biol Med 122:103-107, 1966

. Sundt TM Ir. Waltz AG: Hemodilution and

anticoagulation: effects on the microvascular
and microcirculation of the cerebral cortex af-

354

ter arterial occlusion.. Neurology (Minneap)
17:230-238, 1967

5. Sutton CH, Frank DH, Rosomoff HL: Protec-

tive effects of hypothermia on intraceliular or-
ganelles in brain injury. Cryobiology 4:260-
261, 1968

van der Meer C, Valkenburg PW, Rem-
melts M: Experiments on the radioprotective
action of dimethyl sulfoxide. Int J-Rad Biol 6:
151-1535, 1963

Weissman G, Sessa G. Bevans V: Effect of
DMSO on the stabilization of lysosomes by
cortisone and chloroquine-in virro. Ann N Y
Acad Sci 141:326-332, 1967

Se

This work was supported by U.S. Public Health
rvice Grant 2 POl NS 7376-04 and by the Ju-

nior Auxiliary of the University of Chicago Caa-
cer Research Foundation.

Address reprint requesis 10; J. C. de la Tarre,

M.D., University of Chicago Hospitals. Chicago.
Mllinois 60637. -

J. Neurosurg. / Volume 38 / March, 1973



