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Narrative Suninary

A major effort was the study of the potentiation of central nervous system
(CNS ) trauma by ethanol . This was undertaken because of the known effect of
ethanol on free radical l ipid peroxidation , as well as the frequent clinical
association of alcohol wi th trauma to the central nervous system, both spi nal cord
injury and head injury. Two models were used to study this. The spinal cord con-
tuston model was used in both acute and chronic animals. In the acute animals , a
200 gm-cm force failed to produce loss of evoked potentials. However , in animals
pretreated with ethanol to achieve a blood level of 300 mg S pri or to the injury ,
evoked potentials following a 200 gm-cm force were invariably lost. In a chronic
study, those animals pretreated with alcohol remained permanently paraplegic , whereas
those who had received a 200 gm-cm force, but no alcohol , regained their ability to
walk. The effects of alcohol were studied in a model of cerebral contusion. A
900 gm-cm force was delivered to the exposed dura over one cerebral hemisphere.
All animals received Evans blue pri or to the injury. Half of the animals also
recei ved an infusion of ethanol to achieve the same blood levels as the spinal cord
injured animals. The remaining animals received no ethanol . The extent of the injury
was 3-4 times as large in the alcohol pretreated group. This material was published
in the Journal of Neurosurgery (Flanin, E.S., Demopoulos, H.B., Sel igman , M.L.,
Tomasula , J.J., DeCrescito, V. and Ransohoff, J.: Ethanol potentiati on of central
nervous system trauma. J. Neurosurg. 46: 328-335, 1977). The implications of these
observations are that ethanol or its metabol ites , parti cularly acetaldehyde , may
potentiate the effect of the injury through free radical mechanisms. Other explan-
ations may rest in the changes in clotting mechanisms produced by this l evel of
alcohol . Because our previous attempts to measure malonal dehyde as an indicator
of free radical damage were not totally satisfactory, we have also used this model
to study the presence of malonaldehyde and other reactions which it undergoes
such as the formation of Schiff base products. This was carried out by spectro-
photofluorometry. This study showed a rise in lipid soluble fluorescence in both
the control animals and alcohol-treated animals at 3 days following their injury.
This peak returned to baseline levels at 5 days following injury and at 7 days,
it rose again in only the alcohol pretreated group, thus indicating that malon-
aldehyde and its addition products are certainly present at a later stage follow-
ing injury and are increased by the presence of alcohol . Further study is -

required to determine if free radical mechanisms are operative at the very early
post-injury stages. These data were published in Lipids (Seligman , M.L., Flamm ,
E.S., Goldstein , B.D., Poser, R.G., Demopoulos, H.B. and Ransohoff, J.: Spectro-
fluorescent detection of malonaldehyde as a measure of lipi d free radical damage
in response to ethanol potentiation of spinal cord trauma. Lipids 12: 945-950,
1977).-
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Several agents known to have the potential for trapp i ng free radicals were
used in a therapeutic trial . A control group and two treatment groups , cie
which recei ved Mannitol and one which received dimethyl sulfoxide ( DMSO) , were
studied following a 400 gm-cm impact. Each animal received 1.5 gm/kg in several
dosage schedules . This study was carried out as a double-blind study. No improve-
ment was seen in the group treated wi th Mannitol following injury. In the DMSO
group , 7 out of 20 animals showed return of neurologic function.

To define better our preliminary studi es on catecholamine changes following
spinal cord Injury, turnover studies were carri ed out using tri tiated tyrosine
and L-dopa. These studies demonstrated a reduction in activity of tyrosine hydroxy-
lase as evidenced by lower amounts of tritiated dopamine formed f rom both the
tyrosine and L-dopa precursors . Furthermore, acti vity of membrane-bound enzymes ,
dopami ne beta hydroxylase and mi tachondrial monoamine oxidase , was curtailed.
This resulted in an accumulation of dopami ne and no change in norepinephri ne con-
centration . These results would indi cate that those changes of catecholami ne
metabolism seen following spinal cord injury probably reflect membrane perturba-
tions and disruption of functi on of membrane-bound enzymes ; thus , catecholamine
alterations are probably a secondary phenomena and do not play an etiologic role
in the development of degenerative changes following spinal cord injury. This
work was published in a book, Catecholami nes and Stress (Naftchi , N.E. , Demeny, M.,
Flanm , E.S. and Lowman , E.W. : TFfect of traumatic stress on catecholami ne synthesis
and metabolism in the spinal cord. IN: Catechol amines and Stress, Usdin , E. (ed.),
New York: Pergamon Press, 1976, pp. 367-375.).

The methodology for analysis of central nervous system tissue by gas liquid
chromatography has been developed and profiles of changes in long-chain fatty
acids are beginning to be obtained. This work will be continued .

Since our observation that the ~pr signal for ascorbic acid is decreased
following insult to the central nervous system, either by trauma to the spinal cord
or the production of cerebral ischemi a, we have been interested in the signifi cance
of these findings in relation to ascorbic acid’s role as a free radi cal scavenger
and antioxidant. In a model of artificial membrane, using liposomes in which per-
oxidation was induced by exposure to U.V. light , the addition of ascorbic acid
was effective in reducing the extent of peroxidation measured by malonaldehyde
determinations. Furthermore, the epr signal for ascorbic acid was reduced in
the presence of peroxidized liposomes . This in vitro model correlates well with
the results obtained in the spinal cord injur~~ animal .
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Ethanol potentiation of central nervous
system trauma

— EUGENE S. FLAMM, M.D., HARRY B. DEMOPOULOS, M.D.,
MYRON L. SELIGMAN, PH.D., .JOHN J. TOMASULA, B.A.,
VINCENT DECRE5cIT0, B.A., AND JOSEPH RANSOHOFF, M.D.
Departments of Neurosurgery and Pathology, New York University Medical Center.
New York . New York

~ Two models have been used to study the effects of ethanol on injuries of the central
nervous system. The spinal cords of cats were injured by delivering a 200 gm-cm im-
pact to the exposed dura mater. A second group of animals received a similar injury to
the exposed dura mater overlying the cerebral hemispheres. The animals were divided
into two groups, those that received an infusion of ethanol before injury, and control
animals that received no ethanol. The parameters of injury used in this model
produced small and insignificant lesions in those animals that received no ethanol;
however, when the animals were pretreated with ethanol, a considerable increase in
the extent of the injury was noted. The mechanisms by which this potentiation is
produced are briefly discussed. These include alterations in membrane-bound en-
zymes and clotting mechanisms, and alteration of cell membranes through abnormal
free radical reactions.

KEY WORDS . spinal cord injury . cerebral contusion . ethanol
lip id peroxidation • trauma . free radical damage . alcohol

A GROWING body of evidence indicates Among the chemical abnormalities that
that moderate ethanol intake, even can be induced by ethyl alcohol are a group
in the presence of adequate nutrition, known as free radical reactions. This has been

may result in cell injury and cell death in the demonstrated in the lipids of mitochondrial •

liver , myocardium , and central nervous and other cell membranes in the hepatocytes
system (CNS). Ethanol, its principal of experimental animals.~~

2 A free radical is
meta bolite, acetaldehyde, and the in- a reactive species characterized by an un-
termediar ies, which are free radicals, possess paired electron. This allows the molecule to
several i~iffcrent chemical properties that enter into many reactions that do not occur
have the potential for many adverse reactions with its stable non-radical precursor.’1 The
in a cell. The lipophilic property of ethanol occurrence of such reactions among the lipids
results in its intercalation into cell mem- that make up the extensive membrane
branes. In such key regulatory locations, systems in the CNS might explain, at least in
alcohol may affect the critical relationships part , some of the toxic effects of ethanol.
among the membrane biomolecules by Alcohol and acute CNS trauma are fre-
physical forces or chemical reactions, and quently associated together in the clinical set-
consequently cause cellular dysfunction and ting, and it is possible that there is also a rela-
cell death. tionship at cellular and membrane levels. This

328 1. Neurosurg. / Volume 46 / March. 1977
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laboratory has long been interested in the role TABLE 1
of free radical damage to the membrane lipids Course In 93 cats that underwent
of the CNS in posttraumatic degenera- spinoi cord injury
tion .’’’3 ” In prev ious studies, ev idence has
been obta ined to support the hypothesis of Time of Sacrificet

Procedure’free radical destruction of lipids following 3 hrs 5 hrs 24 hrs 6—9 wks
trauma to the cat spinal cord .” ethanol +To delineate further the role of radical 

~~~nactomy 6 4 8
damage to membrane lipids in the CNS, the ethanol +
question was posed whether CNS trauma, 200 gm-cm impact 12 7 5 14
known to produce some changes compatible 200 gm-cm impact 12 7 5 13

wit h this molecular change, could be Etbanol was administered as an infusion of 95%
enhanced by ethanol. Ethyl alcohol was ethanol. 5 mI/kg, diluted with saline to a volume of
selected because of its frequent association 30 ml. as a constant infusion for 1 hour before
with trauma in clinical situations, and Isminectomy or injury.
because of its induction of free radical lipid fTime after laminectomy or injury.
damage in other tissues.””

Two models were employed for this study.
One was a spinal cord injury produced by
dropping a weight on the exposed dural tube, sion . Table 1 shows the distribution of the 93
and the other a model of cerebral contusion cats in the spinal cord study. Acute studies

- - produced by dropping a weight on the cx- were performed in 66 animals which were
posed dura over the cerebral hemisphere. In sacrificed at 3, 5, and 24 hours after injury.
both studies, animals received alcohol before The 27 chronic animals were followed with
injury, and the results were compared with frequent neurological examinations and
animals injured without alcohol. repeat evaluation of evoked potentials. At the

time of sacrifice, all animals were perfused
with 10% formalin. A 5-cm segment of cord,Materials and Methods centered at the site of injury, was removed

We used 165 adult cats, ranging in weight and sectioned serially. The sections were
from 2.7 to 3.5 kg. All animals were stained with hematoxylin and eosin as well as
anesthetized with sodium pentobarbital, 30 Luxol fast blue-PAS.
mg/kg, and allowed to breathe spon- In the second injury model, 72 cats under-
taneously; body temperature was maintained went cerebral contusion.’ A left fronto-
wit h a heating blanket. Arterial blood parietal craniectomy was performed with a
pressure and blood gases were monitored. trephine. The same apparatus used in the
The spinal cord injury series comprised 93 spinal cord injury was used to deliver an in-
cats, and 72 cats had cerebral contusion, jury of 200 to 1000 gm-cm impact to the cx-
Blood alcohol levels were measured spectro. posed dura over the cerebral hemisphere. All
photometrically using a dichromate assay.’4 animals received an injection of 5 ml of Evans

Spinal cord injury was produced according blue before injury. An infusion of 95%
to a method previously reported from this ethanol, 5 mI/kg, diluted with saline to a
laboratory.2” A laminectomy was carried volume of 30 ml, was given to 44 cats for I
out from T-7 through T-ll. A 20-gm weight hour before injury.
was dropped 10 cm down a Teflon tube to Preliminary studies showed no cerebral Ic-
strike a 2.4-gm impactor with a diameter of sion when a 200 to 600 gm-cm force was
0.5 cm, thereby delivering a 200 gm-cm force delivered. For this reason, the major portion
injury. Before laminectomy, after laminec- of the study was carried out using an 800 to
tomy, and periodically after injury, evoked 1000 gm-cm force. Of 21 animals that 1~potent ials were monitored according to tech- received an 800 gm-cm impact, 13 were
niques described previously.’ Fifty-six cats pretreated with an infusion of ethanol, and six
received 95% ethanol, 5 mI/kg, diluted with served as controls. Of 26 cats that received a
saline to a volume of 30 ml, as a constant in- 900 gm-cm impact, 15 were pretreated with .. -

fusion for I hour prior to laminectomy or in- ethanol. A 1000 gm-cm impact was ad-
jury. An injury to the spinal cord was ministered to 19 animals, 12 of which
delivered in 37 cats without any ethanol infu- received an infusion of ethanol before impact.

J. Neurosurg. / Volume 46 / March, 1977 329
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TABLE 2 potentials after the injury in all but two
Course in 72 Cats that underwent animals. IJ~cerebral contusion In the histological studies, the ethanol-

laminectomy group showed no abnormal ities.
3-Hr Study 24-Hr Study Six of the 24 animals that received a 200 gm-Procedure

Ethanol’ Control Ethanol’ Control cm injury without ethanol had small areas of
hemorrhage w ithin the gray matter (Fig. I800 gm-cm lef t). The spinal cords of the remaining 18impact ~ anima ls were histologically normal. In the900 gm-cm

impact 10 6 5 ethanol-impact group, extensive changes were
woo gm-cm seen following the 200 gm-cm injury (Fig. 1

impact 7 3 5 4 right). These included hemorrhage in the gray
‘Ethanol was administered as an infusion of 95% matter spreading out into the white matter

ethanol, 5 mI/kg, diluted with saline to a volume of and, in the 5-hour and 24-hour groups, a con-
30 ml, as a constant infusion for 1 hour before siderable amount of edema and hemorrhage
laminectomy or injury, in the white matter. These spinal cords

appeared identical to those seen in this
laboratory following a 400 gm-cm injury at
the same time intervals.’The distribution of the animals into different The long-term study involved 27 cats. The

groups is shown in Table 2. At the time of 13 animals that received the 200 gm-cm im-
sacrifice, all animals were perfused with 10% pact without ethanol all retained their evoked
formalin; the brains were removed and sec- potentials during the next 24 hours. They
tioned coronal ly. Photographs of the gross were followed clinically for 6 to 9 weeks. By
specimens and histological studies were ob- the end of 5 days, all animals were walking,
tam ed, although three were considered poor wa lkers - -

even after 9 weeks (Fig. 2). Of the 14 animalsResults treated with ethanol before injury, the evoked
No significant variations were seen in response was abolished in 12, but retained in

blood pressure and heart rate when ethanol two. These animals were followed from 6 to 9
was administered. Blood gases remained weeks (Fig. 3). During this time, 12 anima ls
within normal limits. Blood ethanol values rema ined totally paraplegic. The two animals
were obtained after 15, 30,45, and 60 minutes in which the evoked potential was preserved
of infusion, and then at 1, 2, 3, and 24 hours regained their ability to walk. One walked
after impact. After 30 minutes of infusion, a well and the other was considered a poor
mean value of 199 mg% was obtained. This walker.
rose to 448 mg% after 60 minutes of infusion
which was the time of injury. Thereafter , the Cerebral Contusion Study
blood alcohol levels fell to 360 mg% by 2
hours. At 3 hours, a mean blood alcohol level The eight animals that received a 200 to

600 gm-cm impact to the cerebral hemisphereof 119 mg% was observed. Blood alcohol was showed no lesions as judged by extravasationat undetectable levels by 24 hours after the in- of Evans blue dye or by’histological examina-fusion and trauma. t ion. In the 19 animals that received an 800
gm-cm impact, 12 were examined at 3 hoursSpinal Cord Studies and seven at 24 hours. A small area of cx-

The 18 animals that received ethanol be- travasation of Evans blue was seen in the
fore laminectomy, but no injury to the cord, white matter immediately beneath the area of
mainta ined their evoked potentials through. impact. No differences were seen between the
out the study. In the 24 animals that received animals that received ethanol and those that
ethanol followed by a 200 gm-cm force im- did not, either at 3 hours or at 24 hours.
pact, the evoked potent ials disappeared im- When a 900 gm-cm force was used, distinct
mediately after the injury and showed no sign differences were seen between animals that
of return in the next 3 hours. The 24 animals received alcohol and those that did not. This F’that received a 200 gm-cm impact without group included 26 animals, 16 studied at 3
any et hanol infusion retained their evoked hours and 10 at 24 hours. All animals showed

330 J. Neurosurg. / Volume 46 / March, 1977
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Ftc. I. Cat spinal cords at T-9 . H & E, X 2. Left: At 3 hours after 200 gm-cm impact injury.
Small areas of hemorrhage are present throughout the gray matter Right: At 3 hours after 200 gm-cm
impact injury and ethanol infusion. Extensive hemorrhage in gray matter.

Ftc. 2. Cat spinal cords at T-9. H & E, X 2. Left: At 7 weeks after 200 gm-cm impact in-
jury. Right: At 8 weeks after 200 gm-cm impact. These two sections show the range of changes seen in
the 13 animals of this group.

~, ~~~~~~~~~~~~ 1’~~.
-
~ 
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Ftc. 3. Cat spinal cords at T-9. H & E, X 2. Left : At 6 weeks after 200 gm-cm impact injury and —I—
ethanol infusion. Right: At 8 weeks after 200 gm-cm impact injury and ethanol infusion.

I. 1Veurosurg. / Volume 46 / March. 1977 33~
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FIG. 4 . Left: Coronal sections of brain 3 hours Fic. 5. Left: Coronal sections of brain 24 _______after 900 gm-cm impact injury. Right: Coronal hours after 1000 gm-cm impact injury. Right:

sections of brain 3 hours after 900 gm-cm impact Coronal sections of brain 24 hours after 1000 gm-
injury and ethanol infusion. The hemorrhage and cm impact injury and ethanol infusion. The cx-
ext ravasation of Evans blue are evident in the travasat ion of Evans blue is seen in all sections of J~

”’
animal receiving ethanol , the animal receiving ethanol, but in on ly two sec-

tions of the control animal.

some extravasation of Evans blue in the white Histolog ical studies of the brains -~on-
matter beneat h the injury. However , in those firmed the findings of the gross observations.
anima ls that received ethanol before injury, An area of hemorrhage surrounded by edema
the spread of Evans blue was two to three corresponded to the area demarcated by the
times more extens ive (Fig. 4). The same Evans blue.
phenomenon was observed in the group of 

________

anima ls that received a 1000 gm-cm impact. ,.~~. .

Ten animals were studied at 3 hours and nine LIISCUSSIOfl

at 24 hours. The lesions were more extensive In both the spinj cord and brain studies.
in both the alcohol- and nonalcohol-treated animals that received ethanol prior to their
groups than in the 900 gm-cm injury (Fig. 5). injuries susta ined more extensive damage to
The same difference between alcohol- and the CNS than did identically injured control
nonalcoho l-treated animals was observed, animals.
The area of extravasation of the Evans blue In the spinal cord injury model, a 200 gm-
was three to four times as extensive in the cm impact failed to produce significant
ethanol animals as in the controls. deficits in the evoked potential , in acute .

332 J. Neurosurg. / Volume 46 / March , 1977
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Ethanol .tnd (~~S t rauma

studies or in long-term investigations. How- reactions that can be initiated by ethyl
ever , in cats pretreated with ethanol, this alcohol.
same injury resulted in almost total impair- The administration of alcohol or
ment of the evoked potential , acutely, and in acetalde hyde is followed by a number of
long-term studies caused parapleg ia. The effects that are characteristic of adrenergic
absence of evoked potent ials for 3 hours post- responses.”4 These responses may change
injury has been a reliable criterion for predict- the vascular tone and, combined w ith altered
ing permanent paraplegia when using a 400 platelet function , may account for the
gm-cm impact force,’ and proved to be an deve lopment of increased hemorrhagic
equally predictive parameter in the prc ‘nt lesions in the impact-injured animals that
studies. were treated w ith alcohol. Other studies have

The histological changes in spinal cords of demonstrated that acetaldehyde may result in
anima ls receiving alcohol before injury disturbances of mitochondrial activity in
para lleled the type of hemorrhagic necrotic brain and other organs.4”4”°
lesions seen when a 400 gm-cm impact force The most immediate effect seen after spinal
is used.”5 The development of edema cord injury is the change in the evoked poten-
throughout the long tracts followed the cen- tial in the animals treated with alcohol. This
tral gray lesions, as in the 400 gm-cm impact can hardly be exp lained by alterations in
model. Minor, or no histological changes, bleeding or clotting, since the changes occur
were seen in the injured controls. w ithin I to 2 minutes of the injury, at a time

In the cerebral contusion model, animals in when no histological evidence of hemorrhage
both groups behaved similarly and, in fact , is present .’5 The kinetics of the hemorrhagic
showed little in the way of specific neuro- necrosis in the central gray , and the subse-
logical deficit 24 hours after their injury. This quent edema of the long tracts takes place
was in striking contrast to the wider zones of slowly over a period of 6 hours, and is max-
hemorrhagic necrosis and edema seen in the imal at 24 hours. The most immediate effect
alcohol-treated cats , compared to those of the usual paraplegia-producing injury of
receiving the cerebral impact alone. 400 gm-cm is the loss of ability to develop an

The observed increase in spinal cord and evoked potential.3 In the case of a 200 gm-cm
brain injury following ethanol administration impact, loss of evoked potential is rarely seen,
is attributable to one or more of the known unless the animal has been pretreated with
chemical and molecular effects of alcohol. If ethanol. One of the implications of such a
the factors responsible for this potentiation rapid loss of evoked potent ial after injury is
were known , some insight might be gained that the mechanism for conduction along the

- - into the molecular mechanisms in the patho- cord ~s interrupted. Since this occurs at a time
genesis of CNS necrosis when larger injuries when no histological changes are evident, it
are delivered without alcohol. The blood may well be due to a change in the membrane
levels of ethanol observed at the time of injury mechanisms for conduction. The integrity of
(450 mg% after 60 minutes of infusion) would the membrane-bound enzyme. Na~K -de-
be sufficient to produce severe intoxication in pendent ATPase , is essential for ma inte-
man.’ Nevertheless, no change in evoked nance of appropriate ion transport to permit
potential, neurological function, or histo- transmission of an impulsq. For N a K ~-de-
log ical appearance of the spinal cord was pendent ATPase to remain functional .
observed in those animals that received fluidity of the long-chain fatty acid moieties
ethanol without any injury, of the membrane phospholipids must be

The more extens ive hemorrhage in the maintained.” Free radical damage to mem-
CNS with alcohol and trauma may be a branes has been shown to inhibit Na K-
reflection of altered platelet function that has ATPase activity, particularly via the additive
been reported after acute dosage of alco- or synergistic effects of trauma-induced
hol.’’9 Platelet aggregation depends on a radicals. ’ Numerous in vitro studies have
regulated production of prostaglandins from demonstrated the detrimental e ffects of
polyunsaturated lipids within platelet mem- ethanol on N a K ~-A TPase,20” and has been
branes. This process takes place via normal proposed as a basis for the depressant effect
radica l reactions ,” and may be susceptible of ethanol on excitable membranàs. It should
to perturbation by the membrane solubility of be noted that in the present studies, the dose
et hanol, as well as by the pathological radical of ethanol was not sufficient to abolish the
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evoked potent ials without the addition of 6. DeCrescito V . Demopoulos HB, Flamm ES,
trauma , even though high blood levels were et al: Ethanol potentiat ion of traumatic
recorded. Thus, the combination of ethanol cerebral edema. Surg Forum 25:43 8—440 , 1974
and trauma produces an effect on neural con- ~ Demopoulos HB: The basis of free radical

pathology. Fed Proc 32:1859—1861 . 1973duction , additive or synergistic, not seen with 8. Demopoulos HB: Control of free radicals in
ei ther variable alone, biologic systems. Fed Proc 32:1903—1908,Free radical lipid damage has been 1973
observed in a variety of sett ings both in severe 9. Demopoulos HB, Milvy P. Kakari S. et al:
(400 gm-cm impact) trauma to the central Molecular aspects of membrane structure in
nervous system, as well as following exposure cerebral edema, in Reulcn Hi, Schürmann K
of hepatocytes to atcoho1.”~” Ethanol, or (eds): Steroids and Brain Edema. Berlin:
its metabol ite, aceta ldehyde, can contribute Springer-Verlag, 1972 , pp 29—39
to these membrane perturbations by adding 10. Di Luzio NR: The importance of ethanol
directly across double bonds of the ~i~- 

metabolism to the development of ethanol-
saturate d fatty acids. This is a free radical ad- induced fatty liver, in Roach MK, Mclsaac

WM , Creavan P1 (eds): Biological Aspects ofdition and can be carr ied out by alcohols, Alcohol. Austin: University of Texas Press,aldehydes, and ketones, and thus result in 1971 , pp 3—26
s ignificant structural and functional changes II. Di Luzio NR, Hartman AD: The effect of
in cell membranes.’~ These reactions have ethanol and carbon tetrachloride admj njstra-
been seen in hepatocytes and have been tion on hepatic lipid-soluble antioxidant ac-
prevented by the addition of known anti- tivity. Exp Mol Pathol 11:38—52, 1969
oxidants.”°” In cold-injured cerebral 12. Di Luzio, Hartman AD: Role of lipid perox-
edema models, evidence has been obtained idation in the pathogenesis of the ethanol-
that indicates that radical reactions are in- induced fatty liver. Fed Proc 26: 1436—1442 ,

1 967volved since antioxidants offer protection, 13. Eade NR: Mechanism of sympathomimeticand also because radical end-products have action of aldehydes. J Pharmacol Exp Therbeen found.’5 127:29—34 , 1959
Although it is difficult and inappropriate to 14 . Eriksson CJP: Increase in hepatic NAD level

make correlations between these data and — its effect on the redox state and on ethanol
clinical problems seen in patients who have and acetaldehyde metabolism. FEBS Lett
sustained trauma to t he central nervous 40:3 1 7—32 0. 1974
system after the ingestion of ethanol, we do 15. Goodkin R. Campbell JB: Sequential patho-
feel that the use of these models may help to logic changes in spinal cord injury: a
elucidate the molecular events that occur in preliminary report. Surg Forum 20:430—432.
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Spectrofluorescent Detection of Malonaldehyde as a Measure of
Lipid Free Radica l Damage in Response to Ethanol Potentiation -~~
of Spinal Cord Trauma - - 

--

-~~MYRON I... SELIGMAN , Departments of Pathology and Neurosurgery, EUGENE S. FLAMM .
Department of Neurosurgery, BERNARD D. GOLDSTEIN . Departments of Medic ine and
Environmental Medicine , RI CHARD G. POSER , Departmen t of Patho l ogy . HARRY B. ~~~~~~~~~~~~~,
DEMOPOULOS , Department of Pathology, and JOSEPH RANSOHOFF . Department of Neurosurgery.
Milbank Research Lebora tones . New York University Medical Center and Manhattan Veterans
Admini stration Hospital . New York , NY 10016

ABSTRACT With reversible changes, while the other
site is associated with later changes and

Studies of the role of free radical chronic paraplegia only. The two sites
damage to the spinal cord following a 400 could.be the gray and white matter.
g-cm impact have suggested an increase
in at least one free radical product, mal- Pathologic free radical reactions among
onaldehyde, 24-36 hr post injury. To susceptible membrane lipids of the central
investigate further the role of free radical nervous system following trauma have been
lipid peroxidation in degeneration of the suggested as a molecular basis for injuries to the
spinal cord following injury, a study of central nervous system (1-3). Malonaldehyde, a

- - specific lipid fluorescence (SLF) indica- product of free radical degradation of unsatu-
tive of the double Schiff-base adduct rated fatty acids, has been shown to be elevated
formed by a reaction between malonalde- in spinal cords of cats injured with a 400 g-cm

-
. hyde and cellular components was carried impact (4), as well as in freeze-lesioned rat

out in the presence of ethanol, a known brains (5). Other evidence suggesting that radical
potentiator of free radical lipid peroxi- reactions may be involved in central nervous
dation. The study was carried out in cats system injury include the consumption of endo-
who received a 200 g-cm impact 3 hr to genous tissue antioxidants following similar
23 days prior to sacrifice. Half of the spinal cord injuries (3), the reduction of cere-
impacted animals received ethanol, 5 bral edema following cold injury by the admini-
ml/kg, prior to injury. These animals were strat ion of an exogenous antioxidant (6),
rendered paraplegic, whereas the non- reduction in malonaldehyde levels in freeze-
ethanol treate d animals were neurologi- lesioned rat brains with corticosteroid pretreat-
cally intact. Controls consisting of lamin- ment ( 5), and the loss of extractabl e cholesterol
ectomies alone or laminectomies with from the central nervous system following cold
ethanol but without injury were also injury (7).

• studied. Spinal cord segments at the A more recent model of spinal cord injury - -

impact or laminectomy site were minced has been developed in this laboratory (8). It
and extracted with chloroform-methanol, utilizes a 200 g-cm impact to the spinal cord of
cleared by centr ifugation, and examined cats in conjunction with the systemic admini-
in a scanning fluorometer with excitation strat ion of ethanol, an agent known to enhance
ma ximum at 360 nm and emission lipid free radical reactions. Animals injured
maxima at 420, 440, 450, and 460 nm. with a 200 g-cm impact alone regain neurologic
SLF was minimal in cats 3 hr and I day function, while those injured after the admini-
post injury, but markedly increased at 3 stration of ethanol remain permanently pars-
days. By 5 days, background levels were plegic. The present study was directed to the
again found in all groups. SLF in the question of whether this physiochemica l
alcohol-pretreated impact animals rose to model of paraplegia might involve free radical —

a peak at 7 days, followed by a decline to mechanisms that could be measured.
background by 10 days. The presence of Malonaldehyde is well known as a by-
SLF supports a role for free radical lipid product of free radical peroxidation of poly-
peroxidacion in the degenerative changes unsaturated fatty acids (9). The most common
in the spinal cord following injury. The method for measuring this 3 carbon dia ldehy de
findings of two peaks of SLF activity utilizes its reaction with 2-thiobarbituric acid
suggest two different sites of damage. (TBA). Malonaldehyde, as produced, is not
One site, found acutely after injury, stable but a reactive molecule which is readily
appears in all groups and was associated metabolized. It can also form cross-links with
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TABLE I

Spinal Cord Injur y — TRA Assay —.

_____________ 
Time of sacrific e

Procedure 0 hr 3 hr 5 hr 24 hr Total

Laminectomy 4 2 2 2 10
Et hano l.lami nectomy 5 .. 2 I I 4
200 g.cm impact — 4 3 3 10
Ethano l.200 g.cm impact 1 — 4 3 3 10

Total 4 12 9 9 34

1Ethanol admin is tered as an infu sion of 95% ethano l , $ mi/kg, diluted with saline to a
volume o f 100 ml , as a constant infusion for 1 hr prior to lam inectomy or injury.

TABLE II
S 

Spinal Cord Injury — fluorescence

Time of sacrifice

Procedure 3 hr 24 hr 3 dayi 5 days 7 days 10 days 23 days Total

Laminectomy 8 4 4 7 6 9 8 4 42
200 g.cm impact 4 4 7 6 9 6 4 40
Ethinol -200 g~cm impact b 4 4 7 6 9 6 4 40

S 
Tot al 12 12 21 18 27 20 12 122

5 L.aminectomy -et hano i animals (6) were sacri fi ced at critical times (3 hr . 3 days , S days) and found to have
s imilar values to laminectomy alone , Thereafter all laminectom ies were performed without prior infusion with
ethanol.

bEt hano l administered as an infusion of 95% ethanol , S mi/kg, diluted with saline to a volume of 100 ml , u s  - Icon stant infu t ion for i hr prior to laminectomy or injury.

S amino-containing phospholipids, proteins, and rically wit h a dichromate assay (8).
nucleic acids (10). However, with these reac- Spinal cord injury was produced according
tions, it becomes undetectable by the TBA test. to a method previously reported from this lab-
These cross-links are conjugated double Scu ffs oratory (8). A laminectomy was carried outbase adducts and are fluorescent. They can be from T7 through TI I. A 20 g weight was drop-measured more reliably as an indicator of ped 10 cm down a Teflon tube to strike an
malonaldehyde production (10). In an attempt impactor, thereby delivering a 200 g-cm force

TB A analysis, we have chosen to measure lipid tored prior to laminectomy, after larn inectomy,
to avoid the inconsistencies observed with the injury. Cortical evoked potentials were moni-
soluble fluorescence (LSF) as an indicator of and for 3 hr after injury.free radical reaction (II). In the present study, A laminectomy group and a 200 g-cm injury

S lipid s’oluble fluorescence and TBA-reactive group received 9S% ethanol (S milks) dilutedmateria l were measured in extracts of the w ith saline to a volume of 30 ml as a constantS traumat ized spinal cords of cats which received infusion for 1 hour prior to laminectomy oror did not receive ethano L injury. Fifty-two animals underwent lami-
• nectomy alone, four received et hanol prior toMATERIALS AND METHODS laminectomy alone; 50 animals received ethanol

Spinal Cord Injury followed by a 200 g-cm impact ; and 50 animals
received a 200 g-cm impact without ethanoLOne hundred and fifty-six cats were used for

the spinal cord injury study, 34 in the TBA Table I shows the distribution • of t he 34 cats
used in t he TBA assay study, and Table IIstudy and 122 in the LSF study. All animals S

were anesthetized with sodium pentobarbital, shows the distribution of the 1 22 cats used in
• 30 mg/kg. They were allowed to breathe spon- the LSF study, as well as the times of sacrifice

taneously. Body temperature was maintained of the different animals. After sacrifice, a 3 cm
wit h a heating blanJcet. Arterial blood pressure segment of spinal cord, centered over the site of
and blood gases were monitored (8). Blood injury, was removed for fluorescent analysis
alcohol levels were measured spectrophotomet- and TBA assay 

•
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TBA A~~~~y

About 10% of the malonaldehyde found is
free and produced following the ox idation of
polyenoic fatty acids by double ~-scission. This
produces the 3-carbon dialdehyde and two
hydrocarbon radical fragments. However , 90%
of the oxidized fatty acids are meta-stable in
the form of hychoperoxy- and cyclic endoper-
ox ides (9). These meta-stable products are
cleaved under the strongly acid conditions of
the assay to form free malonaldehyde which is - 

r 
—

detected by the production of a chromogen, O’~~~ 
• -

formed by reaction with two molecules of 
~~~~~~~~~~ ~~~,

2-thiobarbituric acid (TBA)(9). For the TBA
dssay, a weighed sample of spinal cord (about FIG. I. Fluorescen~ excitation and emission
0.4 g) was minced and homogenized in 5 ml of spectra of chloroform:.sopropanol extracts of tissue

f II 10 ml ~ hpsds. Maxima were 360 nm for excitation and 440a mixture ma e up as 0 owe. o a sa ii nm for emission. Lowet curves were obtained fromrated TBA solution in 10% perchlonc acid cont rol tissue and show no distinct peaks, while upper
(PCA) added to 30 ml of 20% trichloroacetic curves are from a damaged tissue sample.
acid (TCA). The resulting homogenate was
heated in a boiling water bath for 20 miii and
then centrifuged for 15 mm at 2500 rpm. A 3
in] aliquot of the supernatant was removed and (1

read at 532 nm on a Beckman DU spectro- .j.
photometer against a reagent blank.

Lipid Solu bPs Fluor.acsn~~ .f fSpinal cord segments (1 g) were minced with ~two scalpel blades to less than 125 mm3 pieces ~in 10 ml of ca.rbonyl-free fluorescent grade ~• chloroform and methanol (2:1, v/v) for several
minutes, mixed with an equal volume of deion-
ized water, and centrifuged for 5 nun at 2500
rpm. One milliliter of the chloroform layer was B 5 

— 
24 

—

mixed with 0.1 ml of methanol and exposed to HOURS SFIER TRAUMA

high intensity ultraviolet light for I miii (II).
Fluorescence intensity was measured from FIG. 2. Effects of alcohol and trauma on malon-
excitation (360 nm) and emission (440 nm) aldehyde levels ~m cat spinal cord. The ordinate repre-

. . . . tents a comparison of the means as a percent of thespectra obtained at 25 C on a Hitachi-Perktn control (laminectomy alone). Vcrtical bars are the
Elmer MPF 3 spectrofluorometer in the direct standard error of the mean (SEM). Although there was
mode standardized with quinine sulfate (11). rio statistical difference at any one lime interval
The measured wavelength was not corrected for between the impacts and alcohol-impacts, there did

S internal instrument distortion. Excitation and appear to be ~gnificant differences between time
emission slits were set at 8 nm; the sensitivity intervals (see Table II). Open bars represent the 200
was set at 30. Fluorescence was recorded and g-cm impact alone, closed bars represent alcohol-
expressed in arbitrary units based on these t h 1 ~~~~~~~~~~~~~~~~~~~~ 0UP, six
instrument settings. Typical fluorescent excita-
tion and emission spectra are represented in
Figure 1 (11). Fluorescence variation was gener-
ally not more than 20% lowed up to 23 days showed no neurological

deterioration. The 37 animals in the 200 g-cm
group had all regained their evoked potentials

RESULTS by the end of the 3-hi monitoring period and
Spinal Cord Iniury were walking by 7 days. The 37 animals in the

During the 3-hr monitoring period, all 35 alcohol-impact group lost their evoked poten- —

cats in the alcohol-laminectomy group retained tials and did not regain them within the 3-hz
their evoked potentials and were without monitoring period. These animals remained
neurological deficit after surgery. Those fol- paraplegic until sacrifice (Table I).

LIPIDS, VOL. I2 , NO. II
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TABLE III

Effect s of Alcohol and Trauma on ,.ialonal dehyd e Level s in Cat Spinal Cord

Signif icance
Time M~toaatdeti yd e tevel a (degrees of fr eedom ,

(hou rs) nmo l /g % of Control t va lue , P value)

3 31 .2 a 2.1 - 95.6 a 8.4
~~~ 4.04 , <.01

5 272 .4 ± 21.1 173.0 ± 17.2
~~~ 

4 .08 , <.01
24 340.2 a 21.8 273.5 a 11.5

aMalona lde hyde levels by the TBA method were obtained by spectrophotom etry and
conver ted to nanom ol es per g wet weight of tissue. The data were then converted to percent
of laminectomy control for tabulation. Statistical analysis was performed using the Stu-
dent ’s I-test , a comparison of the means. Confidence levels were chosen according to the
two -tailed Z method. Since the impact groups and alcoho l.impac t group s showed no
signif icant dif’erences (Fig. 2), the two groups were pooled for each time and the combined
g roups compared against time . Since 5 hr animals were significantly higher than the 3 hr
g roup , and the 24 hr animals also significantly higher than the 5 hr group, it follow s that the
24 hr group was very significantly higher than the 3 hr group .

PMonaldthyd.—Dir.ct spinal cord alone invariably produces paraplegia
• (8). On the other hand, a 200 s-cm force pro-At 3 hr, no differences in TBA reactive duces a reversible lesion, unless the animalsmateria ls were observed between the impact have been pretreated with ethanol to produceS group or the alcohol-impact group as compared blood levels of 300-400 mg %, in which case,to the controls (Fig. 2). At 5 and 24 hi, impacts the same 200..g-cm force produces irreversibleand alcohol-impacts were two and three times paraplegia (8). Malonaldehyde, a product ofthe controls, respectively (p<0.Ol). Data from free radical peroxidation of lipids was measuredboth groups were pooled for each time rnterval in two ways : directly by the TBA assay andto perform Student s t-test for companson of indirectly by lipid soluble fluorescence (LSF).the means (Table h1~~ Malonaldehyde levels measured by the TBA

assay rose in all three groups at 5 and 24 hr.
Malonaldshyd.—lndir .ct However , no differences could be detected
No differences were observed in the levels of between impacted animals and animals pre-

lipid soluble fluorescence among the three treated with alcohol before impaction utilizing
groups when measured at 3 and 24 hr following this assay (Fig 2). TBA reactive material was

- - sacrifice. A threefold increase was observed not measured beyond the 24-hr period. LSF
among all three groups at 3 days. By 5 days, rose to similar levels above background at 3

S this returned to background. A second eleva- days in all groups. By 5 days. LSF had returned
tion was observed at 7 days in the alcohol- to background in all groups. At 7 days, a
impact group, but not in the laminectomy- second peak of LSF activity had occurred in
ethanol group or the impact group. At 10 days the alcohol-impact group only. Only back-

- 
- 

and 23 days, lipid soluble fluorescence in all ground LSF activity was noted after 7 days.
S three groups had returned to background. The source of malonaldehyde detected by

These results are summarized in Figure 3. both methods is most lilc,ely the polyunsat u-
Blood pressure and arterial blood gases did rated fatty acids of membrane phopholipids.

- 

- 

not vary siguificantly from baseline levels in all Malonaldehyde cannot be produced as a con-
groups. The infusion rate of alcohol was ad- sequence of radical damage to cholesterol or
justed to insure that bradycardia and hypo- saturated fatty acids alone (12). Polyunsatu-
tension did not occur. A mean blood level of rated fatty acids are needed (9). Phospholipids,
ethanol of 350 mg % was obtained in the as they occur in myeun and other cellular

- • 
ethanol infusion groups. In the noninfused membranes, represent the largest source of
group, a blood level of 30 mg % ethanol was unsaturated fatty acids in the central nervous
observed due to the ethanol contained in the system (13).
commerc ial sodium pen tobarbi tal preparation. While LSF develops slowly and accumulates

in detectable quantites only after several days,
it is not entirely stable, since background levels
are again achieved within 2 days after peak

In t he cat , a 400 g-cm impact to the exposed levels are produced. The induction period prior

LIPiDS, VOL. 12 , NO. II
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FIG. 3. Effects of alcohol on levels of lipid soluble fluorescence in traumatized spinal cord.The ordinate
represents arbitrary fluorescence units taken from the photomuhiplier reading and normalized to a constant
setting. The open bars represent the lamincctomy group, the stippled bars represent the 200 8-cm impact group
alone, and the closed bars represent the alcohol-impact group. The vertical bars represent the SEM.

to the first fluorescence peak is due to single rapidly oxidized, is not associated with any
Schiffs base adducts which form rapidly from noticeable permanent deficit. The latter source,
malonaldehyde in the presence of free amino one which oxidizes at a slower rate (because of
groups. These do not contain conjugated lower levels of polyunsaturates and a larger
double bonds and are not fluorescent (latent lipid-soluble antioxidant pool), is correlated
fluorescence) (10). Only when the second with irreversible damage. The two different
adduct is formed as a cross-link does the mal- sources, for example , could be the central gray
onaldehyde product become fluorescent (cx- matter and surrounding long tracts.
pressed fluorescence) (10). The central gray area, whose phospholipids

Although 1-2 days may be required for are largely polyunsaturated, would undergo
latent fluorescence from malonaldehyde to be peroxidation more easily as a result of minimal
expresse d, once formed, it will be expressed surgical trauma, such as laminectomy alone and
I 11). Of note, a second LSF peak occurs at 7 impact alone. Necrosis of a thoracic segment of ~- ‘ ‘

days, but only in the alcohol-impact group central gray tissue, for example , whi le produc- - C -

which deve loped paraplegia. Because of the ing local loss of some neuronal elements, pro-
kinetics of latent fluorescence, i.e.. formation duces no grossly discernible sequella like para-
of the conjugated cross-link, this second peak IS plegia. An early peak in malonaldehyde levels

• indicative of a second wave of malonaldehyde would be reached in both surgically treated
production (10). This suggests that the first groups of animals irrespective of alcohol pre-
peak of fluorescence, seen in all groups, is treatment. Since a full con~plement of protec-
associated with acute , reversible damage related tive enzymes (e.g., superoxide dismutases,
to the surgery and trauma, whereas the second catalases, peroxidases, glutathione reductase
peak is associated only with irreversible degen- and oxidase , ascorbate oxidase) exist in all
eration within the spinal cord, actively metabolic cells of the CNS, the bio-

The data are compatible with the hypothesis chemical debris would be rapidly delimited and - 
-

that free radical mechanisms are involved in the removed (14), although any rhysiol • al loss
alcoho l- impact injury model. Possibly the of function would not be revst acii~lieu. The
added burden of free radical reactions caused early peak of malonaldehyde in the lanu-
by the presence of alcohol depletes aqueous nectomv and alcohol-Iaminectomy contro ls (by ‘ -

antioxidants such as ascorba te (3) to levels either TBA or LSF) would have to be the result
which allow irreversible membrane lipid dam- of damage at the subcellular level, since histo-
age. The two peaks of LSF activity seem to logically there is no discernible damage to
reflect two separate sources or pools of unsatu. central gray or white matter in these animals. I -

rated fatty acids. The former one, which is Quite the opposite is true of the white 
-
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matter in long tracts where edema accumulates. sis; Evelyn M. McDonagh for the performance of the ——

The kinet ics of peroxidation in this highly fluorescence analyses; and Todd Meist er for perform-
ance of the dichrom ate assay. This wo rk w~~s sup . 

—

saturated , cholesterol-rich (7S’~ of total CNS ported in pars by National Institutes of Healt h Grant -~~~~cholesterol is found in the rnyein) tissue is very NINDS NS10164-02 , Spinal Cord Clinical Research
slow. h owever , the myelin is largely metabol- Center.

- ically inert. There are essentially no enzyme
systems to bear the brunt of a peroxidative REFERENCES
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EFFECT OF TRAUMATIC STRESS ON CATECHOLAMINE
SYNTHESIS AND METABOLISM IN THE SPINAL CORD

Nosrat Eric Naftchi , Margaret Demeny, Eugene S. Flamm and Edward W. Lowman
D~parin~rnS of Biochemical Pharmacology. Insn~uie of Rehabilüaikm Medicine. a,,d Deportment of ’Neurosurgrry.

Alnj icaJ Center. 550 first Avenue. New York. New York 10016 New } ‘ork UsE w’sizt

In the past fae years considerab1s attention has bean fecuand on the role of biogenic anines In

spinal curd injury- Elevated r~~epii~~ mrine (NE) lw&., in a~iatizad spinal ~~ ds ware inp3.icated

in the fnreat.jon of the hamorrhagic neorosis (I~f. 12) or wale ~~~sght to reflect the ingresS of

circulating wiines (~~f . 3,4) as a result of disruption of the blood-spinal curd barrier rather than

release fran descending idrenergic fibers. In a previoi* ~~ mn’ti~~tion (11sf. 5) wa had fon nd so

• thange in endngeoous SE cuna trati orts bat an inoreaae in &çsid.n e (DA) levels of the spinal curd

a~ 1~~r after na~tusion of the spina l curd . Other Laboratories also have sot Card elevations of

NE in elsnilar experinrents aid after cxrçiarable degree of spinal ~~ d trains (11sf.  6,7) - 2bese find-

ings oontradicted the aforwention&i results (~~.f. 1—4 ) - ‘Isse present study was undertaken to re—

solve the cuntroversy concerning the role of catetholaninas in trainstizid spinal aor&

- 
Methods I

Sixty insarsizid raigrel cats wai~~ fran 2.5 to 3.0 kg ware anesthasizad by intravenasa in—

of pent~~athito1 (30 mg/kg) - P11 cats underwent 1aninectai~r fran t1~ racic seventh to

eleventh (‘1’7-TU) sepeant.. L-tyroaine (2 ,6-3M, specific activity 45 Ci/ntl ) was adzidni st.e rid Intra-

vesoinly to three groups of cats (10 cats/group). Qis k~~sr after injection of tyrceine (1 mici/kg)

eacth acperinerital animal receivad a 400 gn~an inçacticzi to the expoend dura at the ninth thoracic

s~~iwe~t (T9) . ~~— animals were sacrifiond or~ 1~~r (GroJp I), tuo hours (Gecup I t)  aid -three t~~srs

(Ck’a.sp III) after cuntusi on of the spinal curd. -
.
. 

-

Caiparable to Qra~ I asothar group of five cats (Gecr~ IV) ware sacrificid a~ baar after In-

pection of the spinal curd or tuc hours after injection of the tritiatsi precursor. Gecup IV was - ‘I
injected Intravencsaly with 0.5 mi/kg tritiated L-3 ,4-dmydracyphenylalanine (3H-Irdcpa, 311G 6.5

CS/k sole, New ra-iglaid Nuclear) ~~ roriJnately 45 mlins tes fol.laithg the blockade of the peripheral

aranatic L-anino acid decarbcaiylaae CL-MD) by jntrsperitcneal injection of W_486* (25 mg/kg).

Ead~ açsrismental graip had a oorr~~ cEding laninectammy ~~mtro1 grcup for the same psriod of tisme,

Arterial blood pressure was ~~ tizsacua1y umnitored in .11 animals. The blond pressur. was

~VC-486 — t-a—(3,4-dibydrcacyt’enzyl)—a—hydrazismcpropionic acid m?ssohydrate

Sb?

~~ fw -. -

•
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permitted to stabilize for one hcur before laninectary and trains. Averaged evoked cortical sensory
action patentials (s’) were recorded fran the region of the sigs~ id gyros during stismalation of the

contralateral peroneal nerve before and after lopact to ascertain the adequacy of the traura (11sf. 5, ~~~~~~.,_ _

A three an portion of the spinal ~~ d centered at the level of ispact ~9) was zwcv.d in a tan-
peratare - controlled roan (4 C) at the appropriate time after the injection of tritiated precursors.
The spec~anens ware divided into three (1 an) equal parts. ‘these spinal cord segments, labelled roe-
tral, middle aid caudal, ware inu~Iiately frozen on dry ice or in li quid nitrogen and stored at

-25 C until analyzed. ‘its disappearance rate of 3H-L-tyzosine aid 3H-Zrdopa fran the bl~~~ and the
specific activities of DA aid NE on each one an segment of the spinal curd ware detarmii~~ .
Determination of ~~~dogenio us Biogenic )mines

- - The tissues ware hcrcgenized in acidified butanol. After centrifuging the hcziogenate, the

aspernatant containing catectolandnes was shaken into water and adsorbed on alunina . Norspine~*mrine
and dopsuine ware eluted fran aiwnina aixi ware assayed flu~~~metrica1ly as described previansly
(11sf. 5).

Ana~ysis of Labelled Dcm~sniine aid Norepinephrine
3H-L-tyrosine aid 3H-fr’dcpanine ard their Iretabolitas 3H-OA and 3H-NE were analyzed as foLtaes:

each one an aegsent of spinal curd was bomogenized in acidified butanoi., centrifuged, sad the super-
natanit containing catetho]anii~~ was shaken into water and aisar~~~ on almintha as above. 23* eluata

- 
was adjusted to nI 2 aid applieS to a ocl~zan of Doaex 50 W-X4 (200 - 400 nash, tan x 2 an) . Nor-

epanephrthe aid dopenine ware elutad with 1 N IC1 aid 2 N (Cl, respectively. Eluatea containing NE

or DA ware quantitatively transferred to a counting cocktail (Pquaaol, New 13mgland Nuclear) aid the

radioactivity was determined in a liquid scintillati on spectrareter tSearle) . The entire pro~~~are

was carried cot in a tamperature - oa~troI1ed r~~n (4 C) -

L4rdr ~ Acid Decaibcncylase Activity

Spinal curd sa~tent was haycgenizad in 5 volimes (w/v) ice cold 0.05 N Tris (Cl buffer ~ 4 6.0 oa-

tam ing 0.1% (v/v) Triton X-100 in a glass-Thflcm harogenizer. The haingenate was centrifuged in a
refrigerated centrifuge at 10,000 g for 10 mirastes and the supexnatant decanted for the enz~na assay

— 21sf. 9). An aliquot of the supernatant was incubated in a closed systas with the ca~tacyl
Lai&ellei substrate, l~-3, 4-din drory~ ylaisnine (L-14C dopa) . ‘13* activity at L-MD was 6stezriix~d
by Jreasurirg •J* l4rY)~ product liberated by ‘i~~ and captured in plastic walls containing C il ~~~
paper soaked in flyanins, the entire wall was then dropped into a scintillation vial ~~ taining —•

quasol sad counted in a Liquid scintillation spsctrceeter. 13* units of L-MD ar. given in moles
-j a,~/g wet ttssu~#hour. 

-

cald.n,-8-nydracylase Activity _______

23* spinal cord sagrent was harogaiu iznd and ~~ trifuged similar to the nath id for Xe-MD, except - 
-

-

~ I- --%~r~w
T11’ _ _ _ _  
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that the Tris buffer was 0.005 N. The assay i. based on ~-flydracylation of the substrate phenyl- - - 
‘

~~
‘!—_ —

~~~~~~

ethyler~ne by d çanine-8-bydroxylsse (D8H) to ~*ieny1ethanolanine (Ret. l0) The latter is am’ivertad 
~~~~~~~~~~~~~~~~~~ 

—

~~~
to ~ C-label1ad N-oethylphenylethanolanire by p.ar ifi et bovine adrenal ~~eny1etJ*no1aith*-N-nethyl-

transferase in the presence of the active methyl donor s-adenosyl-nethionine methy1-~k. tx~pevine-

8-hydroxylase units are given in moles N-aethylphenylethanolanine/g wet tiss uajho ur.

Muoanjne Ct~idase Activity

The spinal cord se9rents were haiogenized in 10 voliznas0.005 N phosphate buffer gel 7.0 ard the

enz~ve activity was essayed on en aliquot of the harogena te. 13* natlxd is baseS on the acidative

deannination of tritiatad substrata 3x-tyranine to tritisted proiuct 3H-p hydrucyphenylaoetic acid

(Ref. U) - After separation of the product by extraction with ethyl acetatq. the r&.ioectivity was

measured in a liquid scintillation apect ru!eter. Units are given iii moles of p-h~w3zoxy~*~errylaoeUc

acid/q wet tissue/hour.

The circulating levels of label led Is-tyrcsine aid Xe-dope drcçped to 80% aid 90% of the zero tine

c~~centrations within five aid 10 mirsatas, respectively, after the aded.nistration of the labelled

precursors. These furdings are similar to these of Wurtaen et al. (Ref. 12) using 14C-L-dopa in the

~4~ le n~~se. The circulating levels of total radioactivity reached a plateau 10 mimites after in-

jection and renained fairly ~~,stant for three hars. ‘ihore was no a~~ eciab1e dif ference bebieen

the experimental and 1aninectai~p a~itrol groups.

Effect of Trausia on the Biosynthesis of ~~ anlns aid Norapi,~~~rij*

Fran 3W-L.-tyro,irae pre~~~sor. There was no sgçreciabla difference In cuoentraticzns of ~H-NE aid

• 
3H-Dl~ aiu ~g the three one an se~mots of the spinal curd of the oa~trol groups, nor was there an

appreciable variation anorq these of the aiperinental groups. 1~o hour. after injection of ~ii-

tyrosins the solar ratio of the tritiated D~. to tritietad NE in the spinal curd of the axtrol was ,J
agprathriataly 1-3; frun esth frdle (role x l0~~~ ) of ~~ ~~~it 0.8 tic. NE was synthesized (Fig. 1).

‘The disappearance rate of 3R-NE aid ~~~~ fran the spinal cord was linear in the ~~ntrol groups.

13* decay curve of SR-NE was s1a4er than that of ~lI-~~ the half-lives of 3B-tih and 3(I-HE ware about

3.5 and 4 hours, re.r.ctively- In ~~itrol Ck~ p III the oa’~centratiome of 3H-1* and 3H-NE deoreased

to level. appr~ d~zsately 60% of those in control Cr~ p I (Fig. 1) - ~~e hair after spinal cord traisna

ths 311-r* concentration was 15% bela, that of orsntxol (Crap I) bit it had reached a plateau tuo

(ours after (Craç II) and was 17% .bovt that of the a~ttro1 three hairs after impaction (Craig III).

0* haan after trauna the 311—NE levels ~~ e 30% lover than those of the currespending o~ntrol (GruQ

2) aid renam ed relatively withaa thereafter in all experimental graçs (Fig . 1) - 0* hour after ________

impact the radioactive counts incorporated f run 3$—Xe-tyrasins into 3H—llI we_re redu~~ frun 5 4  in

-
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Fig. 1. Xe-tyzcsine (2 ,6-3W was inject.ad into three groups of cats n’àtith wder~ee~t laminectanuy fran

T7—Tll. 0* (our after intravenous injection of tyrosine each experimental animal r~~~ived a 400

~
n
~an impaction. The animal.. were sacrificed one (our (Group I), bo hours (Group II) aid three

Pours (Crap III) after impaction of the spinal cord. Each experimental group had a correspuding
lanrinectany ca~trol gxap for the sere period of tinre.

the coz~trol Crap I to 4 .4 ncijg in the expermnwaital Craig I. Since after Impact the endugenous D~
caoentraticms ~~~e bros these of the control, the specific activity was sharply reduced after

impact (Table 1). Rad.toactivity incorporated into 3((-NE decreased fran ahait 4.0 to 3.1 nCi/q. 13*
andogancus NE ca’iosntrations , ha~ ver , did not change appreciably. The specif ic activi ty of NE,
therefore, was not significantly altered (Table 1).

Fran 3W-L-d.thydro~cypheny1a1anine precursor. In the spinal cord of the cats injected with 3H-L- . 
•

dupe the ratio of 3M-DA/3X-NE was 3~0 capered with the ratio of 1-3 in the canparable group of cats
injected with ~ii-Xe-tyrceine. 0* hour after impact (Group IV) the average radioactive car~ts con-
verted fran ½1-dopa to ~n-o~ ware reiuced; the Incorporation of radioactivity into fell Iran a

mean of 20.4 in the cantrol Group IV to 16,5 r~ i/g in the experimental Group IV (Table 2). Endo-

genous levels of DA ir~~eaaed after traisna to levels approximately tvo-told above that of the ca~-
trol. The mean specific activity of DA in spinal cord, therefore, decreased signif icantly a* Pour
after impact (Table 2). The 3H-NE in the impacted group (Craip IV) was reduced capered with that
of the laininectany axitrols. Since the enidugenciua concentration of NE did not change appreciably
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TABLE 1

Effect of Spinal Cord Trauna on the Biosynthesis of ~~pei*ine and t~ i~~urephrir*

Fran the Precursor 3H—L.--Tyroeine in Group I

Dopamine Norepinephrjne

Laminectomy Impact Laminectoiny Impact

(A) 5.45 + 0.79 4.38 4- 0 . 4 6  3 9 8  + 0.57 3 .08  + 0.39

(B) 0.68 + 0 .09  1 .48  + 0.15k 0.89 + 0.05 0.85 + 0.05

(C) 7.98 + 1.53 2.96 + 0.43k 4.47 + 0.68 3.62 + 0.50

~P < 0.001 1

A — labelled , nCi/g ; B — endogenous , nmole /g ; C— specific activity ,
nCi/runole

TABLE 2

____________________ 
11Effect of Spinal Cord Trauna on the Biosynthesis of Dpenine and Norspinaphrine

Fran the Precursor 3H—L-Occia in Crap lv

Dopannine Norepinephrine —

Laininectomy Impact Laminectomy Impact

(A) 2 0 . 4 2  + 3.21 16.49 + 1.46 7.11 + 2.51 5.13 + 1.37

(B) 0 .68  + 0 .09  1.48 + 0.15k 0.89 + 0.05 9.85 + 0.05

(C) 29 .90  + 6.02 11.14 + l .50 7 .99 + 2 .85  6 .03 + 1 6 3

< o.ooi . 
-~~~~~

A — labelled , nCi/g ; B — endogenous, nmole/g ; C — specific activity ,
nCi/ninole —II

aft.r impact, specific activity of NE &~~1,.d bit was not significant at 95% level (Table 2). 
t

”
~~~ -i11

?~tsbolic enzymes. ‘13* activity of the enzymes in 3aeinec~tany ca~trol Craig I and its ~~respon-
ding aiigeriirerttal group (one hour after impaction of the spinal cord) are sham in Table 3. There

was no a~~~eciable tha~ge in the activities of L—AAD aid 08R. In the impacted grap the nonoenine

cxidass activity was significantl y lamer than that of tM control. ~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ .~ ~~~~~~~~~~ ~~~~~~~ ~~~~
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TABLE 3

Effect of Spinal Cord Traui~a on Activity of the thzynos of CAled~ 1mnire Pathway

L-AAD DBH MAO

Laminectoniy 143 • 12.6 26.5 + 1.3 2048 + 66

One hour
after impact 127 + 8.7 23.7 + 2.1 1672 + 58

P N .S N .S. <0.01

units of enzyme activity - nnioles/g wet tissue/hour

N .S. — not significant

Dieaissiai

After trauria the eraint of radioactivity incorporated fran both 313-L-tyrosine axiS 31~.-i~-&pa into

artS ~N-tE is sharply reduced when capered with that of lanthectany ca~trols (Fig. 1, Tables

1 and 2). The rise in the levels of erdogenous DA in all sei rents of the spinal cord in Group II

cats may reflect a reduction in the activity of D8&( which in the central nervous systen synthesizes

NE effectively only when ireribrane baird (Ref. 13) . Trauna to the aird may alter this state and

thereby reduce D8H activity. DA and NE, released fran the storage vesicle~ after trauna. are

subject to degradation by ?~O aid catachol-o-mnethyl transferase. The specific activity of DA in

Groups II and lv was sharply lamer than that of corzes pa~ding leninectany control grapa • due to a

dilution of the labelled DA in a larger pool of err -jenous DA accirmilated after trauna ~~ ause of

impaired D~~ activity. Ma-oexirie acidase, a xrethrane bound mitoclonirial enz~re which catabolizes

both DA and NE to their corresp~rding dinydroxy acid iretabolites, cannot be implicated in reducing

t3* asra~t of 3H-D~, since it would also catabolize the erdogenous DA carparably areS the specific

activity of DA would, therefore, rasain unchanged.

Analysis of l~P.O activity in vitro dercnstratas that one (our after impact activity df the enzyse

is significantly reduced (Table 3). 13* reduction in specific activity of DA after ca~tosion of

the spinal aird also indicates that the activity of tyrosine hydrcscylase, the rate-limiting enzyme

in the biosynthesis of NE (Ref. 14),, is redu~~~. Since the incorporation of radioactivity into

is redu~~ using both precursors 
3H-tyrcaine aid 3H-dopa it fol lams that the activity of

L-MD is also inpairet. Table 3 sP~ ms that the activities of 1.-MD areS D8K. although lamer after

üipact,were rot significantly different fran tbo.e of the control • ‘13* reason for this apparent

paradox is that in vivo, ths ca~osntration of molecular oxygen, a ~~imaxy substrate for ty ros ins

L. I~~~~~~I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I T _  _ _ _ _



r

EIfect of Traumatic Stress on Catecholamine Synthesis 373

• hydracylase, D6II and ?QO is sharply reduced due to Local circulatory stasis and a~~cia. In vitro

provided with all co-factors i lIn ing acygen. DBH activi ty in the spinal cord after impact rainains

relatively unchanged; within the tina interval of the experiment litt le protein denatoration has

taken place.

‘1~’a firding of large er~a.ints of endogenous DA in the spinal cord indicates that DA in the spinal

cord dces not serve only as a substrate for (~H but may rather be stored in specific dcpmninergic

storage pool (s) and possibly serve as an inhibitory neurotranmnitter of internuncial neurons. If all

in the spinal cord served only as a substrate for 06(1 rather than being stcrad in specific

dcpaninergic storage reserves, erdogenaus DA waild be expected to be rapidly transfonied to NE areS

stored in riorairene.rgic vesicles.

• 13* results daronstrate that (1) riot only tyrosine hydracylase is present but also the whole

caiplairent of the NE synthesizing machinery exists in the spinal cord. As early as five minutes

after adoinstration of L-2 ,6 -ditritiotyrosine, both DA and NE are detected and 15 minutes after

injectiai they are found in quantitative era~nts in the spinal cord at the level of thoracic seventh

to eleventh (‘Il-’tll ) derniataies . The rate of axcplaszic f 3am, 0.7 ma~.luir (Ref. 15) is too lam to

accaint for the fonnation of DA aid NE in the train stain neurons aid subsequent transport to the

T7-Tll level. (2) There is a reducti on in the activity of 1.-MD as evide~~~ by lamer anounts of

(-DA fonred fran both 3N-L-tyrosins aid 3H-L-dcpa precurs ors. (3) The activity of nientrane band

enZ~ nas C6I1 and mitochondrial W~D is curtail ed, prubably due to circulatory stasis, hypoxia, and di,-

• ruption of the uairbrane integrity. This ~~iditiai results in accumulation of DA and to change in NE

ca~centration with thee after inju ry . (4) Since 1.-MD is distributed ubiquitously aid tyrcsone

~rjdrcscy1ase is intraneuronally cxnfined, it can be deduced that for every mole of NE fouted fran

tyrosine, approximately — _ roles are formed extranauronaily wham dope is used as a precursor.

(5) The restoration of impaixed NE synthesizing machinery by 1rair~~ana stabilizing drugs such as

epsilon eninocaproic acid and irethyiprednisolone scnliun suocinate (Ref. 5) further suggests that the

changes seen after trauna may be seccxdaxy to a sore diffuse process of membrane dysfunction (Ref. 5,

16 .17) . (6) Fran these results it is difficult to support a direct etiologic role for catetholanines

- - In the proiucticxt of the pathophysiologic events seen after spinal cord inju ry .

Three graips of cats ware injected with li-tyrosine (2 ,6 ,-SR). Al l cats urderwant laninectsruy

fran ‘r7-Tll. Cue (our after intravenous injection of tyrosine each experimental animal received a

400 gm an Impaction to the exposed dura. ‘13* animals ware sacrifi~~ a~ hair, bo hairs, and

three hai rs after oontoaion of the spinal cord. ~u11aming blodcaiSa of psrii*ieral b-MD by edninist-

ration of i~S(-486, L,-3H-dopa was also a*nirtistereS I.V. to a group of five cati which ware sac rifi ~~~

_ _ _ _ _ _ _  . -- ---
~~~~~~~~~~ - . . . - .
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a~~ ~~ r after impaction of the spinal cord. Each experimental group bed a corresponding leninec- ~~~~~~
ton y control group for the sere period of time. In the spinal cord of the control gra.~~a , the 

- ______________

molar ratio of the tx-itiatid DA to tritiated NE was approximately l~3; fran each teele (sole it 1015) 
________ _______-;

of DA about 0.8 tnola NE was synthesized. In the ountrol groups the disappearance rate of NE and

DA fran the spinal cord was linear; the half-lives of DA arid NE ware 3.5 and 4 (ours, respectively .

13* disappearance rate of DA dac~eased or~ )xsir arid plateaued b~ hairs after impacti on, carpared .~~~~

with the control. Cue (our after spinal cord trauma the DA conoent’eticu was 15% below that of

control but three hours after impaction ~~ uinc*ntration was 17% that of the control. After trauma

the NE levels ware approximately egual in all .cperineutal groups. In the spinal cord of the cats — 
- —sir - — W

_J ~~~~~ ~~~~~~~~~~~~~~
injected with ~H-1.-&pa the ratio of D!~tlE was 3~0 carparad with the ratio of 1~3 in the cats in—

jectid with 311—L--tyrosine. t3* results daiiaistrate that (1) there is a reduction in the activity of

tyrosine hydxoxylase and/or 1.-MD as evidenced hy lamer atomts of ~n-oi~ fonied frau both 311-L-ty-

rosine and 3H-I.-dccia precursors; (2) the activity of mentrari e baseS enzyses V8$ arid mitoduidriel

~~O is curtailed , prohably due to circulatory stasis, hypoxia, arid disruption of the saimbranie intag-

rity. This condition results in accumulation of ~~ and no change in NE an tration with time;

(3) since 1.-MD is distributed ubiquitously and tyrosine bydroxylas. is intraneurcriai.ly anifined, it

can be deduced that for every mole of NE fcrmed fran tyrosine, approximately ~.‘o soles are formed

extranieuronally wten dope is used as a precursor .
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Su~ ort

‘ISa !~ rc*’d P.. Qaggenheiin Clinical Research F2idaarent and MDI ~ ant tNE-10l64-02P~J

DISCUSSION

Pt. Ko’L~ inquired whether ther, was a change in the bloodfspinal cord barrier as $ result of

the manipulators. Dr . Nsf tcht indtcsted there was not since there was very 11th . Ingress of radio—

active DA or NE fros the blood after impacting the cord.
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