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It was shown previously that local cerebral glucose utilization is less than 50% of
normal in all cortical areas of rat brain 3 days following a focal freeze-lesion and
that this effect of trauma is significantly diminished by dexamethasone (0.25 mg/
Kg/day), and by indomethacin (7.5 mg/Kg single dose). To elucidate the mech-
anism of action of steroids and non-steroidal antiinflammatory drugs in trauma-
tized brain, the effects of dexamethasone and indomethacin on arachidonic acid
release, malondialdehyde production and prostaglandin synthesis in the lesion area
were investigated. Five seconds after a freezing lesion arachidonic acid was sig-
nificantly increased in the lesion area of untreated animals. Neither dexametha-
sone nor indomethacin had any effect on this release. The thiobarbituric acid
reaction, as an estimate of malondialdehyde and non-enzymatic free radical li-
poperoxide formation from unsaturated free fatty acids showed no change in the
control and lesion areas of untreated and both dexamethasone and indomethacin
treated groups. There was a marked increase in PGF,,, PGE,, PGD; in the lesion
area of untreated animals. Indomethacin prevented the formation of prostaglandins
by more than 90% while dexamethasone had no effect. These results suggest that
some components of the arachidonic acid metabolism must be involved in func-
tional disturbances resulting from trauma while steroid action is mediated in in-
jured brain independently from the prostaglandin cascade.

INTRODUCTION

Cerebral edema has been generally accepted as an underlying cause of
functional disturbances associated with injury to the brain. The best proof
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of this tacit assumption is the fact that all efforts to develop rational
therapy for neurological complications resulting from trauma to the brain
have been directed at modifying the edematous process (1). Furthermore,
clinically beneficial effects of empirically developed treatment modalities,
for example, of steroids have been ascribed to their control of cerebral
edema despite the fact that experimental evidence for such effects was
contradictory (2, 3). When studies with standard freezing lesions in the
cat failed to show any correlation between the effects of steroid therapy
on the resultant edema and on the associated EEG abnormalities it was
postulated that injury to the brain may induce functional disturbances by
mechanisms not related to cerebral edema (4). Further progress’ in the
elucidation of this concept was hindered by lack of a suitable model for
sensitive assessment of the functional state of the traumatized animal
brain (5).

The development of the deoxyglucose method (6) for the measurement
of local cerebral glucose utilization (LCGU) has allowed the mapping of
functional cerebral activity in awake animals under a variety of conditions
since metabolism and function in brain are closely coupled (7). Applying
this approach in studies on injured rat brain, unilateral focal freezing or
heat lesions were shown to depress LCGU in all areas of the cortex in
the traumatized hemisphere and, to a lesser extent, in the contralateral
hemisphere and bilaterally in subcortical structures and in the white mat-
ter (8). This metabolic depression which reached its peak 3 days after the
lesion was made was not associated with diminished blood supply, as no
corresponding changes in blood flow were observed. The results were
interpreted as indicating a widespread depression in the functional state
of the traumatized rat brain (8). Furthermore, there were both spatial and
time-course discrepancies between changes in LCGU and the edematous
process, since many studies with the freezing model have demonstrated
vasogenic edema to be more circumscribed, unilateral, and diminishing
in extent after 48 hours (2, 8). Thus the functional consequences of brain
injury, as reflected by a widespread metabolic depression, did not appear
to be mediated by cerebral edema.

In contrast to its equivocal effects on cerebral edema, dexamethasone
given either before or after the lesion was made significantly ameliorated
the effects of trauma on LCGU in rat brain (9). Furthermore indometh-
acin, which had been shown to have no effect on the development of
vasogenic edema in response to a standard freezing lesion (10), was even
more effective than dexamethasone in diminishing injury-induced changes
in LCGU in traumatized rat brain when given before the lesion was made
(unpublished observation). Since indomethacin is an inhibitor of prostag-
landin synthetase (11) and corticosteroids have been reported to inhibit
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arachidonic acid release from membrane phospholipids in non-neuronal
tissues (12) in our search for mechanisms underlying the effect of trauma
on cerebral function several components of the arachidonic acid ‘‘cas-
cade’” were measured in the area of the cortical lesion immediately after
injury in untreated and both dexamethasone- and indomethacin-treated
animals. The results of these experiments form the basis of the present
report.

EXPERIMENTAL PROCEDURE

General Procedure. Freezing lesions standardized to produce superficial focal cortical
injury in the rat were made in the left parietal region of halothane anesthetized Sprague-
Dawley male rats (280-320 g) by applying a freezing probe (- 50°C) to the dura for 5 seconds
through a 4 X 4mm opening in the skull. The animal was killed exactly 55 seconds later (60
seconds after start of lesion) by decapitation, the head being dropped immediately into liquid
N,. A sharp chisel was used to remove the brain from the cranial vault and to separate as
much of the lesioned area of the cortex as possible from the rest of the hemisphere. The
sample was then weighed rapidly. Because of the limited amount of tissue affected in each
brain the lesion areas from 3 to 4 animals were pooled, care being taken that no thawing
had occurred until the pooled sample was homogenized in chloroform-methanol 2:1 by
volume. Samples of comparable size were also chiseled out from the non-lesioned right
hemispheres of each lesioned brain. These served as controls together with unlesioned brains
from rats decapitated into liquid nitrogen.

Drug Treatment. In the Dexamethasone-treated group each rat received 0.25 mg Decadron
phosphate (Merck Sharp and Dohme, Kirkland, Quebec) per kg in two divided doses 18
hours and 1 hour before the lesion was made. In the Indomethacin-treated group each rat
received 7.5 mg Indocid (Merck Sharp and Dohme, Kirkland, Quebec) per kg in two divided
doses on a schedule as above. The doses and the regimen were chosen to match the treatment
which was found to be effective in experiments in which LCGU was measured in traumatized
rat brain (9 and unpublished results).

Estimation of Edema and LCGU. The difference in weight between the lesioned and the
control hemisphere was taken as the weight of the edema fluid, as previously described (4).
LCGU was measured by the deoxyglucose method (6), as previously described (8, 9).

Determination of Arachidonic Acid. Frozen pieces of cerebral cortical tissue (100-300
mg) taken from the lesion area and from the non-lesioned control hemisphere were ho-
mogenized in 20 volumes of chloroform-methanol 2: 1 by volume to which had been added
10 pg of heneicosanoic acid as internal standard. The chloroform-methanol extract was
filtered, evaporated to dryness and the lipids redissolved in a small volume of chloroform
and applied to small silicic acid columns (Bio-sil HA minus 325 mesh, Biorad Labs). The
free fatty acids and neutral lipids were eluted with chloroform and after concentration applied
to silica gel 0.25mm thin layer plates and developed in hexane- diethylether-acetic acid,
112:35:2.5. The free fatty acid zone identified by brief exposure to iodine vapor was scraped
off and the silica gel extracted with chloroform—-methanol 2: 1. The solvent was evaporated
and the fatty acids methylated in small tubes with ethereal diazomethane in 10% methanol.
The arachidonic acid was quantitated by gas liquid chromatography on 6 ft. columns of 10%
Silar 10C (Applied Science Labs., Pennsylvania) in a Hewlett Packard 5730A gas chro-
matograph connected to a 3390A integrator.
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Thiobarbituric Acid Reaction. Malondialdehyde formed during the peroxidation of un-
saturated fatty acids or from the breakdown of endoperoxides was determined fluorimetr-
ically by the methods outlined by Yagi and Schimizu, Rondo and Hayaishi (13, 14).

Determination of Prostaglandins. Prostaglandins Fa,., E; and D, were extracted and pur-
ified by the method of Powell (15) utilizing ODS Sep Pak reversed phase cartridges (Waters
Associates, Milford, Massachusetts). Tetradeuterated internal standards (1 pg) of PGF;,
and PGE, were added to initial extracting solvents. The prostaglandins were quantitated by
gas chromatography-mass fragmentography on a LKB-9000 instrument as previously de-
scribed (16, 17). Prostaglandin D, was quantitated by the method of Abdel-Halim et al (18)
after reduction with sodium borohydride and correction for the PGE; contributions to PGF»,
and PGF,g peaks. The ions monitored were m/e 423 and 427 for the methyl ester—TMS
derivatives of PGF2, and m/e 321 and 325 for the methyl ester—TMS derivative of PGE,
converted to PGB;.

RESULTS

Effect of Injury and Drugs on Edema and on Local Cerebral Glucose
Utilization. The striking difference between effects of dexamethasone and
of indomethacin on cerebral edema and on LCGU in traumatized brain
is demonstrated by the results presented in Table 1.

Pretreatment by either drug had no statistically significant effect on the
extent of edema which developed in response to a standard lesion, al-
though in animals on dexamethasone a decrease was observed. On the

TABLE I
ErrecTs oF DEXAMETHASONE AND INDOMETHACIN ON CEREBRAL EDEMA AND ON
CorticaL GLucose UrtiLizaTIiON IN TRAUMATIZED BRAIN

Extent of Edema“ Cortical LCGU?
(g) % of normal

Untreated 0.66 + 0.39 (49) 49 + 8(7)
Dexamethasone (0.25 mg/Kg/day)

Started before lesion 0.56 = 0.19 (29) 77 = 2* (6)

Started 24 hours after lesion — 71 = 2% (4)
Indomethacin (7.5-15 mg/Kg)

Given before lesion 0.71 + 0.30 (3) 87 £ 3*(7)

Given 24 hours after lesion —_ 84 + 3* (6)

Averages = SD. Numbers of animals in bracketts.

2 Edema measured as difference in weight between traumatized and contralateral hemisphere
24 hours after a standard freezing lesion in the cat. Data from ref. 10. See also ref. 4.

4 Average LCGU in six cortical areas of the traumatized hemisphere 3 days after a standard

freezing lesion in the rat, expressed as percent of normal. Calculated from data in refs. §,

9 and unpublished resuits.

* Statistically significantly different from untreated p < 0.01.
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other hand statistically highly significant increases in LCGU were present
in both dexamethasone and indomethacin pre-treated animals, as com-
pared to untreated in which cortical glucose utilization was depressed to
more than half of normal. As can be seen in Figure [ the difference in
LCGU between untreated and treated animals was such as to be easily
discernible by visual inspection of representative autoradiographs.

Both drugs were equally effective in ameliorating the effects of trauma
on cortical LCGU whether given before or 24 hours after the lesion.

Arachidonic Acid Release. Results summarized in Table 11 show that
arachidonic acid content of the cortical lesion area increased sharply
within 60 seconds of injury but that this release was not affected by either
dexamethasone or indomethacin treatment. Thus dexamethasone did not
affect arachidonic acid release from phospholipids in the lesion area of
the rat brain and its effects in injured brain cannot be explained in terms
of such inhibition.

Lipoperoxide Formation Assessed by Thiobarbituric Acid (TBA) Re-
action. It will be seen from data in Table III that no difference in TBA
reaction products was demonstrable between the area of the lesion and
control tissue. Furthermore, neither dexamethasone nor indomethacin
had any effect on the TBA reaction. Since TBA reaction is only an indirect
method for estimation of free radical formation and lipoperoxidation these
results do not unequivocally rule out a role for such processes in functional
disturbances in injured brain but they do not provide any support for such
a role, nor for effects of steroids being mediated through such a mech-
anism.

Formation of Prostaglandins. Results of prostaglandin (PG) analysis in
the three groups of animals are presented in Table IV. Within 60 seconds
of injury there was a sharp increase in PGF»,, PGE; and PGD; content
of the lesion area as compared to cerebral cortex tissue in the unlesioned
hemisphere in the untreated rat. The accumulation of PGF,., the only
PG measured in the two treated groups, was not affected by dexameth-
asone treatment but was more than 90% inhibited in the indomethacin-
treated rats.

DISCUSSION

The processes underlying the widespread functional disturbances which
develop in rat brain as a consequence of injury and which are reflected
by extensive decreases in LCGU remain to be elucidated. The amelio-
rating effect of pre-treatment and post-treatment with indomethacin, a
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TABLE 11
ARrAcHIDONIC AcID RELEASE IN RAT CEREBRAL CORTEX AFTER FREEZING LLESION

Arachidonic acid

Cerebral tissue ug/g wet weight
Control hemisphere 2.6 + 1.4 (20)
Lesion area
Untreated 15.4 + 7.1* (13)
Dexamethasone treated (0.25 mg/Kg) 12.4 + 9.0*% (8)
Indomethacin treated (7.5 mg/Kg) 10.4 + 5.6* (6)

Averages + S.D. Number of pooled samples in brackets. See Experimental Procedure for
details.

* Statistically significantly different from control hemisphere p < 0.01

No statistical difference between lesion areas in treated and untreated groups.

non-steroidal anti-inflammatory drug, on LCGU in lesioned brain indi-
cates that some component or components of the prostaglandin system
are involved. Whether the prostaglandins originate from blood elements
in the lesion area or from the brain tissue itself is not clear from the
available data.

TABLE I1I
LirorerOXIDE FORMATION IN RAT CEREBRAL CORTEX DETERMINED BY
THioBaRBITURIC AcID REACTION

TBA Reaction

Product
Cerebral tissue nmol/g tissue
Control hemisphere 273 + 38D
Lesion area
Untreated 26.9 + 8.8 (4)
Dexamethasone treated (0.25 mg/Kg) 27.1 + 9.2 (4)
Indomethacin treated (7.5 mg/Kg) 214794

Averages + SD. Number of pooled samples in brackets. See Experimental Procedure for
details.

Fic. 1. ["*C]Deoxyglucose autoradiographs at the level of the freezing lesion in rat brain 3
days following injury. A. Untreated. Note gross asymmetry in cortical areas reflecting se-
verely depressed glucose utilization in the traumatized hemisphere. B. Animal treated with
dexamethasone 0.25 mg/kg/day i.p. starting 18 hours before lesion. C. Animal given single
dose of indomethacin 7.5 mg/kg i.p. 6 hours before lesion. Note that in B and C side-to-
side differences are not obvious on visual inspection.
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TABLE IV
ProstaGLANDIN FORMATION IN RAT CEREBRAL CORTEX AFTER FREEZING LESION
PGF,, PGE, PGD;
Cerebral tissue from ng/g wet weight
Control hemisphere
Untreated 1.4 +1.0(8) 1.1 £ 0.1 @) 20 = 1.8(4)
Dexamethasone treated 1.2 = 0.9 (4) — —_
(0.25 mg/Kg)
Indomethacin treated 1 (3¢ — —_
(7.5 mg/Kg)
Lesion area
Untreated 57.5 = 19.8 (6)* 29.5 = 12.6 (4* [111.5(2)*
Dexamethasone treated 60.0 = 11.5 (4)* — —
(0.25 mg/Kg)
Indomethacin treated 1.8 = 0.3 3)** — _
(7.5 mg/Kg)

Average + SD. Number of pooled samples in brackets. See Experimental Procedure for
details.

2 Below limits of detectability of the method.

* Statistically different from control hemisphere p < 0.01.

** Statistically different from untreated p < 0.01.

The mechanism of action of steroids also remains unexplained. How-
ever, the present experiments have shown that the effects of dexameth-
asone in traumatized brain are not mediated by an inhibition of the release
of arachidonic acid in cerebral tissues and the results also strongly suggest
that pathological free radical reactions are not involved (19). On the other
hand glucocorticoids have been shown to affect protein synthesis and
neurotransmitter metabolism in the brain (20) so a specific and direct
effect on neuronal function can be envisaged. It is of interest in this con-
nection that changes in serotonin and catecholamine metabolism with cold
injury and head trauma have been described (21-23). Any role of serotonin
in the development of cerebral edema associated with a freezing lesion
has been ruled out (21). The results with indomethacin show clearly, how-
ever, that failure to modify cerebral edema by manipulation of any process
does not preclude the involvement of that process in functional conse-
quences of injury. Thus the possibility remains that some of the functional
changes observed in traumatized brain may be mediated through a neu-
rotransmitter system. Both prostaglandins and dexamethasone could then
exert their effects by modifying the response of the system in question
to injury. The serotonergic system is a good potential candidate for such
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arole, particularly since serotonin innervation is widely distributed to the
cerebral cortex of the rat (24), the area most affected in traumatized brain.

ACKNOWLEDGMENT

Supported in part by Grants MT-3021 and MT-1345 from the Medical Research Council

of Canada and by the Donner Canadian Foundation. We wish to thank Klara Rostworowski,
Hanna Szyllinger, Michael McHugh and Ralph Dadoun for technical and Linda Michel for
clerical assistance.

14.

15.

REFERENCES

. Paprius, H. M., and FeEINDEL, W. 1976. Dynamics of Brain Edema, Springer-Verlag,

Heidelberg.

. KaTtzman, R., and Pappius, H. M. 1978. Brain Electrolytes and Fluid Metabolism,

Williams and Wilkins, Co., Baltimore.

. TorNHEM, P. A., and McLauriN, R. L. 1978. Effect of dexamethasone on cerebral

edema from cranial impact in the cat. J. Neurosurg. 48:220-227.

. Pappius, H. M., and McCann, W. P. 1969. Effects of steroids on cerebral edema in

cats. Arch. Neurol. 20:207-216.

. ScHauL, N., BaLL, G., GLOOR, P., and Parpius, H. 1976. The EEG in cerebral edema.

Pages 144-149, in Paprius, H. M., and FeiNnpeL, W. (eds.), Dynamics of Brain Edema,
Springer-Verlag, Heidelberg.

. SokoLoFF, L., REivicy, M., KENNEDY, C., DEsRosiErs, M. H., PatLak, C. S., PeT-

TEGREW, K. D., SakuraDA, O., and SHINOHARA, M. 1977. The ('*C)-deoxyglucose
method for measurement of local cerebral glucose utilization: Theory, procedure, and
normal values in the conscious and anesthetized albino rat. J. Neurochem. 28:897-916.

. SokoLoFF, L. 1977. Relation between physiological function and energy metabolism in

the central nervous system. J. Neurochem. 29:13-26.

. Paprius, H. M. 1981. Local cerebral glucose utilization in thermally traumatized rat

brain. Ann. Neurol. 9:484-491.

. Paprius, H. M. 1982. Dexamethasone and local cerebral glucose utilization in freeze-

traumatized rat brain. Ann. Neurol. 12:157-162.

. Paprius, H. M., and WoLrEg, L. S. 1976. Some further studies on vasogenic edema.

Pages 138-143, in Parrius, H, M., and FEINDEL, W. (eds.), Dynamics of Brain Edema,
Springer-Verlag, Heidelberg.

. RamweLL, P. (ed.). 1980. Prostaglandin synthetase inhibitors: New clinical applications.

Vol. 1. Prostaglandins and Related Lipids, A.R. Liss Inc., New York.

. WoLFE, L. S. 1982. Eicosanoids: Prostaglandins, thromboxanes, leukotrienes, and other

derivatives of carbon-20 unsaturated fatty acids. J. Neurochem. 38:1-14.

. Yaar, K. 1976. A simple fluorometric assaymfor lipoperoxide in blood plasma. Biochem.

Med. 15:212-216.

ScHumizu, T., Kanpo, K., and HavaisHi, O. 1981. Role of prostaglandin endoperoxides
in the serum thiobarbituric acid reaction. Arch. Biochem. Biophys. 206:271-276.
PowerLL, W. S. 1980. Rapid extraction of oxygenated metabolities of arachidonic acid
from biological samples using octadecylsilyl silica. Prostaglandins 20:947-957.



72

16.

17.

18.

19.

20.

21.

22.

23.

24.

PAPPIUS AND WOLFE

WoLrkg, L. S., Rostworowskl, K., and Parpius, H. M. 1976. The endogenous biosyn-
thesis of prostaglandins by brain tissue in vitro. Can. J. Biochem. 54:629-640.
GreeN, K., HAMBERG, M., SaMUELsSsON, B., SiNiGeL, M., and Frorich, J. C. 1978.
Measurement of prostaglandins, thromboxanes, prostacyclin and their metabolities by
GLC—mass spectrometry. Pages 39-94, in FrovicH, J. C. (ed.), Advances in Prostag-
landin and Thromboxane Research, Vol. 5, Raven Press, New York.

ABDEL-HaLiM, M. S., HaMBERG, M., Ssoquist, B., and ANGGARD, E. 1977. Identifi-
cation of prostaglandin D, as a major prostaglandin in homogenates of rat brain. Pros-
taglandins 14:633-643,

DemorouLos, H. B., MiLvy, R., Kakari, S., and RansoHOFF, J. 1972. Molecular as-
pects of membrane structure in cerebral edema. Pages 29-39, in REULEN, H. J., and
ScHurMANN, K. (eds.), Steroids and Brain Edema. Springer-Verlag, Berlin/Heidelberg/
New York.

McEwEeN, B. S., Davis, P. G., Parsons, B., and Prarr, D. W. 1979. The brain as a
target for steroid hormone action. Ann. Rev. Neurosci. 2:65-112.

FENSKE, A., SINTERHAUF, K., and REULEN, H. J. 1976. The role of monoamines in the
development of cold-induced edema. Pages 150-154, in Pappius, H. M., and FEINDEL,
W. (eds.), Dynamics of Brain Edema, Springer-Verlag, Heidelberg.

Bareaal, S. R., PorTa, M., SELENATI, A., ASSAEL, B. M., CaLDERINI, G., COLLICE,
M., Rossanpra, M., and MorseLLi, P. L. 1975. Homovanillic acid and 5-hydroxyin-
doleacetic acid in the CSF of patients after severe head injury. Eur. Neurol. 13:528—
544,

VEecHT, C. J., VAN WoErRkoM, T. C. A. M., TeeLKEN, A. W., and MINDERHOUD, J. M.
1975. Homovanillic acid and 5-hydroxyindoleacetic acid cerebrospinal fluid levels. Arch.
Neurol. 32:792-797.

Libov, H. G. W., GRzaNNA, R., and MoLLIVER, M. E. 1980. The serotonin innervation
of the cerebral cortex in the rat—an immunohistochemical analysis. Neurosci. 5:207-
227.



