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ABSTRACT: Background: The purpose of the present investigation was to determine if post-ischemic treatment with the 21-aminosteroid
lipid peroxidation inhibitor tirilazad mesylate (U-74006F) could affect reperfusion brain edema during the first 3h following a 3h period of
middle cerebral artery occlusion-induced focal ischemia in cynomolgus monkeys. Methods: Adult female cynomolgus monkeys (N = 14)
were subjected under halothane anesthesia to a 3h period of middle cerebral artery occlusion, followed by 3h of reperfusion. U-74006F, 3.0
mg/kg i.v. or citrate vehicle, was administered 10 min before beginning reperfusion. Multiple spin-echo (8 echoes: TE = 26.3 msec; TR =
3.0 secs; 2.35 Tesla) magnetic resonance imaging was performed every 30 min, beginning at lh after reperfusion. Transverse relaxation
rates (T2) for the caudate, putamen, cortex, insular cortex, parietal cortex and central white matter were calculated as an index of focal brain
edema. After the final images, corresponding regions were removed for determination of water content by the wet weight/dry weight
method. Results: The T2 measurements strongly suggested the presence of post-reperfusion edema in all gray matter, but not white matter,
regions at 1h after reperfusion in vehicle-treated animals. Significant attenuation of edema development was seen in the putamen and insular
cortex in U-74006F-treated animals. An effect was also observed in the parietal cortex, but none in the caudate. The measurement of water
content at 3h after reperfusion yielded similar results. Conclusions: These results showing the ability of U-74006F to attenuate post-reper-
fusion brain edema support the concept that lipid peroxidation is a significant mediator of reperfusion brain edema after focal ischemia. The
therapeutic window for U-74006F’s anti-edema effect appears to be at least 3h after the onset of focal ischemia since delaying treatment
until just before reperfusion largely prevented subsequent edema in cortical regions and the putamen. The effects of U-74006F on edema
may play a mechanistic role in the compound’s reported neuroprotective efficacy in a variety of focal ischemia models.

RESUME: Prévention de I’oedéme de reperfusion au moyen du tirilazade aprés une ischémie focale chez le singe cynomolgus. Introduction:
Le but de notre étude était de déterminer si le traitement post-ischémique au moyen d’un inhibiteur de la peroxydation lipidique, le mésylate de tiri-
lazade (U-74006F) peut influencer I’oedéme de reperfusion pendant les trois premieres heures suivant une période de 3 h d’ischémie focale induite par
occlusion de I’artére cérébrale moyenne chez des singes cynomolgus. Méthodes: Nous avons soumis des singes cynomolgus femelles, adultes, sous
anesthésie A I"halothane, 3 une occlusion de I’artére cérébrale moyenne pendant une période de 3 h, suivie d’une reperfusion de 3 h. Le U-74006F, a la
dose de 3.0 mg/kg i.v. ou du citrate (excipient), a été administré 10 min avant le début de la reperfusion. Nous les avons examinés par imagerie par
résonance magnétique 2 spin-écho multiples (8 échos: TE = 26.3 ms; TR = 3.0 s; 2.35 Tesla) a toutes les 30 min, 1 h aprés la reperfusion. Les taux de
relaxation transverse (T2) pour le noyau caudé, le putamen, le cortex, le cortex insulaire, le cortex pariétal et la substance blanche ont été calculés sous
la forme d’un index de 1I'oedeme cérébral focal. Suite aux images finales, les régions correspondantes étaient éliminées pour déterminer le contenu
hydrique par la méthode du poids frais/poids sec. Résultats: Les mesures de T2 suggéraient fortement la présence d’oedéme post-reperfusion dans
toute la substance grise, mais non dans la substance blanche, 1 h aprés la reperfusion chez les animaux ayant regu I’excipient. La progression de
I’0oedeéme était significativement atténuée dans le putamen et le cortex insulaire chez les animaux traités au U-74006F. Un certain effet était également
observé dans le cortex pariétal, mais non dans le noyau caudé. La mesure du contenu hydrique 3 h apres la reperfusion a montré des résultats simi-
laires. Conclusions: Ces résultats montrant la capacité de ’'U-74006F d’atténuer 1’oedéme cérébral post-reperfusion supportent la notion que la per-
oxydation lipidique est un médiateur important de 1’oedeme cérébral de reperfusion aprés une ischémie focale. La fenétre thérapeutique de I'effet
anti-oedeme de 1’U-74006F semble étre d’au moins 3 h aprés le début de I’ischémie focale, parce que le fait de commencer le traitement un peu avant
le début de la reperfusion prévenait en grande partie I’oedéme subséquent dans les régions corticales et le putamen. Les effets de I'U-74006F sur
I’0edéme peuvent jouer un role dans le mécanisme de neuroprotection qu’on attribue a cette substance dans plusieurs modgles d’ischémie focale.

Can. J. Neurol. Sci. 1996; 23: 46-52

Reperfusion of the brain following a period of focal
ischemia of significant duration (1-3h) has been shown to
result in rapidly developing brain edema that is associated
with damage to the blood-brain barrier (BBB) and a resulting
increase in microvascular permeability in rats' and cats.2? The
disruption of the BBB that occurs during the first few hours of
reperfusion largely involves increased permeability to rela-
tively small molecules (i.e., aminoisobutyric acid) and ions
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(Na+, Cl-) with water following into the brain parenchyma
producing edema.! However, increased BBB permeability to
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larger molecules (proteins) is also seen during the first hours of
reperfusion.2 While reperfusion appears to exacerbate BBB break-
down,! an increase in brain capillary permeability is observable
after as little as 1h of focal ischemia in the absence of reperfusion
in rats.# It has been suggested that the BBB damage that is trig-
gered by ischemia and perhaps exacerbated by reperfusion may
contribute significantly to the magnitude of neuronal damage and
infarction in models of permanent and temporary focal
ischemia.'* Therefore, efforts to limit ischemic BBB damage are
likely to retard ischemic neuronal injury.

The mechanism of the early reperfusion-associated edema is
believed to involve oxygen free radical-induced cerebral
microvascular damage."2% Specifically, it is likely that free radi-
cal-initiated ischemic brain damage is largely due to membrane
lipid peroxidation.5® Thus, agents that limit free radical-induced
lipid peroxidative damage to the cerebral microvasculature would
be expected to counteract ischemic and post-ischemic BBB
breakdown and cerebral edema. In that regard, the non-glucocorti-
coid 21-aminosteroid tirilazad mesylate (U-74006F) is a potent
inhibitor of oxygen radical-induced, iron-catalyzed lipid peroxi-
dation that largely localizes in microvascular endothelium and has
been shown to attenuate CNS injury in models of focal and global
ischemia, subarachnoid hemorrhage and brain and spinal cord
injury.'0 In the present study, we examined the ability of a single
i.v. dose of this compound, administered shortly before reperfu-
sion, to limit the subsequent brain edema in cynomolgus monkeys
subjected to a 3h episode of middle cerebral artery (MCA) occlu-
sion-induced focal ischemia. Quantitative serial magnetic reso-
nance imaging (MRI; T2 spin echo) was employed to assess
post-reperfusion edema progression in animals treated with U-
74006F vs. its aqueous vehicle.

MATERIALS AND METHODS

Animals and Surgical Procedures

The use of animals in these experiments was approved by the
University of Alberta Health Sciences Animal Care Committee.
Animal care was in compliance with the guidelines published by
the Canadian Council on Animal Care (Guide to the Care and
Use of Experimental Animals, Vol. 1, 2nd Ed., 1993; Canadian
Council on Animal Care; Ottawa, Ontario, Canada).

Fourteen adult female cynomolgus monkeys, weighing 2.4 to
4.0 kg, were employed in this study. Anesthesia was induced
with ketamine hydrochloride (10-15 mg/kg i.m.) followed by
halothane (2-3%) during surgery. Anesthesia maintenance dur-
ing the experiment was accomplished with a halothane (0.5-
1.5%) and nitrous oxide/oxygen mixture. During anesthesia,
paralysis was maintained with gallamine triethiodide (2 mg/kg
i.m. every 45 min.). Body temperature (rectal) was maintained
near 37° C by heating pad. A femoral artery was cannulated for
blood pressure and blood gas/pH monitoring.

Experimental

All experiments were carried out in a blinded, placebo-
controlled, randomized fashion. Each animal was subjected to
right MCA occlusion, via a transorbital craniectomy, for a period
of 3h using a non-ferromagnetic aneurysm clip. Equal numbers
were assigned to two groups: 1) U-74006F, 3 mg/kg i.v. (1.5
mg/ml; 2 ml/kg) or vehicle (0.02M citric acid, monohydrate;
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0.0032 sodium citrate, dihydrate; 0.08M sodium chloride; 2
mg/kg) 10 min. before reperfusion.

Multiple spin-echo (8 echoes: TE = 26.3 msec.; TR = 3.0
sec.; 2.35 Tesla) images were obtained at 30 min. intervals
between 1 and 3h after reperfusion. Coronal images allowed
bilateral measurement of transverse proton relaxation times (T2)
in parietal and insular cortex, putamen, white matter and head of
the caudate. T2 measurements were made from 15-25 pixel
regions (pixel size = 0.75 x 0.75 mm,; slice thickness = 3.0 mm).
At 3h of reperfusion, after the final MR image, the animals were
killed by sodium pentobarbital injection and tissue samples
obtained from the regions of interest for water content analysis
(wet weight/dry weight method).

Statistical Analysis

One animal from each of the two groups had to be excluded
due to technical MRI failures leaving N = 6 for the vehicle and
U-74006F treated groups. The T2 and water content data was
analyzed by one way ANOVA followed by Scheffe’s test which
allows for mulitiple comparison of the means. All data are
expressed as mean + standard error.

RESULTS

Physiological Parameters

Table 1 shows the physiological parameters for the vehicle and
U-74006F treated groups on animals during magnetic resonance
imaging. Both groups were equivalent in regards to body temper-
ature, arterial blood gases and pH and mean arterial pressure.

MR Imaging of Edema (T2 Values)

Figure 1 displays the pseudo-color MRI images of two vehi-
cle treated monkeys at | and 3h of reperfusion. The reddish areas
indicate increased brain edema compared to the non-edematous
greenish background. Comparing the 1 and 3h images shows the
progressive nature of post-reperfusion edema. The numbers indi-
cate the areas of edema quantitation: 1) parietal cortex, 2} insular
cortex, 3) putamen, 4) white matter and 5) caudate. Edema was
present in all areas except the white matter. Figure 2 shows MRI
images from two U-74006F treated monkeys at 1 and 3h of
reperfusion which manifest much less evidence of edema than
the vehicle treated monkey brains in Figure | with the exception
of the caudate. It should be pointed out that because of differ-
ences in magnet tuning and shimming, image intensity is not
strictly comparable between animals, but does accurately reflect
changes in the same animal over the 3h reperfusion period.

Table 1: Physiological parameters in adult female cynomolgus mon-
keys subjected to 3h MCA occlusion plus 3h of reperfusion and treated
with either tirilazad mesylate (U-74006F) or its aqueous vehicle.

Vehicle U-74006F
Rectal temperature (°C) 372 0.1 36.8 + 0.2
pCO, (mm Hg) 379 x1.2 359 + 1.7
pO, (mm Hg) 181.0 5.0 190.0 +13.0
pH 7.46 + 0.01 7.46 £ 0.02
MAP (mm Hg) 82 =3 81 x4

Values = means * standard error for 6 animals/group. Measurements
were made during MR imaging.
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Figure 1: MRI images of two vehicle-treated monkeys at 1h and 3h of reperfusion following 3h of right middle cerebral artery occlusion. The regions
of interest are: 1} parietal cortex, 2) insular cortex, 3) putamen, 4) white matter and 5) caudate. Increased T2 intensity (red areas), most likely reflec-
tive of edema, is present in the right MCA distribution (viewer’s left) at 1h and increases between 1h and 3h of reperfusion.

Figure 2: MRI images of two tirilazad-treated monkeys at 1h and 3h of reperfusion. Increased T2 intensity (reperfusion edema) in the right (ischemic)

hemisphere (viewer's left) is minimal to absent at 1h and 3h.

Figures 3A-E provide the quantitated time courses of the
increase in T2 values in the 5 regions of interest indicative of
post-reperfusion edema. Figure 3A shows that edema was
apparent in the caudate nucleus on the side of the MCA occlu-
sion (right) in comparison to the contralateral side as early as
Ih after reperfusion. The mean T2 value remained higher than
that in the contralateral non-ischemic side of the brain for the
subsequent 2h. The time course of the changing T2 values
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was essentially the same in vehicle and U-74006F-treated ani-
mals. However, this increase in caudate T2 values was never
actually statistically significant in comparison to the paired
contralateral non-ischemic caudate for either group.

Figure 3B shows that in the case of the putamen, a progres-
sive increase in T2 values in the vehicle-treated monkeys was
more dramatic than in the caudate (Figure 3A) and did reach
statistical significance (p < 0.05 vs. contralateral putamen) by
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Figure 3: Mean + standard error MRI T2 values between 1h and 3h of reperfusion following a 3h period of right MCA occlusion in: A) Parietal cortex,
B) Insular cortex, C) Putamen, D) Caudate and E) White Matter. VR: vehicle righi; VL: vehicle left; DR: Drug (tirilazad) right; DL: Drug (tirilazad)
left. Comparison between hemispheres: * p < 0.05; ** p < 0.01 vs. vehicle left. Comparison of right hemisphere between vehicle and drug-treated

groups: tp < 0.05; 1t p < 0.01.

2h after reperfusion. In contrast, the increase in the mean T2
parameter in the U-74006F-treated group never reached
significance over the 3h post-reperfusion time course.

In the case of the insular cortex (Figure 3C), the increase in
edema in the vehicle treated animals was the most pronounced of
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the regions examined. As early as 60min. after reperfusion, the
T2 value in the ischemic parietal cortex was significantly higher
than in the contralateral hemisphere, increasing further until 2.5h
at which time the rising T2 value plateaued. However, U-74006F
completely prevented edema formation as the T2 time course
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Figure 4: Mean + standard error water content values at 3h of reperfu-
sion. CAUD = caudate, PUT = putamen, INS = insular cortex, PCx =
parietal cortex and WM = white matter. VR: vehicle right; VL: vehicle
left: DR: Drug (tirilazad) right; DL: Drug (tirilazad) left. Comparison
between hemispheres: * p < 0.05; ** p < 0.0] vs. vehicle left.
Comparison of right hemisphere between vehicle and drug-treated
groups: t p < 0.05.

was superimposable upon those of the contralateral insular cor-
tices from either group of monkeys. U-74006F dosing also
resulted in a some apparent blunting of parietal cortical edema
(Figure 3D) since at no reperfusion time was there a significant
difference in the T2 values between the U-74006F treated
ischemic (right) and non-ischemic (left) hemispheres. On the
other hand, the T2 values in the vehicle-treated animals were sig-
nificantly higher in the ischemic hemisphere compared to the
non-ischemic hemisphere at 2.5 and 3h after reperfusion.

No edema (i.e., increased T2) was observed in subcortical
white matter over the course of 3h of reperfusion.

Water Content

Figure 4 provides the actual water content of the ischemic
and non-ischemic hemispheres from the vehicle and U-74006F
treated monkeys after 3h reperfusion. These data show excellent
agreement with the MRI measurements. Again, the most pro-
nounced attenuation of post-reperfusion edema by U-74006F
was observed in the cortical regions (parietal and insular), an
intermediate effect in the putamen and no effect in the caudate.

DISCUSSION

The present results demonstrate the ability of a single 3
mg/kg i.v. dose of the 21-aminosteroid tirilazad mesylate (U-
74006F) to attenuate post-reperfusion cerebral edema during the
first 3h after the termination of a 3h period of focal ischemia in
cynomolgus monkeys. The therapeutic window for this effect is
at least 3h since the dose of U-74006F was not administered
until 10min prior to reperfusion following a 3h episode of MCA
occlusion. Despite the delay in administration, U-74006F com-
pletely prevented edema in the insular cortex and nearly so in
the parietal region. Some effect was also observed in the puta-
men while no reduction in edema was observed in the caudate
nucleus. While the present experiments are confined to the first
3h of reperfusion, the documented reduction in edema over that
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time course probably represents an effect, that with repeated U-
74006F dosing, would probably be persistent. Indeed, other
experiments in rat permanent MCA occlusion models have
shown that repeated post-ischemic administration of U-74006F
attenuates brain edema for as long as 24h,''-13

Oxygen radicals have been strongly implicated in post-
ischemic edema operating via a lipid peroxidative mecha-
nism.2>7? During the early phase of reperfusion, increased BBB
permeability to ions, other small molecules, proteins and water
has been demonstrated as the principal cause. It is increasingly
clear that vascular endothelial cells are important sites of free rad-
ical formation and targets for peroxidative damage.’ Consistent
with the role of lipid peroxidation in post-ischemic BBB damage
is the observation that dosing with the lipid peroxidation inhibitor
U-74006F, which is largely localized in cerebral vascular
endothelium,'? acts to attenuate post-ischemic edema. The present
study in a primate model of temporary focal ischemia extends the
results of multiple previous studies in rat models of permanent
MCA occlusion that have documented an effect of the compound
to reduce brain parenchymal sodium and/or water accumulation
during the first 24-72 hours after the onset of ischemia.!!-1?
Moreover, U-74006F has been found to reduce BBB damage pro-
duced by exposure to arachidonic acid,'*!® iron,'> subarachnoid
hemorrhage' and experimental head injury.'s'7 Therefore, BBB
protection and the associated reduction of cerebral edema are con-
sistent actions of U-74006F related to protection of endothelial
functional and structural integrity. Similarly, U-74006F has been
reported to protect endothelial-dependent relaxation in isolated
aortic rings from oxygen radical-induced inactivation'® and to pre-
serve hepatic endothelial structural integrity in a rat model of
hemorrhagic shock.'®

The molecular mechanism of the endothelial protection by U-
74006F is most likely inhibition of lipid peroxidation since this
agent has been demonstrated to attenuate post-ischemic lipid per-
oxidation in models of focal ischemia coincident with histological
neuroprotection.?!-?2 The lipid antioxidant action is based upon a
chemical scavenging of membrane lipid radicals and a decrease in
membrane fluidity which together inhibit the propagation of per-
oxidative reactions.'® Such reactions, if unchecked, could increase
endothelial permeability. An additional anti-edema mechanism
that stems from the inhibition of lipid peroxidation relates to the
demonstrated U-74006F reduction in post-insult elevation of brain
leukotriene generation in models of focal and global cerebral
ischemia?® and subarachnoid hemorrhage.** Leukotrienes have
been shown to increase BBB permeability.> Thus, part of the anti-
edema action could be due to blunted post-ischemic leukotriene
levels. However, this may be the result of decreased lipid peroxida-
tion, because the leukotriene-forming S-lipoxygenase is activated
by lipid peroxides.?® In other words, attenuation of lipid peroxida-
tion serves to limit 5-lipoxygenase activation.

It has been proposed that post-ischemic microvascular dam-
age and the consequent increase in BBB permeability may be
critical mechanisms of secondary brain parenchymal injury.”
Thus, the attenuation of this phenomenon may constitute a neu-
roprotective mechanism. In this regard, U-74006F has been
repeatedly shown to reduce neuronal necrosis or infarct size in
focal ischemia models in gerbils,? rats, 222729 cats,3® rabbits3!
and baboons.*> While there have also been reports of failures of
U-74006F to reduce infarct size in some models in rats?’ and
cats, >33 each of these negative studies employed a fixed dose
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level that may not have been optimal. Perhaps most relevant to
the present study, are recent experiments in a baboon 3h MCA
occlusion paradigm in which initial administration of U-74006F
in a 3 mg/kg i.v. bolus at 15min. prior to reperfusion (plus addi-
tional doses over a 24h period) reduced 2 week infarct size by
40%.3? That study also involved primates subjected to an identi-
cal period of MCA occlusion and the same initial treatment dose
of U-74006F as in the presently reported experiments. Thus, it is
reasonable to speculate that the demonstrated reduction in early
reperfusion edema probably relates mechanistically to later neu-
roprotection.

In summary, the results show that the 21-aminosteroid lipid
peroxidation inhibitor tirilazad mesylate (U-74006F), which
largely localizes in brain endothelial cells,'? effectively attenu-
ates early post-reperfusion brain edema in a primate model of
focal cerebral ischemia. This finding supports the concept that
microvascular endothelial lipid peroxidation is a significant
mediator of reperfusion-associated brain edema after focal
ischemia. Although the present experiments did not encompass
an assessment of actual neuroprotection, the reduction in edema
may contribute to the reported ability of tirilazad to reduce
ischemic neuronal damage and/or infarct size in models of focal
ischemia, with or without reperfusion. The therapeutic window
for the use of U-74006F appears to be at least 3h after the onset
of focal ischemia because delaying treatment until just before
reperfusion nearly completely prevented subsequent edema for a
full 3h after reperfusion, at least in cerebral cortex. Thus, this
compound shows potential for the treatment of ischemic stroke
either alone or perhaps in conjunction with therapeutic maneu-
vers (i.e., thrombolytics) that facilitate reperfusion.
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