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ABSTRACT The interleukin 18 converting enzyme (ICE)
family plays a pivotal role in programmed cell death and has
been implicated in stroke and neurodegenerative diseases. Dur-
ing reperfusion after filamentous middle cerebral artery occlu-
sion, ICE-like cleavage products and tissue immunoreactive
interleukin 18 (IL-1p) levels increased in ischemic mouse brain.
Ischemic injury decreased after intracerebroventricular injec-
tions of ICE-like protease inhibitors, N-benzyloxycarbonyl-Val-
Ala-Asp-fluoromethylketone (z-VAD.FMK), acetyl-Tyr-Val-Ala-
Asp-chloromethylketone, or a relatively selective inhibitor of
CPP32-like caspases, N-benzyloxycarbonyl-Asp-Glu-Val-Asp-
fluoromethylketone, but not a cathepsin B inhibitor, N-
benzyloxycarbonyl-Phe-Ala-fluoromethylketone. z-VAD.FMK
decreased ICE-like cleavage products and tissue immunoreactive
IL-1 levels in ischemic mouse brain and reduced tissue damage
when administered to rats as well. Only z-VAD.FMK and acetyl-
Tyr-Val-Ala-Asp-chloromethylketone reduced brain swelling,
and N-benzyloxycarbonyl-Asp-Glu-Val-Asp-fluoromethylketone
did not attenuate the ischemia-induced increase in tissue IL-13
levels. The three cysteine protease inhibitors significantly im-
proved behavioral deficits, thereby showing that functional re-
covery of ischemic neuronal tissue can follow blockade of en-
zymes associated with apoptotic cell death. Finally, we examined
the effect of z-VAD.FMK on excitotoxicity and found that it
protected against a-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionate-induced or to a lesser extent N-methyl-D-aspartate-
induced excitotoxic brain damage. Thus, ICE-like and CPP32-
like caspases contribute to mechanisms of cell death in ischemic
and excitotoxic brain injury and provide therapeutic targets for
stroke and neurodegenerative brain damage.

Apoptosis is a cell suicide mechanism under active cell control.
In the nematode Caenorhabditis elegans, the product of the
ced-3 gene is essential for programmed cell death (1, 2).
Members of the mammalian interleukin 13 (IL-1B) converting
enzyme (ICE) family are homologs of C. elegans Ced-3 (3).
Apoptosis has been observed in striatal and cortical neurons
in animal models of stroke (4, 5) and may play a role in
neuronal injury induced by ischemia. ICE-like proteases pro-
mote neuronal cell death induced by trophic factor deprivation
in vitro (6, 7). Blocking ICE-like protease activity delays
motoneuron death induced in vitro by trophic factor depriva-
tion and in vivo during development (8).

Although resistance to ischemia in transgenic mice overex-
pressing Bcl-2 or deficient in p53 provides evidence for the
importance of gene regulation to brain injury and repair, the
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molecular mechanisms of apoptosis after ischemic brain injury
are unknown (9, 10). A role for apoptosis in ischemic injury
was proposed based on morphological (terminal deoxynucle-
otidyltransferase-mediated UTP end labeling staining) and
biochemical (DNA fragmentation) evidence (4, 5, 11). More-
over, IL-13 mRNA and protein expression increases in isch-
emic tissue during permanent focal (12, 13) and global isch-
emia (14, 15). Endogenously produced mature IL-1 plays an
important role in hypoxia-mediated apoptosis in vitro (16).
Furthermore, IL-1 receptor antagonist administration inhibits
ischemic and excitotoxic neuronal damage in the rat, a fact that
implicates IL-18 in ischemic pathophysiology (17, 18).

The ICE family now consists of 11 members (19-33) that can
be divided into three subfamilies, the ICE subfamily, the CPP32
subfamily, and the Ich-1 subfamily, which have recently been
named caspases (34). Each of the 11 family members contains a
cysteine residue and the highly conserved pentapeptide sequence
QACRG at the active site. Peptide (acyloxy) methylketones,
which are active site inhibitors of ICE-like and CPP32-like
caspases, have recently been developed (35). N-benzyloxycar-
bonyl-Val-Ala-Asp(OMe)-fluoromethylketone (z-VAD.FMK) is
a relatively nonselective inhibitor that blocks both ICE-like and
CPP32-like caspase activity. Acetyl-Tyr-Val-Ala-Asp-chloro-
methylketone (YVAD.CMK) is more selective for ICE, whereas
N-benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-
fluoromethylketone (z-DEVD.FMK), in part due to an aspartate
residue in the P4 position, inhibits CPP32-like caspases more
selectively (36). We examined the effects of these three compet-
itive irreversible synthetic peptide inhibitors on brain injury as
well as behavioral deficits after middle cerebral artery (MCA)
occlusion to determine whether inhibition of proteins associated
with programmed cell death can lead to functional neurological
recovery. We also examined whether histological damage due to
intrastriatal microinjection of N-methyl-D-aspartate (NMDA) or
a-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA), a
model of excitotoxic brain damage in stroke and neurodegenera-
tive disorders, is reduced by an inhibitor of ICE and related family
members. Our findings have important therapeutic implications
for the treatment of stroke and neurodegeneration.

Abbreviations: AMPA, «a-amino-3-hydroxy-5-methyl-4-isoxazole
propionate; i.c.v., intracerebroventricular(ly); IL-1p, interleukin 1p;
ICE, IL-1B converting enzyme; MCA, middle cerebral artery;
NMDA, N-methyl-D-aspartate; rCBF, regional cerebral blood flow;
YVAD.CMK, acetyl-Tyr-Val-Ala-Asp-chloromethylketone; z-
VAD.FMK, N-benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluorometh-
ylketone; z-DEVD.FMK, N-benzyloxycarbonyl-Asp(OMe)-
Glu(OMe)-Val-Asp(OMe)-fluoromethylketone; z-FA.FMK, N-
benzyloxycarbonyl-Phe-Ala-fluoromethylketone.
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MATERIALS AND METHODS

Drugs. z-VAD.FMK, z-DEVD.FMK, and N-benzyloxycar-
bonyl-Phe-Ala-fluoromethylketone (z-FA.FMK) were obtained
from Enzyme Systems Products (Dublin, CA), and YVAD.CMK
was obtained from Bachem. Compounds were dissolved in 0.2—
0.6% dimethyl sulfoxide (MCB Chemical, prepared with 0.1 M
PBS, pH 7.4) and made fresh daily. AMPA and NMDA were
obtained from Sigma and dissolved in 0.1 M PBS.

Physiology. Regional cerebral blood flow (rCBF) was deter-
mined by laser-Doppler flowmetry (PF2B; Perimed, Stockholm)
using a flexible 0.5-mm fiber optic extension to the master probe
affixed over the ischemic cortex (2 mm posterior and 6 mm lateral
from the bregma) on the intact skull. rCBF, blood pressure, and
heart rate were monitored as described (37), and heart rate was
monitored from the arterial blood pressure pulse. Arterial blood
samples (30 ul) were analyzed for oxygen (PaO,) and carbon
dioxide (PaCO,) before and during ischemia and 30 min after
reperfusion using a blood gas/pH analyzer (Corning 178; Ciba
Corning Diagnostics, Medford, MA). Core temperature was
maintained at approximately 37°C with a thermostat (FHC,
Brunswick, ME) and a heating lamp (Skytron, Daiichi Shomei,
Tokyo) until 1 hr after reperfusion. In the rat experiments, rCBF,
blood pressure, and heart rate were determined as described
above, and the rCBF probe was affixed to the intact skull over the
ischemic cortex at the bregma and 8 mm from midline.

Ischemia Model: Mouse. Spontaneously ventilating adult male
SV-129 mice (n = 173; 19-23 g; Taconic Farms) were initially
anesthetized with 1.0% and maintained on 0.4-0.8% halothane
in 70% N,O and 30% O, using a Fluotec 3 vaporizer (Colonial
Medical, Amherst, NH). The left MCA was occluded with an 8§—0
nylon monofilament (Ethicon, Somerville, NJ) coated with a
mixture of silicone resin (Xantopren; Bayer Dental, Osaka) and
a hardener (Elastomer Activator; Bayer Dental) as described (37,
38). The procedure lasted 15 min, and the anesthesia was dis-
continued. Two hours later, animals were briefly re-anesthetized
with halothane, and the filament was withdrawn. Eighteen hours
after reperfusion, the forebrains were divided into five coronal
(2-mm) sections using a mouse brain matrix (RBM-2000C; Ac-
tivational Systems, Warren, MI), and the sections were stained
with 2% 2,3,5-triphenyltetrazolium chloride (Sigma). The in-
farcted areas were quantitated by an image-analysis system
(Bioquant I'V; R & M Biometrics, Nashville, TN) and calculated
by summing the volumes of each section determined directly (39)
or indirectly by the following formula: contralateral hemisphere
(mm?) — ipsilateral undamaged volume (mm?3; ref. 40). Although
statistical significance was achieved by both methods of analysis,
only data from the direct method are presented. Brain swelling
was calculated according to the following formula: [(infarct
volume + ipsilateral undamaged volume — contralateral volume)
X 100/contralateral volume (%)]. For histological evaluation of
neuronal damage at 18 hr and 3 days after ischemia, sections (12
wm) were stained with hematoxylin/eosin.

z-VAD.FMK (13.5, 40, or 120 ng), z-FA.FMK (120 ng), and
z-DEVD.FMK (40 or 120 ng) were injected intracerebroven-
tricularly (i.c.v.) twice (2 ul per dose; bregma: 0.9 mm lateral,
0.1 mm posterior, 3.1 mm deep) 15 min before ischemia and
immediately after reperfusion. YVAD.CMK (100 or 200 ng)
was injected i.c.v. 45 min before ischemia and immediately
after reperfusion. In separate experiments, z-VAD.FMK (a
single 80-ng dose) was injected i.c.v. either immediately or 1 hr
after reperfusion, and the animal killed 18 hr later.

Ischemia Model: Rat. Adult male Sprague—Dawley rats (n =
39; 280-330 g; Charles River Breeding Laboratories) were
initially anesthetized with 2.0% and maintained by 1.0%
halothane in 70% N,O and 30% O, using a Fluotec 3 vaporizer.
The left MCA was occluded with a 3-0 nylon monofilament
(Ethicon) with its tip rounded by heating near a flame. The
filament (23 mm long) was inserted from the left external
carotid artery and advanced into the internal carotid artery.
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The distance from the suture tip to the left common carotid
artery bifurcation was approximately 20 mm. Two hours after
ischemia, animals were briefly re-anesthetized with halothane,
and the filament was withdrawn. Twenty-two hours later, the
brains were stained with 2,3,5-triphenyltetrazolium chloride
for morphometric analysis. z-VAD.FMK (8, 27, or 80 ng) was
injected i.c.v. 15 min before ischemia and 10 min after reper-
fusion in 2 equal doses (4 ul per dose; 1.5 mm lateral, 0.8 mm
posterior from bregma, 4.0 mm below bone surface).

Neurological Deficit. Mice and rats were tested for neuro-
logical deficits and scored as described by Bederson et al. (41)
with the following minor modification: 0, no observable neu-
rological deficits (normal); 1, failure to extend right forepaw
(mild); 2, circling to the contralateral side (moderate); 3, loss
of walking or righting reflex (severe). The rater was naive to
the treatment group, and assessments were made at 10 min and
2 hr during ischemia, and again 18 hr after reperfusion.

Western Blot Analysis. Mouse brain tissue was lysed in a
RIPA buffer (0.15 M NaCl/0.05 M Tris-HCI, pH 7.2/1%
Triton X-100/1% sodium deoxycholate/0.2% SDS) in the
presence of a protease inhibitor cocktail (leupeptin, phenyl-
methylsulfonyl fluoride, pepstatin, and aprotinin) for 45 min at
4°C. After ultracentrifugation at 4°C (TLA 45 type rotor at
35,000 X g), supernatants were diluted, boiled for 3 min, and
loaded on an SDS/PAGE gel (12%; 10 pg per lane). An
affinity purified polyclonal antibody against ICE (M8; 2 mg/
ml) was incubated with transferred membranes for 2 hr at room
temperature. This antibody was raised in rabbits by injection of
a p45 full-length ICE protein fused to a His tag. Resultant
antiserum was evaluated by Western blotting or immunopre-
cipitation and found to recognize endogenous ICE. It did not
cross-react with ICH-1, ICH-3, or members of the CPP32
family (unpublished data), although it recognized an ICE-like
protein in brain and other tissues of an ICE knockout mouse.

IL-18 Immunoassay. Immunoreactive IL-18 was deter-
mined using an ELISA kit (Genzyme; lot B6499F). Male
SV-129 mice (18-23 g) were injected twice i.c.v. with z-
VAD.FMK (120 ng in 1 ul per dose) 15 min before occlusion
and immediately after reperfusion. Each hemisphere was
homogenized for 15 secin PBS (0.1 M; pH 7.4; 4°C) containing
2 mM phenylmethylsulfonyl fluoride (stock dissolved in di-
methyl sulfoxide, diluted 1:100 in PBS), 1 ug/ml leupeptin, 1
pg/ml antipain, 1 ug/ml aprotinin, 1 pg/ml pepstatin, 0.05%
(wt/vol) sodium azide, and 4 mM ethylenediaminetetraacetic
acid. The homogenates were centrifuged (30 min at 50,000 X
g), and 100 ul of the supernatant was used for each determi-
nation. Immunoreactive IL-18 data are expressed as the
difference between ischemic and contralateral hemispheres.

Neurotoxicity. Adult male SV-129 mice (20-28 g) were anes-
thetized with halothane (2.5% for induction, 1-1.5% for main-
tenance), and the head was fixed in a stereotaxic frame (Kopf
Instruments, Tujunga, CA). AMPA (20 mM, 6 nmol) or NMDA
(67mM, 20 nmol) was injected (26-gauge Hamilton syringe) at 0.5
mm anterior and 2 mm lateral to the bregma, and 2.5 mm below
the dura in 0.3 ul. Rectal temperature was monitored during this
10-min procedure. To assess the effects of ICE-like inhibition,
AMPA plus z-VAD.FMK were co-injected intrastriatally fol-
lowed 3 hr later by an injection of z-VAD.FMK alone (0.3 ul
each). z-VAD.FMK was also administered i.c.v. 15 min before
and 3 hr after NMDA injection (2 ul each). Mice were killed after
48 hr, and tissue sections (20 wm) were stained by hematoxylin/
eosin. The lesion was measured by an image analysis system (M4;
Image Research, St. Catharine’s, ON, Canada), and sections were
integrated to calculate volume.

Statistical Analysis. Data are presented as the mean * SE.
Statistical comparisons were made by one- or two-way
ANOVA followed by Student’s ¢ test, Dunnett’s test, or
Mann-Whitney U test using the software SUPER ANOVA or
STAT VIEW, version 4.5 (Abacus Concepts, Berkeley, CA). P <
0.05 was considered statistically significant.
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RESULTS

Reduction of Ischemic Infarction by the Inhibitors of the ICE
Family. To determine the roles of the ICE-like proteases in
ischemic brain injury and possible therapeutic value of ICE family
inhibitors in stroke, we determined the ability of three peptide
inhibitors of the ICE-like proteases to reduce brain injury in a
mouse model of stroke. When the peptide inhibitors were in-
jected into ventricle 15 min before and upon reperfusion, a
significant reduction in infarct size was noted. z-VAD.FMK, a
nonselective inhibitor of the ICE family and perhaps some serine
proteases as well, reduced infarction volume by approximately
40-50% when injected at 80 and 240 ng (Fig. 1). The extent of the
decrease was similar after 80 and 240 ng. Infarct size ranged from
76 to 128 mm? in vehicle-treated brains, whereas values ranged
from 31 to 80 mm? after treatment with 240 ng of z-VAD.FMK.
Infarct sparing was particularly noted in posterior forebrain
(coronal sections from 6 to 10 mm). Neurological deficits were
significantly reduced after 18 hr but not immediately upon
reperfusion. The neurological score was somewhat better after
the injection of 240 ng rather than 80 ng, although the differences
were not statistically significant.

Neuroprotection sustained for at least 3 days [152 = 5 (n = 4)
vs. 75 = 30 mm? (n = 5) for vehicle-treated and z-VAD.FMK-
treated (80 ng) groups, respectively]. Some of the damage at 18
hr and 3 days was attributed to brain swelling which was detected
in the control group. z-VAD.FMK significantly decreased brain
swelling at 18 hr [12.9 = 2.7% (n = 12) vs. 2.9 = 1.4% (n = 8)
for vehicle and z-VAD.FMK, respectively] and 3 days as well.

To determine if more specific inhibitors of the ICE family
may also reduce ischemic brain injury, we examined whether
YVAD.CMK, which is specific for the ICE-like caspases, can
also reduce ischemic injury in our model. YVAD.CMK was
injected i.c.v. 45 min before MCA occlusion and upon reper-
fusion after 2 hr of occlusion. YVAD.CMK (400 ng but not 200
ng) decreased infarction volume by 64%. Significant decreases
were measurable in each of the five coronal sections except in
the most anterior 2 mm. Brain swelling at 18 hr was statistically
less after injection of YVAD.CMK [14.0 £ 1.4% (n = 8)
vehicle vs. 7.6 £ 1.2% (n = 6) YVAD.CMK, 400 ng (P < 0.05)].
YVAD.CMK (400 ng) also ameliorated the behavioral deficits
assessed during reperfusion (Table 1).

To assess the contribution of the subfamily of CPP32-like
caspases to ischemic brain injury, we evaluated the ability of
z-DEVD.FMK to inhibit ischemic brain injury. z-DEVD.FMK
(240 ng but not 80 ng) reduced infarct volume by 27%, whereas
infarct volume ranged from 72 to 129 mm? in the vehicle groups
(n = 10), and from 9 to 89 mm3 after the higher dose of
z-DEVD.FMK (n = 9). Injury was reduced only in section 6 mm
(4-6 mm from anterior pole) that contained the largest infarct
area. Lower values were also measured in sections 8 and 10 mm,
but these did not reach statistical significance. z-DEVD.FMK did
not decrease brain swelling but reduced behavioral deficits as
effectively as YVAD.CMK or z-VAD.FMK.

To determine if the ability to reduce ischemic brain injury was
specific for the protease inhibitors of the ICE family, we admin-
istered z-FA.FMK (240 ng), a cathepsin B inhibitor, as a control
peptide to test for possible effects of the fluoromethylketone
moiety, although the degree of cathepsin B inhibition was not
determined at the dosage tested. This drug did not reduce infarct
volume or neurological deficits (Fig. 1). Thus, we conclude that
the ability to reduce ischemic injury is most likely due to specific
inhibition of the ICE family proteases.

To determine if administering an ICE family inhibitor upon
recirculation has therapeutic value, we injected z-VAD.FMK
upon reperfusion after 2 hr of occlusion. z-VAD.FMK (80 ng),
administered as a single dose, diminished infarct size [114 =
7 (n =11)and 79 = 10 mm? (n = 8, P < 0.05) for vehicle and
z-VAD.FMK, respectively]. Sparing was observed in the three
coronal sections [4-6 mm, 10.7 = 1.1 and 6.9 * 1.3 mm?; 6-8
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Fig. 1. Effects of z-VAD.FMK and cathepsin B inhibitor (z-
FA.FMK) on infarct volume (4) and area (B), and neurological deficits
(C) after transient focal ischemia in SV-129 mice. Animals were subjected
to MCA filament occlusion for 2 hr and reperfused for 18 hr as described.
Vehicle (0), zVAD.FMK (27 ng; ®), zzZVAD.FMK (80 ng; »2), z-
VAD.FMK (240 ng; a), and z-FA.FMK (240 ng; () were injected i.c.v.
15 min before ischemia and immediately after reperfusion. Infarct area
was determined in each of five coronal sections (2 mm) from anterior (2
mm from anterior pole) to posterior (10 mm; B). z-VAD.FMK (80 and
240 ng) decreased infarct volume and neurological deficits, whereas
z-FAFMK (240 ng) did not. After treatment with z-FAFMK and
z-VAD.FMK (27 ng), infarct areas did not differ from vehicle in the 5
coronal sections (data not shown). Data are presented as means + SE
(n = 5-12). *, P < 0.05; #x, P < 0.01 vs. vehicle.

mm, 18.6 = 0.7 and 16.3 * 1.0 mm?; and 8—10 mm, 20.5 * 1.7
and 13.3 = 3.1 mm?, for vehicle (n = 11) and z-VAD.FMK (n =
8), respectively]. The protection was less than when z-
VAD.FMK (40 ng X 2) was administered before and upon
reperfusion. Neurological deficits, although improved, did not
reach statistical significance 18 hr later [2.1 = 0.2 (n = 11) vs.
1.5 = 0.3 (n = 8) for the vehicle- and z-VAD.FMK-treated
groups, respectively]. When z-VAD.FMK (80 ng) was injected
1 hr after reperfusion, the decrease in infarct volume did not
reach significance [114 £ 7 (n = 11) and 87 = 10 mm? (n =
5) for vehicle and z-VAD.FMK, respectively], although a
significant reduction was measured in the most anterior coro-
nal section [4 mm; 10.7 = 1.1 (» = 11) and 6.2 = 1.8 mm? (n =
5, P < 0.05) for vehicle and z-VAD.FMK, respectively].

To test effects of z-VAD.FMK in a second species, the drug was
injected into the lateral ventricle of Sprague—Dawley rats 15 min
before ischemia (2 hr of MCA occlusion) and upon reperfusion.
z-VAD.FMK (54 and 160 ng) significantly reduced infarct volume
in rat cortex and striatum (Fig. 2) and decreased neurological
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Table 1. Effects of ICE-like caspase inhibitor (YVAD.CMK) and
a relatively selective CPP32-like caspase inhibitor (z-DEVD.FMK)
on infarct volume and neurological deficits after temporary MCA

occlusion (2 hr) and reperfusion (18 hr)

Infarct
volume, Neurological
Treatments n mm? deficits

Vehicle 8 100 = 9 1.8 0.2
YVAD.CMK (200 ng) 6 96 £ 13 1.5+03
YVAD.CMK (400 ng) 6 36 £ 18%* 0.8 = 0.4*
Vehicle 10 90D* 6 21 +0.1
z-DEVD.FMK (80 ng) 10 83+ 7 1.6 £0.2
z-DEVD.FMK (240 ng) 9 66 £ 8* 1.1 = 0.3**

Neurological deficits were decreased by YVAD.CMK and z-
DEVD.FMK after 18 hr, although no significant group differences
were detected at 10 min or 2 hr of ischemia (data not shown). Data are
presented as means = SE. *, P < 0.05; **, P < 0.01 vs. vehicle.

deficits [2.4 = 0.2 (n = 9) vs. 1.4 = 0.4 (n = 8) for vehicle- and
z-VAD.FMK (160 ng)-treated groups, respectively; P < 0.05],
which indicates that inhibition of ICE family members amelio-
rates injury in more than a single species.

We monitored physiology in some of the mice before, during,
and after operation. rCBF decreased to approximately 20% of
baseline immediately after MCA occlusion and sustained during
2 hr of ischemia in both mice and rats. After reperfusion, rCBF
increased immediately to 90-100% of baseline, and hyperemia
(approximately 30% above the baseline) was observed ipsilater-
ally over the subsequent 10 min in both vehicle- and z-
VAD .FMK-treated groups. There were no significant blood flow
differences between vehicle- and drug-treated groups at any time
point, nor were there differences in mean arterial blood pressure,
heart rate, rectal (core) temperature, and blood gases detected
between groups after drug administration to mice (Table 2) or
rats (data not shown). Thus, reduction of ischemic infarct by the
inhibitors of the ICE family does not result from hemodynamic
effects on cerebral blood flow, blood pressure, or heart rate. In
our experiments, less than 5% of mice died after drug treatment
or MCA occlusion. In preliminary experiments, 3 of 6 mice died
after large doses (800 ng) of YVAD.CMK, presumably due to a
low toxic/therapeutic ratio (2:1).

ICE-Like Proteases in Ischemic Brain. To examine if ischemic
injury is accompanied by activation of ICE-like proteases, we
determined whether immunoreactive ICE cleavage products
appear on a Western blot in ischemic brain using polyclonal
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F1G. 2. Effects of z-VAD.FMK on infarct size after transient focal
ischemia in rats. Animals were subjected to filament MCA occlusion
for 2 hr and reperfused for 22 hr. z-VAD.FMK was injected i.c.v. 15
min before ischemia and 10 min after reperfusion. Open bar, vehicle;
hatched bar, z-VAD.FMK (16 ng); shaded bar, z-VAD.FMK (54 ng);
solid bar, z-VAD.FMK (160 ng). Data are represented as means = SE
(n = 17-9). x, P < 0.05; #x, P < 0.01 vs. vehicle.
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antisera. ICE cleavage is associated with the appearance of p20
and p10 bands (42). Ischemia increased the ICE-like cleavage
product (p20) on immunoblots at 2 and 18 hr after reperfusion
(Fig. 3). An unidentified band corresponding to p35 was detected
and became considerably more pronounced on the ipsilateral side
after ischemia and reperfusion. This additional band may repre-
sent the activation of ICE-like proteases in ischemic brain.
z-VAD.FMK (40 ng X 2) administered before ischemia and upon
recirculation decreased p20 and p35 bands 3 hr and 18 hr after
reperfusion (Fig. 3).

Enhanced IL-18 Level in Ischemic Brain. Processing of
pro-IL-1B to generate mature IL-18 is a specific function of
ICE in vitro and in vivo, and thus, secretion of mature IL-18 is
a specific indication of ICE activation (16). To examine
whether ischemic injury induces IL-18 secretion, we measured
the brain IL-18 levels using an ELISA kit that detects mature
IL-1B. We found that brain IL-1 levels reached a peak 30 min
to 1 hr after reperfusion, and then decreased, suggesting that
ICE is transiently activated upon reperfusion. We assessed the
relative specificity of z-VAD.FMK and z-DEVD.FMK on
IL-1B production. Since z-VAD.FMK is an inhibitor of the
ICE family, whereas z-DEVD.FMK prefers the CPP32 sub-
family, we anticipated that z-VAD.FMK but not z-
DEVD.FMK would reduce the augmentation of IL-18. We
found that z-VAD.FMK (240 ng) reduced IL-1B by 76% vs.
control, whereas z-DEVD.FMK treatment (240 ng) did not
prevent the rise at 30 min after reperfusion (Fig. 4). No
differences were measured between ipsilateral and contralat-
eral hemispheres in sham animals, or between control groups.

The Effects of ICE Inhibitor on Glutamate Receptor-
Mediated Neurotoxicity. The importance of glutamate neu-
rotoxicity to cerebral ischemia has been well documented (43).
NMDA and AMPA cause tissue injury when added to neu-
ronal cultures or when injected into the striatum, and this can
be blocked by NMDA and AMPA receptor antagonists.
NMDA or AMPA was microinjected under stereotaxic control
into the striatum in anesthetized mice. Two days later, we
determined that intrastriatal co-injection of z-VAD.FMK (24
ng) attenuated AMPA-induced neuronal damage [32.2 = 2.5
mm? (n = 8) vehicle vs. 24.5 = 1.8 mm? (n = 8) z-VAD.FMK;
P < 0.05]. However, z-VAD.FMK attenuated the NMDA-
induced neuronal damage only when administered at a higher
dose (80 ng) and directly into the ventricle [32.1 = 1.6 mm?3
(n = 5) vehicle vs. 24.1 = 2.1 mm? (n = 6) zZVAD.FMK; P <
0.05]. When z-VAD.FMK was co-injected intrastriatally with
NMDA, there was no difference from control [22.7 = 1.0 mm3
(n = 5) vehicle vs. 24.3 = 1.5 mm? (n = 5) z-VAD.FMK]. We

Vehicle ZVAD
R L R L R L

pis> e g W - o o

p3s>
p20 > — T—
Ischemia 2 2 2 hrs
Reperfusion 3 3 18 hrs

FiG. 3. Effects of z-VAD.FMK on ICE-like protease expression in
brain after left MCA filament occlusion and reperfusion. Immunoreac-
tive products p35 and p20 increased in the ipsilateral hemisphere at 3 hr
after reperfusion. z-VAD.FMK (80 ng) administered 15 min before
ischemia and immediately upon reperfusion decreased immunoreactive
products p35 and p20 in the ipsilateral hemisphere at 3 and 18 hr after
reperfusion. There was no significant difference between normal brain
(sham) and the nonischemic contralateral hemisphere (data not shown).
L, Left (ischemic); R, right (nonischemic) hemisphere.
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Table 2. Physiological variables before and during ischemia, and during reperfusion in SV-129 mice under halothane

anesthesia
Ischemia
Parameters Treatments Before During Reperfusion
rCBF
Ipsilateral Vehicle 19x5 125 £ 20
Drug 18%5 113 = 11
MABP Vehicle 86 £5 93+6 807
Drug 92+3 95+ 4 87 £ 4
Heart rate Vehicle 502 +13 482 + 26 509 = 48
Drug 505 £ 18 484 + 27 477 £ 19
Core temperature Vehicle 36.4 £0.2 36.7 £0.3 363 £0.3
Drug 369 0.2 36.8 0.1 36.8+0.2
Blood gases
Arterial pH Vehicle 7.31 = 0.02 7.32 = 0.02 7.33 £ 0.02
Drug 7.31 = 0.003 7.29 = 0.01 7.30 = 0.01
Arterial PaCO, Vehicle 47 + 4 48 + 4 44 =3
Drug 47+ 2 521 49 £ 2
Arterial PaO; Vehicle 130 £ 16 133 =10 155+9
Drug 123 =7 125 =7 151 =9

z-VAD.FMK (120 ng) was injected i.c.v. 15 min before ischemia. rCBF (% of baseline), MABP (mean arterial blood pressure;
millimeters of mercury; 1 mmHg = 133 Pa), heart rate (beats per min), core temperature (°C), and arterial blood gases [pH,
PaCO; (torr), PaO; (torr)] were measured before occlusion, during ischemia (2 hr), and during up to 30 min reperfusion. Data
are presented as the mean = SE (n = 5 per group). There are no significant differences between groups. Values were averaged
over a 15-min time period immediately before ischemia, during ischemia (45-60 min), and after reperfusion (15-30 min).

conclude that the nonselective inhibitor of ICE-like caspases
z-VAD.FMK can reduce toxicity by AMPA and to a lesser
extent NMDA, suggesting the importance of ICE family
members to glutamate neurotoxicity.

DISCUSSION

We demonstrated here that lipid soluble cysteine protease inhib-
itors of the ICE family reduced tissue injury caused by temporary
MCA occlusion in mice. Decreased infarct volume was observed
18 hr after reperfusion and sustained for at least 72 hr after
z-VAD.FMK treatment, and was consistently present in the
coronal section containing frontal cortex, striatum, and anterior
hippocampus. rCBF, arterial blood pressure, heart rate, core
temperature, blood gases, or arterial pH did not change with
treatment, suggesting that the observed protection reflects in-
creased resistance of ischemic tissue. Moreover, neurological
deficits also improved. In nearly every experiment showing a
significant reduction in infarct volume, motor deficits were no-
ticeably better. Hence, deterioration of neurological function
after acute injury may be reduced by administering cysteine
protease inhibitors. Inhibition of ICE-like caspases attenuated
ischemic cell death in rat cortex and striatum, as described in a
preliminary report after permanent ischemia (44). Our findings
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Vehicle z-VAD.FMK z-DEVD.FMK

Fic. 4. Effect of z-VAD.FMK and z-DEVD.FMK on ischemia-
induced immunoreactive IL-18 levels in brain. Treatment with z-
VAD.FMK (120 ng X 2) but not zDEVD.FMK (120 ng X 2) 15 min
before ischemia and at reperfusion reduced the expected augmentation of
IL-1B ipsilaterally after 30 min of reperfusion after 2 hr of MCA occlusion.

Control animals were treated with the same volume of vehicle. Data are
presented as the mean = SEM (n = 6 or 7). **, P < 0.01 vs. vehicle.

AIL-1beta (pg/g brain tissue)

were associated with behavioral improvement as well. Taken
together, these data are consistent with our recent preliminary
result showing that a transgenic mouse expressing an endogenous
ICE inhibitor is protected from ischemic damage after temporary
MCA occlusion (45).

z-VAD.FMK decreased brain swelling, at least in part due to
reduced formation of the proinflammatory cytokine IL-18. Ac-
tive ICE is a tetramer composed of two subunits, p20 and p10,
processed from p45 precursor peptide (42). The subunits are
cleaved from a single proenzyme, p45 (42). Ischemia promoted
activation of ICE or ICE-like proteins, as evidenced by increased
ICE-like cleavage products (p35 and p20) on immunoblots at 3 hr
and 18 hr (Fig. 3) after reperfusion. Furthermore, the appearance
of cleavage products was decreased by z-VAD.FMK as was brain
IL-1p levels 30 min after reperfusion. Treatments that reduce or
antagonize the action of IL-18 (e.g., recombinant IL-13 antibod-
ies or zinc protoporphyrin administration) decrease brain water
content in ischemic brain (46).

We tested the effects of two other irreversible inhibitors.
YVAD.CMK is more selective for ICE-like than for CPP32-
like caspases (47), and this drug decreased infarct size, edema
formation, and behavioral deficits. z-DEVD.FMK shows
greater selectivity for CPP32-like than for ICE-like caspases
(48). A related compound, Ac-DEVD.CHO, inhibits cleavage
of a CPP32 substrate, poly (ADP ribose) polymerase 10,000
times more potently than Ac-YVAD.CHO (47). Moreover,
z-DEVD.FMK did not reduce IL-18 levels in ischemic brain
(Fig. 4), thereby suggesting that the cleavage of ICE or
pro-IL-18 may not be an important action of CPP32-like
caspases in vivo under the stated condition. The most potent
(and least selective) among the three inhibitors was z-
VAD.FMK. z-VAD.FMK inhibits anti-Fas antibody-induced
apoptosis in Jurkat cells by blocking activation of CPP32-like
caspases indirectly (49). Both z-VAD.FMK and YVAD.CMK
afforded similar protection (57% vs. 64% decrease in volume,
respectively), although the dose of z-VAD.FMK required was
approximately 4-fold lower (0.17 nmol vs. 0.74 nmol, respec-
tively). The data suggest that the development of drugs that are
nonselective cysteine protease inhibitors may offer advantages
over those showing greater selectivity.

We are not aware of published studies addressing whether
CPP32 is activated during ischemia, although this would not be
unexpected since ischemia activates ICE, and ICE cleaves CPP32
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(47). We observed that z-DEVD.FMK reproducibly reduced both
infarct size and behavioral deficits, although z-DEVD.FMK ap-
peared weaker (27% protection at 0.36 nmol) than either z-
VAD.FMK or YVAD.CMK. z-DEVD.FMK treatment did not
block edema formation, suggesting mechanistic differences be-
tween inhibitors of CPP32-like and ICE-like caspases and IL-13
synthesis as noted above. Moreover, improved neurological func-
tion after zDEVD.FMK treatment suggested that an effect on
brain swelling alone did not explain fully the neurological improve-
ment after z-VAD.FMK and YVAD.CMK administration. Inhib-
itors of both ICE-like and CPP32-like caspases confer ischemic
brain protection, although their mechanism of action seems to
differ. Inhibition of ICE-like caspases and IL-18 production can
reduce the appearance of inflammation and apoptosis as a con-
sequence of ischemia, whereas inhibition of CPP32-like caspases
may be more specifically related to blockade of apoptosis.

An inhibitor of ICE and ICE-like activity (z-VAD.FMK, 80
ng) successfully reduced tissue injury when given immediately
as a single dose upon reperfusion. These findings suggest the
therapeutic potential for combining ICE family protease in-
hibition with recombinant tissue plasminogen activator during
clot lysis and subsequent reperfusion. However, the therapeu-
tic window for this peptide inhibitor appears relatively short as
the data after z-VAD.FMK was administered 1 hr after
recirculation did not reach statistical significance.

Excitotoxins cause apoptosis in cell culture (50) or after
intrastriatal injection (51), particularly when the injury is mild
(50). Neuronal damage due to AMPA was attenuated when
z-VAD.FMK and AMPA were co-injected intrastriatally. The
same protocol, however, was ineffective after NMDA injection
despite the presence of a smaller (submaximal) lesion. MK-
801, a selective NMDA receptor antagonist, however, blocked
lesion development completely (data not shown). When ad-
ministered at a higher dose and directly into the ventricle, the
lipid protease inhibitor attenuated NMDA-induced neuronal
damage. Whether this means that NMDA is more closely
associated with necrotic mechanisms of cell death compared
with AMPA neurotoxicity is unknown at this time, but it
suggests important mechanistic differences between the two
excitotoxins (43). Nevertheless, the protection we observed in
the presence of excitotoxin injection is consistent with the
results after administering an endogenous IL-1 receptor an-
tagonist (17, 18), and this further implicates the ICE family
proteases in events related to ischemic pathophysiology.

In conclusion, our results demonstrated that inhibitors of the
ICE family proteases prevent ischemic and excitotoxic neuro-
nal damage and, by so doing, preserve and protect neurological
function. Inhibition of ICE-like and/or other caspase family
members, particularly by non-peptide inhibitors that cross the
blood-brain barrier and easily penetrate neurons and glia,
could provide novel treatments for stroke and other forms of
brain and spinal cord injury in humans.
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