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Broad spectrum caspase inhibitors have been found to reduce
neurodegeneration caused by cerebral ischemia. We studied
whether blockade of group I caspases, mainly caspase-1, using
the inhibitor Ac-YVAD.cmk reduced infarct volume and pro-
duced prolonged neuroprotection. Ac-YVAD.cmk (300 ng/rat)
was injected intracerebroventricularly 10 min after permanent
middle cerebral artery occlusion in the rat. Drug treatment
induced a significant reduction of infarct volume not only 24 hr
after ischemia (total damage, percentage of hemisphere vol-
ume: control, 41.1 6 2.3%; treated, 26.5 6 2.1%; p , 0.05) but
also 6 d later (total damage: control, 30.6 6 2.2%; treated,
23.0 6 2.2%; p , 0.05). Ac-YVAD.cmk treatment resulted in a
reduction not only of caspase-1 (control, 100 6 20.3%; treated,
3.4 6 10.4%; p , 0.01) but also of caspase-3 (control, 100 6
30.3%; treated, 13.2 6 9.5%; p , 0.05) activity at 24 hr and led
to a parallel decrease of apoptosis as measured by nucleosome

quantitation (control, 100 6 11.8%; treated, 47 6 5.9%; p ,
0.05). Six days after treatment no differences in these parame-
ters could be detected between control and treated animals.
Likewise, brain levels of the proinflammatory cytokines IL-1b
and TNF-a were reduced at 24 hr (39.5 6 23.7 and 51.9 6
10.3% of control, respectively) but not at 6 d. Other cytokines,
IL-10, MCP-1, MIP-2, and the gaseous mediator nitric oxide,
were not modified by the treatment. These findings indicate that
blockade of caspase-1-like activity induces a long-lasting neu-
roprotective effect that, in our experimental conditions, takes
place in the early stages of damage progression. Finally, this
effect is achieved by interfering with both apoptotic and inflam-
matory mechanisms.
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In rodents the ischemic area induced by middle cerebral artery
occlusion (MCAo) can be divided into an ischemic core and the
so called penumbra area. In the core there is a rapid necrotic cell
death, whereas in the penumbra neuronal damage develops more
slowly (Furlan et al., 1996). Among the factors contributing to
delayed injury progression in the penumbra, apoptosis and in-
flammation have a key role (Linnik et al., 1993; Du et al., 1996;
MacManus and Linnik, 1997; Becker, 1998). Caspases, a family of
cysteinyl-aspartate proteases (Namura et al., 1998) that include at
least 14 members divided into three groups (I, II, and III), are
essential players in apoptotic death. Prompted by this background
research, groups have studied the effects of caspase inhibition on
cerebral ischemia-induced neurodegeneration by using the broad
spectrum caspase inhibitor z-VAD, either in the fluoromethyl-
ketone (fmk) or dichlorobenzoyloxopentanoic acid (dcb) form
and z-DVED.fmk. Both inhibitors induced a significant neuro-
protection in mouse models of transient cerebral ischemia (Hara
et al., 1997b; Endres et al. 1998; Ma et al., 1998), and z-VAD was
neuroprotective also in transient and permanent models in the rat

(Loddick et al., 1996; Hara et al., 1997b). Ac-YVAD.cmk (Ac-
Tyr-Val-Ala-Asp-cmk), a caspase group I (caspase-1-like) inhib-
itor mainly active on caspase-1 (Ki 0.8 nM) compared to caspase-4
and caspase-5 (Ki 362 and 163 nM, respectively; Garcia-Calvo et
al., 1998), was shown to be neuroprotective in a mouse transient
model of cerebral ischemia (Hara et al., 1997b).

An inflammatory reaction, involving cytokines (IL-1b, TNF-a,
and MCP-1) production and release, astroglia and microglia
activation, and inflammatory cell infiltration, occurs in permanent
cerebral ischemia and contributes to subsequent damage (Liu et
al., 1993, 1994; Garcia et al., 1994; Schroeter et al., 1994, Stroemer
and Rothwell, 1998).

Interplay between inflammation and apoptosis is likely to be a
key event in ischemia-induced neurodegeneration. Furthermore,
the two processes have certain, preliminary steps in common. For
example, IL-1b exhibits both proapoptotic and proinflammatory
activity and originates from cleavage of its immature form by
caspase-1 (Rothwell and Relton, 1993). On the other hand,
caspase-1 is responsible for the activation of executioner caspases,
directly involved in apoptosis progression (Denner, 1999). Fur-
ther evidence that caspase-1 activation could play a pivotal role in
the ischemic neurodegeneration comes from caspase-1 2/2 mice
and mice expressing a dominant-negative mutant caspase-1 gene.
Both of these genetically modified mouse strains are more resis-
tant to ischemic insult than wild-type littermates (Hara et al.,
1997a; Schielke et al., 1998). However, there is no evidence that

Received Dec. 29, 1999; revised March 17, 2000; accepted March 24, 2000.
We thank Dr. E. Ongini for critical revision of this manuscript and Drs. S.

Bortolazzi and M. Campanella for assistance with experiments.
M.R. and C.S. contributed equally to this work.
Correspondence should be addressed to Massimiliano Beltramo, Schering-Plough

Research Institute, San Raffaele Biomedical Science Park, Milan, Italy. E-mail:
massimiliano.beltramo@spcorp.com.
Copyright © 2000 Society for Neuroscience 0270-6474/00/204398-07$15.00/0

The Journal of Neuroscience, June 15, 2000, 20(12):4398–4404



pharmacological caspase-1 inhibition induces long-lasting neuro-
protection in relevant stroke models, and the mechanisms through
which neuroprotection is achieved have not been elucidated.

The present study provides the first evidence of a long-lasting
neuroprotection after caspase-1-like activity inhibition. We used
the group I caspase inhibitor Ac-YVAD.cmk and administered it
after having produced focal ischemia in the rat. Moreover, we
show that caspase-1-like activity blockade leads to neuroprotec-
tive effects by inhibiting both cell death via apoptosis and release
of proinflammatory mediators.

MATERIALS AND METHODS
Surgical procedure and treatments
Studies were performed in male Sprague Dawley rats (Charles River,
Calco, Como, Italy), weighing 250–275 gm. Procedures involving ani-
mals and their care were conducted in conformity with the institutional
guidelines, in compliance with the European Community Council, Di-
rective 86/609 (OJ L 358, 1, December 12, 1987). The animals were caged
for at least 3 d before surgery, with ad libitum access to food (until 12 hr
before surgery) and water, and maintained on a 12 hr light /dark schedule
(lights on at 7:00 A.M.). Focal cerebral ischemia was induced by perma-
nent, unilateral occlusion of the left MCA in rats anesthetized with
chloral hydrate (400 mg/kg, i.p.). The pMCAo was performed according
to the method described by Shigeno et al. (1985) with minor changes.
Briefly, all rats underwent subtemporal subperiosteal craniotomy (with
intact zygoma) and exposure of the main trunk of MCA under 163
magnification of an operating stereomicroscope (model M351; Leica,
Heerbrugg, Switzerland). The exposed artery was electrocoagulated
close to its origin at the junction with the olfactory branch and resected.
Each rat was allowed to breathe spontaneously, and rectal temperature
was maintained at 37°C (36.5–37.5°C) with a homeothermic heating
blanket. All necessary care was taken to perform surgery under sterile
conditions.

Rats were given either Ac-YVAD.cmk (300 ng/rat in 3 ml) or vehicle
(0.6% DMSO in saline, 3 ml) by intracerebroventricular injection into the
right lateral ventricle (1.5 mm lateral and 0.8 mm posterior to bregma
and 4.0 mm below bone surface), 10 min after the pMCAo. In a separate
group of animals, blood pressure, blood gases, blood glucose concentra-
tion, and heart rate were monitored before and after drug treatment. All
such parameters did not show any significant variation with respect to
vehicle-injected animals.

Infarct size analysis
Rats were killed by decapitation 24 hr or 6 d after pMCAo, and the brains
were rapidly removed and fixed in Carnoy. Infarct volume was deter-
mined on paraffin-embedded coronal slices stained with cresyl violet to
assess cortical and subcortical damage. Sections (10 mm) were collected
at 1 mm intervals in correspondence of eight different levels (from 13.2
to 23.8 from bregma). Before quantitation, each set of sections was
inspected for qualitative evaluation of infarct magnitude. Animals in
which the ischemic area was present in less then four sections were
excluded from analysis. Total brain and infarct areas were measured by
using an image analyzer (Image-Pro Plus; Media Cybernetics). The
volume of infarction was computed with Cavalieri’s estimator of mor-
phometric volume and corrected for edema. Operators blind to the
experimental treatment performed all analyses.

Caspase activity assay
Male Sprague Dawley rats were injected intracerebroventricularly with
Ac-YVAD.cmk (300 ng/rat in 3 ml) or vehicle (0.6% DMSO in saline, 3
ml) 10 min after the pMCAo and killed 24 hr or 6 d later. The cerebral
cortex of each hemisphere was separately dissected and homogenized in
ice-cold lysis buffer containing HEPES 25 mM, pH 7.4, 3-[(3-cholamido-
propyl)dimethyl-ammonio]1-propanesulfonate 0.1%, MgCl2 5 mM,
EDTA 1.3 mM, EGTA 1 mM, 10 mg/ml pepstatin, aprotinin, and leupep-
tin, and 1 mM PMSF. The homogenates were centrifuged (15 min at
50,000 rpm) and stored at 280°C. Protein content was assayed by the
bicinchoninic acid (BCA) procedure (Pierce, Rockford, IL). Homoge-
nates (200 mg of protein) were incubated at 37°C in a buffer containing
25 mM HEPES, pH 7.4, and 2 mM dithiothreitol supplemented with
Ac-YVAD.aminomethylcoumarin (amc; 50 mM; Calbiochem, San Diego,
CA) or Ac-DEVD.aminotrifluoromethylcoumarin (afc; 12.5 mM; Calbio-

chem) to assess, respectively, caspase-1-like and caspase-3 activity. The
increase of fluorescence following the cleavage of the fluorogenic amc or
afc moiety was monitored for 20 min in a LS50 Perkin-Elmer fluorimeter
(excitation, 380 nm; emission, 460 nm for amc moiety; excitation, 400 nm,
emission, 505 nm, for afc moiety). For quantitation, standard curves
using increasing concentrations of amc or afc moiety (2–30 pmol; Sigma,
Steinheim, Germany) were performed in parallel. Activity was expressed
as the difference (D picomoles of substrate per minute per milligram of
protein) between caspase activity in the ischemic cortex and in the
contralateral cortex.

The possibility of a direct caspase-3 activity inhibition by Ac-
YVAD.cmk was checked by incubating brain homogenate from ischemic
hemisphere of vehicle-treated animals killed 24 hr after pMCAo with
Ac-YVAD.cmk (500 nM). Caspase-1-like and caspase-3 activity were
measured as described above.

Apoptosis detection
Free nucleosome assay. Male Sprague Dawley rats were injected intrac-
erebroventricularly with Ac-YVAD.cmk (300 ng/rat in 3 ml) or vehicle
(0.6% DMSO in saline, 3 ml) 10 min after the pMCAo and killed 24 hr
and 6 d later. Cerebral cortex homogenates were prepared as described
above. The amount of apoptosis was assessed in homogenates by moni-
toring internucleosomal fragmentation of genomic DNA (Cell Death
Detection Elisa Plus kit; Roche Molecular Biochemicals, Mannheim,
Germany). This immunoassay is based on recognition of released nu-
cleosomes by mouse monoclonal antibodies directed against DNA and
histones. The assay was performed following the manufacturer’s
instruction.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling technique. The terminal deoxynucleotidyl transferase-
mediated biotinylated UTP nick end labeling (TUNEL) staining was
performed according to the method of Gavrieli et al. (1992) using the
ApopTag in situ apoptosis detection kit (Intergen, Purchase, NY). Brains
were prepared as described above (see section: infarct size analysis).
After deparaffinizing brain sections, proteins were digested with protein-
ase K, and endogenous peroxidase activity was quenched with 2% H2O2
in PBS. Slices were placed in the equilibration buffer before addition of
terminal deoxynucleotidyl transferase (TdT) enzyme. Incubation with
TdT in the presence of digoxigenin-labeled nucleotides lasted for 60 min,
and the reaction was terminated by rinse in stop/wash buffer. A
peroxidase-coupled anti-digoxigenin Fab fragment was used to identify
labeled cells and visualized using 3,39-diaminobenzidine tetrahydrochlo-
ride (Sigma, Steinheim, Germany; 150 mg/ml in 50 mM Tris-HCl, pH 7.6)
as a chromogen in the presence of 0.0025% hydrogen peroxide. Negative
controls were performed by replacing TdT enzyme with distilled water.
Coronal sections stained with the TUNEL method were counterstained
with cresyl violet.

Biochemical analysis
Cytokine immunoassay. Brain levels of cytokines (IL-1b, TNF-a, IL-10,
MCP-1, and MIP-2) were determined using commercially available
ELISAs (Biosource International, Camarillo, CA; Endogen, Woburn,
MA). Tissue homogenates were prepared by Dounce homogenization of
brain cortices as described above and processed in duplicate. The assay
was performed following the manufacturer’s instruction. For quantita-
tion, reference curves, obtained using increasing concentration of recom-
binant rat cytokines, were done in parallel. Protein content was esti-
mated by BCA. Cytokine levels were measured as the difference (D
picograms per milliliter per milligram) between levels in the ischemic
cortex and that in the contralateral cortex.

Nitric oxide generation measurement. Nitric oxide production was eval-
uated measuring the nitrite content of the homogenates with the Griess
reaction (Green et al., 1982). Briefly, samples, processed in duplicate,
were transferred into a 96 well plate and mixed with freshly prepared
solution containing 1% sulfanilamide in orthophosphoric acid and 0.1%
naphtyl-ethylendiamide (1:1, v/v). The plate was then read on a multiscan
plate reader using a 550 nm filter. A standard curve with increasing
concentrations of sodium nitrite was done in parallel and used for
quantitation. NO levels were expressed as the difference (D micromolar
concentration per milligram of protein) between levels in the ischemic
cortex and that in the contralateral cortex.

Morphofunctional analysis
Histopathological changes occurring in the ischemic area were analyzed
by histological and immunohistochemical stainings. A conventional
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hematoxylin-eosin stain was used for general morphological analysis.
Cells of the microglial /macrophage lineage were identified with a bio-
tinylated Griffonia simplicifolia lectin I isolectin B4 (25 mg/ml diluted in
PBS and 0.1% Triton X-100; Vector Laboratories, Burlingame, CA).
Lectin incubation was performed overnight, and biotinylated reagents
were visualized through a conventional avidin–biotin–HRP technique
(Elite kit; Vector Laboratories) using 3,39-diaminobenzidine tetrahydro-
chloride (Sigma; 150 mg/ml in 50 mM Tris-HCl, pH 7.6) as a chromogen
in the presence of 0.0025% hydrogen peroxide. Nuclei were counter-
stained with hematoxylin, and after dehydration, sections were cover-
slipped with DPX.

Statistical analysis
Data are presented as mean 6 SEM. Statistical comparisons were made
with one-way ANOVA for infarct volumes, whereas for biochemical
dosages we applied an analysis of covariance (ANCOVA) model for
factorial design, with right hemisphere as covariate, or the Kruskall–
Wallis ANOVA and Dunn multiple comparison tests. Software used was
SAS System for Windows, version 6.12, and Instat, version 2.03. p , 0.05
was considered statistically significant.

RESULTS
Treatment with Ac-YVAD.cmk induces a long-lasting
reduction of ischemic infarct volume
Representative images of ischemic area of control and Ac-
YVAD.cmk-treated animals are shown in Figure 1. Twenty-four
hour after pMCAo, in control animals, the ischemic area encom-
passed cortical and subcortical (including caudate putamen, glo-
bus pallidus, and, more rarely, also nucleus accumbens and amyg-
daloid complex) structures. Treatment clearly reduced the
ischemic damage, as indicated by the decreased size of the area of
pallor in the section (Fig. 1A,B). At 6 d, tissue morphology was
dramatically changed: the area of pallor had been substituted by
a cavitation surrounded by infiltrated and activated cells. There
was still reduction of the damaged area after Ac-YVAD.cmk
treatment (Fig. 1C,D). Quantitation of these results indicates that
Ac-YVAD.cmk significantly reduced infarct volumes 24 hr after
occlusion (damage vs hemisphere volume: vehicle, total 41.1 6
2.3%, cortical 30.9 6 2.1%, and subcortical 10.2 6 0.6%; Ac-
YVAD.cmk, total 26.5 6 2.1%, cortical 21.3 6 1.9%, and subcor-
tical 5.2 6 0.5%) (Fig. 2). At 6 d, the volume of total and cortical
infarcts was significantly reduced (damage vs hemisphere volume:

vehicle, total 30.6 6 2.2%, cortical 23.2 6 1.7%; Ac-YVAD.cmk,
total 23.0 6 2.2%, cortical 17.9 6 1.7%), but that in subcortical
region was not (vehicle, 7.4 6 0.8%; Ac-YVAD.cmk, 5.9 6 0.8%)
(Fig. 2). Difference in terms of absolute ischemic volume between
24 hr and 6 d could be ascribed to slight differences in the protocol
used to perform dehydration before paraffin embedding.

Ac-YVAD.cmk treatment reduces caspase-1-like and
caspase-3 activity 24 hr but not 6 d after ischemia
To evaluate whether caspase-1-like activity was inhibited, we
assessed enzyme activity in cortical homogenates by measuring
the cleavage of the fluorogenic substrate Ac-YVAD.amc at 24 hr
and 6 d, after a single postischemic administration of the inhib-
itor. Caspase-1-like activity was almost completely inhibited at 24
hr (Fig. 3A). At 6 d, caspase-1-like activity was decreased uni-
formly in both treated and control animals (Fig. 3A). We also

Figure 1. Morphological evidence of infarct reduction after Ac-
YVAD.cmk treatment. Ischemic brain coronal sections of representative
animals injected with DMSO 0.6% (lef t) or with Ac-YVAD.cmk (right),
analyzed 24 hr or 6 d after pMCA occlusion. Scale bar, 5 mm.

Figure 2. Ac-YVAD.cmk treatment reduces cerebral infarct volume.
Total, cortical, and subcortical infarct volumes were measured on cresyl
violet-stained coronal paraffin sections 24 hr and 6 d after pMCA occlu-
sion in animals injected intracerebroventricularly 10 min after the isch-
emic insult with Ac-YVAD.cmk (white bar) or vehicle only (black bar).
Data are expressed as mean 6 SEM; *p , 0.05. Absolute values in cubic
millimeters at 24 hr; total infarct volume, 111.1 6 6.6 versus 80 6 6.4;
cortical infarct volume, 83.5 6 5.7 versus 64.1 6 5.5; striatal infarct
volume, 27.6 6 1.6 versus 15.9 6 1.6. Values at 6 d (in cubic millimeters);
total infarct volume, 77.6 6 6.4 versus 55.3 6 6; cortical infarct volume,
58.7 6 4.8 versus 43.3 6 4.5; striatal infarct volume, 18.9 6 2.2 versus
13.7 6 2.

Figure 3. Effects of Ac-YVAD.cmk on caspase-1 and -3 activity.
Caspase-1 activity was determined by measuring cleavage of the fluoro-
genic substrate Ac-YVAD.amc in cortical homogenates 24 hr and 6 d
after ischemic lesion in rats injected intracerebroventricularly with Ac-
YVAD.cmk (white) or vehicle (black) 10 min after occlusion (A).
Caspase-3 activity measured as described for caspase-1 activity using the
fluorogenic substrate Ac-DEVD.afc (B). Data are expressed as mean 6
SEM; **p , 0.01; *p , 0.05. Statistical analysis was performed by
ANCOVA using right hemisphere as a covariate (n 5 7–9 for evaluation
of caspase-1 activity at 24 hr; n 5 17 for evaluation at 6 d; n 5 7–9 for
evaluation of caspase-3 activity at 24 hr; n 5 8–9 for evaluation at 6 d).
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analyzed the activity of caspase-3 after Ac-YVAD.cmk adminis-
tration. Twenty-four hours after ischemia caspase-3 activity, as
evaluated by the fluorogenic substrate Ac-DEVD.afc, was signif-
icantly reduced ( p , 0.05) compared to the control, whereas at
6 d no difference was observed between control and treated
animals (Fig. 3B).

Separate experiments on brain homogenates indicate that 500
nM Ac-YVAD.cmk inhibited caspase-1-like activity by 91%, but
had almost no effect on caspase-3 activity.

Ac-YVAD.cmk treatment reduces free nucleosome
formation but has no effect on TUNEL labeling
Analysis of brain homogenates by ELISA of the histone-
conjugated DNA fragments originating during apoptotic cell
death showed that in ischemic cortices there was an increased
level of nucleosomes compared with the contralateral cortices
(Fig. 4). Treatment with Ac-YVAD.cmk induced a significant
reduction of histone-conjugated DNA fragments at 24 hr (Fig. 4).
At 6 d, the amount of free nucleosomes was already reduced in
control animals, and drug treatment did not further decrease
their level (Fig. 4).

Hallmarks of caspase-induced DNA fragmentation were eval-
uated in situ with both TUNEL technique and in hematoxylin–
eosin-stained sections. TUNEL-positive cells, which appeared as
early as 6 hr after the occlusion of the MCA, were abundant
between 24 and 48 hr within the infarct area (Fig. 5A; data not
shown). At 6 d, TUNEL-labeled nuclei persisted within the
ischemic tissue predominantly in areas invaded by inflammatory
cells, as evidenced by nuclear counterstaining (Fig. 5C). These
results suggest that TUNEL staining is likely localized in degen-
erating neurons initially and in inflammatory cells (macrophages,
neutrophils, and lymphocytes at 6 d). Morphological analysis
failed to reveal major qualitative differences in the TUNEL-
staining pattern after Ac-YVAD.cmk treatment at both time
points considered (Fig. 5B,D). No TUNEL staining was observed
in any area of the contralateral hemispheres in the different
experimental groups (data not shown).

IL-1b and TNF-a are reduced after Ac-YVAD.cmk
treatment, whereas other inflammatory markers
are not
To evaluate microglial activation and peripheral macrophage
infiltration, we performed lectin histochemistry on tissue sections
obtained from ischemic brains. At 24 hr few rounded
macrophage-like cells were scattered throughout the ischemic
tissue (mostly in cortex, Fig. 5E), whereas the edges of the lesion
were outlined by a rim of activated microglia. Intensely labeled
lectin-positive macrophages were also present within cortical
blood vessels or in their close proximity within the brain paren-
chyma. At 6 d both cortical and subcortical areas of the infarct
were invaded by phagocytic microglia and infiltrated macro-
phages (Fig. 5G), mostly localized in areas characterized by a
remarkable degree of hypercellularity in hematoxylin–eosin-
stained sections. No differences were observed in the distribution
of microglial /macrophages cells in the ischemic territory between
Ac-YVAD.cmk and vehicle-treated animals at either 24 hr or 6 d
after MCAo (Fig. 5F,H). Very weak labeling of resting microglia
could be observed on the contralateral hemisphere in all exper-
imental groups (data not shown).

Caspase-1 activation leads to processing and release of mature
IL-1b. To assess whether Ac-YVAD.cmk inhibition of caspase-1
activity induced also a reduction of IL-1b production, we mea-
sured IL-1b levels in the cortex. They resulted to be high at 24 hr
after ischemia and were significantly reduced by Ac-YVAD.cmk
treatment ( p , 0.05) (Fig. 6A). Six days after ischemia there was
no difference between treated and control animals (Fig. 6A). It
has to be noted that the ELISA kit used for IL-1b could not be
tested for cross-reactivity with pro-IL1b because of the lack of
commercially available precursor form of this cytokine. However,
even in the presence of cross-reactivity, ELISA results are a good
proxy for IL-1b because the cytokine can only be generated from
its precursor form. To further investigate the effect of Ac-
YVAD.cmk on the inflammatory reaction elicited by pMCAo we
also measured the level of selected cytokines (one proinflamma-
tory, TNF-a, and one anti-inflammatory, IL-10), chemokines
(MCP-1 and MIP-2), and of nitric oxide (NO). Cortical levels of
TNF-a in ischemic cortices, as measured by immunoassay on
homogenates, were elevated at 24 hr but subsided by 6 d after
ischemia (Fig. 6B). Treatment with Ac-YVAD.cmk induced a
significant reduction of TNF-a levels in ipsilateral cortex at 24 hr
( p , 0.05), whereas the effect disappeared at 6 d (Fig. 6B). In
control rats, IL-10 levels were similar at 24 hr and 6 d after
ischemia and were not affected by Ac-YVAD.cmk treatment
(Table 1). Conversely, MCP-1 and MIP-2 levels were elevated at
24 hr but sharply declined at 6 d (Table 1). As for IL-10,
treatment with Ac-YVAD.cmk did not influence the amount of
these chemokines in the cortex (Table 1). On the other hand, NO
was the only mediator more abundant at 6 d than at 24 hr (Table
1). A similar trend was observed also in the treated animals
(Table 1). Even though the increase at 6 d was less evident after
treatment, no statistically significant difference could be noticed
between treated and control animals (Table 1).

DISCUSSION
Administration of broad spectrum caspase inhibitors to ischemic
rodents induces neuroprotection. For the elucidation of the un-
derlying processes it is crucial to identify which caspase or
caspases are involved. Some caspases have a major role in apo-
ptosis induction either as initiators (caspase-8, -9, and -6) or
executioners (caspase-3 and -7), whereas others (caspase-4 and

Figure 4. Evaluation of apoptosis after Ac-YVAD.cmk. Biochemical
quantification of apoptotic cells assessed by monitoring histone-associated
DNA fragments in cortical homogenates obtained 24 hr and 6 d after
pMCA occlusion from animals treated with Ac-YVAD.cmk (white) or
with vehicle (black). Data shown are expressed as mean 6 SEM; **p ,
0.01. Statistical analysis was performed by ANCOVA using right hemi-
sphere as a covariate (n 5 17–19 for evaluation at 24 hr; n 5 7–9 for
evaluation at 6 d).
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-5) seem to be mainly involved in promoting inflammation (Den-
ner, 1999). Caspase-1 has the peculiarity of being involved in the
activation of both apoptosis and inflammation, through the inter-
mediate of the pro-inflammatory cytokine IL-1b (Kuida et al.,
1995; Rothwell et al., 1997). Evidence from studies performed

with knock-out mice (Friedlander and Yuan, 1998) indicate that
caspase-1 is important in the development of cerebral ischemia
damage. However, evaluation of neuroprotective effects in knock-
out and transgenic mice should be appraised with caution. To
circumvent these problems, we addressed the question of
caspase-1 involvement in the formation of postischemia infarct,
by using a pharmacological-based approach combined with bio-
chemical and morphofunctional analysis.

Ac-YVAD.cmk is an irreversible caspase-1-like activity inhib-

Figure 5. Morphofunctional evaluation of apoptosis and mi-
croglia activation. In situ detection of necrotic and apoptotic
cell by the TUNEL method (A–D, top panels) and identifica-
tion of macrophage/activated microglia by lectin histochem-
istry using Griffonia simplicifolia B4 isolectin staining (E–H,
bottom panels) 24 hr and 6 d after left MCA occlusion. Scale
bars: A–D, 100 mm; E–H, 200 mm.

Figure 6. Effect of Ac-YVAD.cmk treatment on IL-1b and TNF-a level.
A, Cerebral cortex IL-1b levels in animals treated with Ac-YVAD.cmk
(white) or with vehicle (black) and killed 24 hr and 6 d after pMCA
occlusion measured by ELISA assay and expressed as difference between
left and right hemisphere. Data shown are expressed as mean 6 SEM.
Statistical analysis was performed by Mann–Whitney U test (n 5 6–10);
*p , 0.05. B, Cerebral cortex TNF-a levels in animals treated as de-
scribed above. Statistical analysis was performed by ANCOVA using right
hemisphere as a covariate (n 5 17–19 for evaluation at 24 hr; n 5 7–9 for
evaluation at 6 d); *p , 0.05.

Table 1. Production of inflammatory mediators after permanent middle
cerebral artery occlusion after Ac-YVAD.cmk or vehicle (DMSO 0.6%)
treatment

24 hr 6 d

Vehicle Ac-YVAD.cmk Vehicle Ac-YVAD.cmk

MCP-1a 141.6 6 8.5 153.6 6 20.2 19.7 6 3.7 15.8 6 3.4
MIP-2a 568.9 6 54.6 508.1 6 63.7 77.6 6 15.3 72.7 6 17.2
IL-10a 7.5 6 4.3 5.5 6 1.7 6.7 6 1.9 2.7 6 1.7
NOb 12.1 6 2.1 10.9 6 4.7 25.1 6 3.5 15.9 6 3.6

aData are expressed in picograms per milliliter per milligram of protein as difference
between ipsilateral and contralateral hemisphere.
bData are expressed in micromolar concentration per milligram of protein as
difference between ipsilateral and contralateral hemisphere.
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itor. A previous report on administration of Ac-YVAD.cmk to
ischemic mice demonstrated neuroprotective effects of this com-
pound (Hara et al., 1997b). However, ischemia was performed
with the transient MCAo model in mouse, compared with the
pMCAo model in rat that we used in our study. The compound
was administered twice, 45 min before ischemia onset and imme-
diately after reperfusion, whereas our experimental setting con-
sisted of a single drug administration 10 min after ischemia onset.
Finally, in the study by Hara et al. (1997b) the ischemic volume
was assessed only at 18 hr after reperfusion. Nevertheless, in our
studies Ac-YVAD.cmk induced a significant reduction of isch-
emic volume at 24 hr. More importantly neuroprotection per-
sisted at least up to 6 d after ischemia.

Three considerations are of particular interest. Primarily, ad-
ministration of Ac-YVAD.cmk resulted in neuroprotection even
though the treatment started after cerebral ischemia onset and
the drug was delivered by a single bolus injection, aspects that are
relevant to possible therapeutic exploitation (Jonas et al., 1997).
Second, neuroprotection induced by the inhibition of caspase-1-
like activity is long-lasting. This suggests that blockade of
caspase-1-like activity does not simply delay cellular death, but it
interferes with key events in the initiation of neurodegeneration
and blocks this process in a significant manner in the ischemic
tissue. Third, the majority of these were performed with the
transient model and mainly in the mouse (Hara et al., 1997b;
Endres et al., 1998, Fink et al., 1998; Ma et al., 1998). Our results
obtained with the permanent model in the rat clearly establish
that caspase activation is a general process in the formation of
neuronal damage after an ischemic insult that depends neither on
the type of ischemia nor on the species studied.

Treatment of ischemic rats with Ac-YVAD.cmk clearly re-
duced caspase-1-like activity in cortical homogenates at 24 hr, but
the effect was lost 6 d after treatment. Particularly intriguing was
the observation that caspase-3 was also significantly inhibited by
Ac-YVAD.cmk treatment at 24 hr. The possibility that Ac-
YVAD.cmk in vivo may directly inhibit caspase-3 cannot be ruled
out. However, two observations argue strongly against this pos-
sibility. First, in vitro results indicate that the Ki of Ac-YVAD.cmk
for caspase-1 and -3 are extremely different (Ki: caspase-1, 0.8 nM;
caspase-3, .10.000 nM; Garcia-Calvo et al., 1998). Second, we
observed that relatively high concentration of Ac-YVAD.cmk
used for an in vitro assay on ischemic cortical homogenate did not
affect caspase-3 activity. Therefore, it seems more likely that,
because of the activator role of caspase-1, reduction in caspase-3
activity could be a downstream effect of caspase-1 inhibition, as
supported by the observation that caspase-1 is able to directly
process pro-caspase-3 to its active form (Tewari et al., 1995).

Data obtained by analysis of DNA nucleosomal fragmentation
using a quantitative biochemical assay revealed a clear decrease in
free nucleosomes 24 hr after treatment (but not at 6 d), confirming
that reduction of apoptotic cell death is involved in this model of
neuroprotection. Taken together, these results suggest that a de-
crease in apoptotic events induced by inhibition of caspase-1-like
activity is taking place in the early phase of ischemic damage
development, but it does not occur at later stages. On the other hand,
we were unable to see any significant difference in apoptosis between
Ac-YVAD.cmk-treated and control animals by using the TUNEL
technique. This result is not completely surprising when considering
that the specificity of the TUNEL technique has been questioned in
in vivo models, in which both apoptotic and necrotic cells have been
shown to be labeled with this method (de Torres et al., 1997).

As mentioned above, caspase-1 is also involved in the genera-

tion of the proinflammatory cytokine IL-1b. Our results clearly
indicate that inhibition of caspase-1-like activity dramatically
reduces the level of IL-1b, although, with the available antibod-
ies, it is impossible to discriminate between pro- and mature
IL-1b. Studies on the role of IL-1b in neurodegeneration support
the hypothesis that IL-1b exacerbates tissue damage induced by
either ischemia or excitotoxicity (Rothwell, 1997; Rothwell et al.,
1997), even though it does not seem to have a direct toxic action
per se (Rothwell et al., 1997). In agreement with these results, it
is conceivable that a decrease in IL-1b levels could be an impor-
tant cofactor in the reduction of brain tissue degeneration ob-
served in our experiments. Recently, another cytokine, IL-18, has
been identified. IL-18 is cleaved and activated by caspase-1. It
induces IFN-g, which can enhance caspase-1 expression, and a
positive feedback loop has been hypothesized (Culhane et al.,
1998). Inhibition of caspase-1 by Ac-YVAD.cmk, could reduce
IL-18 levels, interrupt this loop, and thus potentiate enzyme
inhibition. However, various other mechanisms could participate
to this neuroprotective effect. Release of IL-1b induces several
effects, among them stimulation of TNF-a production (Ben-
veniste, 1995). In turn, TNF-a may directly trigger apoptosis
through the activation of the TNF-a receptor. Release of IL-1b
has also been linked to the induction of nitric oxide production
(Liu et al., 1996; Romero et al., 1996), a molecule that has both
neuroprotective and neurotoxic effects (Iadecola, 1997). On the
other hand, the neuroprotective effect of caspase-1-like activity
inhibition could also be related to a reduction of chemokines such
as MCP-1 and MIP-2 that are involved in the recruitment of
inflammatory cells. However, the levels of IL-10, MCP-1, MIP-2
and nitric oxide were not modified by the treatment either at 24
hr or at 6 d, suggesting that these mediators are not involved in
the neuroprotection we observed. Conversely, TNF-a levels at 24
hr were reduced by almost half by the treatment, but no effect was
observed at 6 d. The role of TNF-a in the neurodegeneration is
still a matter of discussion. The knock-out technology has made it
possible to study the effect of ischemia in mice lacking TNF-a
receptors, either the p75, the p55 or both of them (Bruce et al.,
1996; Gary et al., 1998). The picture emerging from these studies
suggests that TNF-a is neuroprotective, because the knock-out
mice showed an increase in infarct volume. On the contrary,
several other studies using different techniques indicate that
TNF-a is neurotoxic and capable of inducing both apoptosis,
through activation of the caspase cascade, or inflammatory reac-
tion by enhancing the synthesis and release of IL-1b, IL-6,
colony-stimulating factors, TNF-a itself, and by increasing leu-
kocyte adhesion and infiltration (Liu et al., 1994; Benveniste,
1995; Barone et al., 1997; Pan et al., 1997). Our data support the
hypothesis that an elevated level of TNF-a is associated with an
exacerbation of the tissue damage induced by cerebral ischemia
(Bertorelli et al., 1998). However, it is possible that TNF-a may
have opposite actions at different time points inducing damage in
the early ischemic stages, and neuroprotection through the stim-
ulation of neurotrophic factor production at later stages (Pan et
al., 1997; Munoz-Fernandez and Fresno, 1998). Thus, further
studies are necessary to thoroughly address this problem.

Our results together with the data present in the literature
suggest that the neuroprotective effect of caspase-1-like activity
inhibition could be achieved by both prevention of apoptosis,
taking place mainly in neuronal cells, and reduction of inflam-
matory cytokine production principally involving activated astro-
cytes and microglial cells. Thus, direct prevention of neuronal
death by apoptosis blockade and indirect protection by reduction
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of proinflammatory cytokine production and release are probably
acting in concert to prevent neurodegeneration.

To summarize, our data indicate that inhibition of caspase-1 and,
more generally caspase-1-like activity, results in a long-term neu-
roprotection from ischemic insult. This neuroprotective effect is
achieved not only by partially blocking the apoptotic pathway, but
also by decreasing the level of IL-1b. Conversely, additional studies
are necessary to fully establish a causative link between neuropro-
tection and the reduction of TNF-a level we observed. Taken
together, these results indicate that caspase-1-like activity inhibi-
tion could be a useful way to interfere simultaneously with two of
the major mechanisms involved in neurodegeneration, apoptosis,
and inflammation, and thus represent a promising therapeutic
approach to reduce neuronal damage after cerebral ischemia.
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