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Cloning of a Novel Apaf-1-Interacting Protein: A Potent
Suppressor of Apoptosis and Ischemic Neuronal Cell Death
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Cytochrome c-initiated activation of apoptotic protease activating factor-1 (Apaf-1) is a key step in the mitochondrial-signaling pathway
for the activation of death-executing caspases in apoptosis. This signaling pathway has been implicated in the pathophysiology of various
neurological disorders, including ischemic brain injury. In this study, we have cloned a novel rat gene product, designated as Apaf-1-
interacting protein (AIP), which functions as a dominant-negative inhibitor of the Apaf-1–caspase-9 pathway. AIP is constitutively
expressed in the brain, but at substantially lower levels than Apaf-1 and caspase-9. AIP can directly bind to Apaf-1 in vitro through its
N-terminal caspase-recruiting domain, and this protein interaction was increased in cells undergoing apoptosis. Cytosolic extracts from
cells overexpressing AIP were highly resistant to cytochrome c– dATP-induced activation of caspase-9 and caspase-3. Gene transfection
of AIP into cell lines, including the neuronal-differentiated PC12 cells, potently suppressed apoptosis induced by various pro-apoptotic
stimuli. To further investigate the functional role of AIP in primary neurons and in the brain, an adeno-associated virus (AAV) vector
carrying the AIP cDNA was constructed. AAV-mediated overexpression of AIP in primary cortical– hippocampal neurons markedly
reduced cell death and caspase-3 activation triggered by protein kinase C inhibition, DNA damage, or oxygen– glucose deprivation.
Moreover, intracerebral infusion of the AAV vector resulted in robust AIP expression in the hippocampus and significantly promoted
CA1 neuronal survival after transient global cerebral ischemia. These results suggest that molecular targeting of the Apaf-1– caspase-9
signaling pathway may be a feasible neuroprotective strategy to enhance the endogenous threshold for caspase activation and prevent
neuronal loss in stroke and related disorders.
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Introduction
Apoptosis, or programmed cell death, plays an essential role in
the homeostasis of multicellular organisms (Steller, 1995) and is
implicated in the pathophysiology of various neurodegenerative
disorders and stroke (Thompson, 1995; Hara et al., 1997; Lipton,
1999; Robertson et al., 2000; Graham and Chen, 2001; Lo et al.,
2003). Apoptosis is a tightly controlled cell-suicide process re-
quiring the activation of caspases (Li and Yuan, 1999; Yuan and
Yankner, 2000). The apoptotic signaling cascade generally con-
sists of two main parts: the specific apoptosis initiation pathways

and the common execution pathway. Individual stimulus-
specific signaling pathways are activated initially by various pro-
apoptotic stimuli such as DNA damage, activation of cell mem-
brane death receptors, or mitochondrial oxidative stress, and
eventually converge into a common mechanism that activates the
death-execution (or effector) caspases. An essential step in the
activation of effector caspases by the intrinsic pathway appears to
be the formation of a multimeric caspase-activating complex,
so-called apoptosome (Li et al., 1997; Hu et al., 1999). In this
cytochrome c-initiated process, a multistep reaction results in the
oligomerization of apoptotic protease activating factor-1 (Apaf-
1). Once the apoptosome is formed, procaspase-9 is recruited to
the complex and becomes activated through autocatalysis (Srini-
vasula et al., 1998), which in turn activates effector caspases such
as caspase-3, -6, and -7. This mechanism of apoptosis is evolu-
tionarily conserved and may play an important role in mediating
neuronal death after cerebral ischemia or traumatic brain injury
(Fujimura et al., 1999; Krajewski et al., 1999; Benchoua et al.,
2001; Noshita et al., 2001; Plesnila et al., 2001; Yakovlev et al.,
2001; Cao et al., 2002; Sugawara et al., 2002; Tanaka et al., 2004).

Cells contain various endogenous inhibitory proteins that di-
rectly or indirectly inhibit the activation of pro-apoptotic signal-
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ing pathways. These molecules set up endogenous threshold lev-
els for caspase activation, thus providing an important safeguard
mechanism against unwanted induction of apoptosis (Budi-
hardjo et al., 1999). The cellular levels of apoptosis inhibitor pro-
teins may determine the differences in sensitivity to apoptotic
stimuli in different cell types, and the intracellular regulation of
these molecules may substantially affect the outcome of apoptosis
under pathological conditions. The major endogenous
apoptosis-inhibitory proteins identified so far include the anti-
apoptotic members of the Bcl-2 family (Daugas et al., 2000; Kro-
emer and Reed, 2000), which negatively regulate apoptosis
mainly at the mitochondrial levels by inhibiting the release of
apoptogenic factors such as cytochrome c and apoptosis-
inducing factor (AIF), and the inhibitor of apoptosis (IAP) family
members, which interfere directly with the effector caspases (De-
veraux et al., 1997, 1998). Several studies have demonstrated that
enhanced expression of either an anti-apoptotic member of the
Bcl-2 family or an IAP family member in the brain offers marked
neuroprotection against ischemic neuronal death (Martinou et
al., 1994; Linnik et al., 1995; Lawrence et al., 1996; Xu et al., 1999;
Cao et al., 2002). Thus, molecular approaches that increase the
endogenous threshold levels for caspase activation may be a po-
tentially important strategy for minimizing neuronal loss in
stroke and other neurodegenerative disorders.

In this study, we have cloned a novel apoptosis inhibitor, a
member of the newly discovered group of Apaf-1– caspase-9 an-
alogs with dominant-negative activity (Seol and Billiar, 1999;
Srinivasula et al., 1999; Angelastro et al., 2001), that inhibits the
Apaf-1– caspase-9 pathway by directly binding to Apaf-1. This
gene product is expressed endogenously in the brain and shows
potent cell death-suppressing effects in cell lines and primary
neurons against various apoptosis-inducing stimuli. Finally,
when overexpressed via a viral vector, this Apaf-1-interacting
protein (AIP) promotes the survival of hippocampal neurons
after transient global ischemia.

Materials and Methods
cDNA cloning of the Apaf-1-interacting protein. For cDNA cloning, a rat
brain cDNA library was constructed as described previously (Chen et al.,
1998). The Marathon cDNA adaptor was ligated to both ends of the
double-strand cDNA using a T4 DNA ligase and then subjected to rapid
amplification of cDNA 5� and 3� ends (5�- and 3�-RACE) using standard
procedures (Chen et al., 2000; Cao et al., 2002).

The RACE primers were designed according to the rat sequence (Cao
et al., 2002) of the caspase-recruiting domain (CARD) that is conserved
between Apaf-1 and caspase-9, on the basis of the assumption that the
endogenous Apaf-1-binding protein interacts with Apaf-1 via CARD and
itself should contain the CARD sequence. Therefore, the following prim-
ers were used for RACE: for 5�RACE: 5�-CCA GAA CCA ATG TCC ACC
GGC CTG-3� and 5� nested primer: 5�-CAG CTT CTG GAT CCT GCT
TGG CTG CTT-3�; for 3�RACE: 5�-AAG CAG CCA AGC AGG ATC
CAG AAG CTG-3� and 3� nested primer: 5�-CAG GCC GGT GGA CAT
TGG TTC TGG-3�. The adapter-ligated double-strand cDNA served as
templates for RACE. After the first round of PCR using adapter primer 1
(AP1) and 5� or 3� RACE primer, the resulting PCR product was used as
a template for the second round of PCR using adapter primer 2 (AP2)
and 5� or 3� nested primer. The 5�-RACE- and 3�-RACE-amplified frag-
ments were subcloned into pGEM-T Easy Vector (Promega, Madison,
WI), and the cDNAs were sequenced on both strands.

In vitro translation and production of recombinant protein. To confirm
that the cloned cDNA, designated as AIP, contains the deduced open
reading frame, and to study protein–protein interactions between AIP
and Apaf-1, coupled transcription–translation was performed to obtain
protein product for each cDNA tested using the TNT quick coupled
transcription–translation systems (Promega). To perform the assay, the

AIP, Apaf-1, or caspase-9 cDNA was subcloned into pcDNA3.1 or
pcDNA-Flag, and then 1 �g of the NotI linearized plasmid DNA was
incubated at 30°C for 2 hr in 40 �l of TNT Quick Master Mix and 20 �Ci
of [ 35S]methionine. Translated protein was detected by electrophoresis
and autoradiography.

AIP recombinant protein was generated using standard methods
(Chen et al., 2000; Cao et al., 2001). In brief, the AIP cDNA was fused into
the glutathione S-transferase (GST) gene in PGEX-2T vector (Amersham
Biosciences, Arlington Heights, IL). The GST–AIP fusion protein was
expressed in Escherichia coli BL21 cells and absorbed to a glutathione–
Sepharose 4B column. The fusion proteins were then cleaved by throm-
bin for 16 hr to remove GST and further purified.

RNase protection assay. The RNase protection assay (RPA) was per-
formed to confirm the endogenous expression of AIP mRNA in rat brain.
Two cRNA probes were prepared for the assay: a cRNA probe contained
the sequence that was unique to AIP (containing part of the unique 3�
untranslated region); the other cRNA probe contained the sequence that
was shared between caspase-9 and AIP. For the preparation of the AIP
cRNA probe, a DNA fragment of 351 bp was amplified from the AIP
cDNA using PCR (sense primer: GGA ATT CGA CGT GGA CTC TTC
CGA TCA GTC TAT AG; antisense primer: CAA GCT TCA CAT TCT
GCT GCC TTG ACA TCT TAG) and then subcloned into the HindIII
and EcoR I cloning site of the pcDNA3.1 plasmid. The plasmid was lin-
earized using EcoR I and subsequently used as a template to prepare the
antisense cRNA probe using the following procedures. The linearized
pcDNA3.1 plasmid (0.5 �g) containing the AIP fragment was incubated
for 60 min at 37°C in the transcription buffer containing 1 �l of 200 mM

DTT, 2 �l of nucleotide triphosphate mix (ATP, UTP, and GTP at 4 mM

each), 1 �l of placental ribonuclease inhibitor, 10 �l of �- 32P-CTP (10
mCi/ml), and 10 U of T7 RNA polymerase. The DNA template was then
digested with 10 U of RNase-free DNase I for 15 min at 37°C, extracted with
phenol/chloroform, and then precipitated with ammonium acetate and eth-
anol. The specific activity of the probe was measured using a liquid scintilla-
tion counter. For the preparation of the caspase-9 cRNA probe, a DNA
fragment of 534 bp was amplified using the following primers: sense GGA
ATT CAT GGA GGA GGC TGA CCG GCA ACT CCT; antisense CAA GCT
TGA CAT CAT GAG CTC TGC CAG AAC CAA.

To perform RPA, total RNA (60 �g) prepared from rat brain was
precipitated with ethanol and lyophilized and then resuspended in 100 �l
of hybridization buffer containing 2 � 10 6 cpm of the RNA probes
described above. The reaction mixture containing tRNA (instead of the
brain total RNA) was used as negative control. The reaction was incu-
bated for 5 min at 85°C to denature RNA and rapidly transferred to 45°C
for 12 hr. The reaction was then incubated with 400 �l of ribonuclease
digestion buffer containing 4 �g/ml ribonuclease T1 for 30 min at 30°C,
extracted with phenol/chloroform, and precipitated with ethanol. The
pellet was dissolved in 10 �l of RNA loading buffer, denatured at 85°C for
5 min, and analyzed on a 12% denaturing polyacrylamide/8 M urea gel.

In situ hybridization. To determine whether AIP mRNA expression is
altered in the brain after ischemia, in situ hybridization was performed
using an AIP-specific oligonucleotide probe derived from the 3� untrans-
lated region of the AIP cDNA (antisense 5�-CAT CTC CTA TAG ACT
GAT CGG AAG AGT CCA CGT CTC TC-3�). Rats were anesthetized and
decapitated at the indicated time points after ischemia, and coronal sections
(15 �m thick) were cut on a cryostat at �20°C. The AIP oligonucleotide was
35S labeled as described previously (Chen et al., 1998). The sections were
hybridized with the labeled probe (1 � 107 cpm/ml) in hybridization mix-
ture for 18 hr at 55°C. After the washing procedures, the slides were dehy-
drated, air dried, and exposed to Kodak film for 3 weeks.

Transient cDNA transfection in human 293 cells. The AIP cDNA or
cDNA encoding rat caspase-3 (Chen et al., 1998), caspase-9, or Apaf-1
(Cao et al., 2002) was amplified by PCR and then subcloned into the
multiple cloning site of the PcDNA3.1 expression vector containing the
cytomegalovirus (CMV) promoter (Invitrogen, Gaithersburg, MD). For
transient transfection, the green fluorescent protein (GFP)-expressing
vector, together with the empty vector or the vector containing the gene
of interest, were cotransfected into human 293 cells using Lipo-
fectAMINE (Invitrogen). At the indicated time after transfection, the
percentages of green (GFP-expressing) apoptotic cells of the total num-
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ber of green cells were determined under each condition as described
previously (Seol and Billiar, 1999). Under selective experimental condi-
tions, cells infected with the genes of interest were subjected to protein
extraction and subsequently to Western blot analysis for caspase-3 and
caspase-9 activation.

Stable cDNA transfection in neuronal PC12 cells. Stable cell lines over-
expressing AIP were produced in PC12 cells using the method described
previously (Chen et al., 2000). Briefly, the PcDNA3.1 expression vector
containing AIP or the empty vector was transfected into PC12 cells with
the assistance of LipofectAMINE reagent. Forty-eight hours after the
transfection, the cells were passaged at a ratio of 1:3, and on the next day,
Geneticin (G418) (Invitrogen) was added at a concentration of 450 ng/
ml. Cells were kept on the G418 for 1 month to ensure selection of stable
cell lines.

To determine the cell death-regulatory effect of AIP, gene transfected
or nontransfected PC12 cells were subjected to NGF-induced neuronal
differentiation for 6 d (Chen et al., 2000), and then the cultures were
exposed to 2 hr of transient hypoxia (Cao et al., 2001), the PKC inhibitor
staurosporin (STS) (1 �M) (Chen et al., 2000), or the mitochondrial toxin
rotenone (1.5 �M) (Pei et al., 2003). At the indicated time after insults,
cell death was quantified using the LIVE/DEAD viability quantitation kit
(Molecular Probes, Eugene, OR). Apoptotic DNA fragmentation was
analyzed using DNA gel electrophoresis (Chen et al., 2000).

In vitro cell-free apoptosis assay. The biochemical process of Apaf-1-
dependent activation of caspase-9 and caspase-3 can be reconstituted in
vitro by adding cytochrome c– dATP into cytosolic protein extracts (Liu
et al., 1996). This assay was performed in the present study to examine the
potential inhibitory effects of AIP on the induction of the apoptotic
program in cell-free extracts. Cytosolic extracts were prepared from non-
transfected PC12 cells and cells stably expressing AIP, respectively, and
100 �g of the protein was incubated with cytochrome c (100 �g/ml) and
dATP (1 mM) in 100 �l of the reaction buffer (25 mM HEPES, 10%
sucrose, 0.1% CHAPS, 5 mM dithiothreitol, and 5 mM EDTA) containing
0.5 mM Ac-LEHD-pNA (for caspase-9-like activity) or Ac-DEVD-pNA
(for caspase-3-like activity) at 30°C. The enzyme-catalyzed release of
p-nitroanilide was measured at 405 nm every 15 min for 150 min using a
microtiter plate reader (Molecular Devices).

Protein binding assay. Protein–protein binding between Apaf-1 and
AIP or caspase-9 was studied using in vitro translation products (Seol and
Billiar, 1999). In brief, 1 ml of S 35-Apaf-1 was incubated with 0.5–1.0 ml
of Flag-AIP or Flag-caspase-9 (in the absence or presence of in vitro-
translated AIP) at 30°C for 2 hr in the protein binding buffer containing
150 mM NaCl, 5 mM MgCl2, 1 mM DTT, and 10 �g/ml each of pepstatin,
leupeptin, and PMSF. The mixture was then immunoprecipitated with 2
�g of anti-Flag polyclonal antibody (Sigma, St. Louis, MO), and the
immunoprecipitates were then subjected to autoradiography for the de-
tection of S 35-Apaf-1.

Immunoprecipitation and Western blot analysis. To determine whether
the endogenous AIP interacts with Apaf-1, cytosolic protein was pre-
pared from the PC12 cell line stably expressing the Flag-AIP, and immu-
noprecipitation was performed using standard procedures (Cao et al.,
2001). This was done using the rabbit anti-Apaf-1 antibody (Chemicon,
Temecula, CA), and the resulting immunoprecipitates were then ana-
lyzed by immunoblotting with anti-Flag (PharMingen, San Diego, CA)
and anti-Apaf-1 antibodies, respectively. Immunoblotting was per-
formed using the standard method (Cao et al., 2001).

Production of an adeno-associated virus vector. To further study the cell
death-regulatory role of AIP in primary neurons and in the in vivo model
of cerebral ischemia, an adeno-associated virus (AAV) vector carrying
the AIP cDNA was constructed. The AAV expressing vector plasmid,
which contains an SV40 splicing site and a polyadenylation signal, was
flanked by the AAV inverted terminal repeats. The 534 bp AIP cDNA
with an hemagglutinin (HA) tag was isolated by EcoRV and NotI from its
parental plasmid and then inserted into the expressing vector plasmid
using T4 DNA ligase. The expression of the AIP transgene was under the
transcriptional control of the CMV promoter. A control AAV vector was
also constructed that contained a 258 bp truncated AIP cDNA lacking the
CARD domain sequence.

Large-scale production of the AAV vector was performed using the

adenovirus-free triple-plasmid cotransfection method described previ-
ously (Xiao et al., 1998). AAV vectors were purified using an FPLC affin-
ity chromatography system in conjunction with the HiTrap Heparin
columns (Amersham Biosciences). The titers of the virus particles were
determined by the DNA dot-blot method. The FPLC-purified AAV–AIP
has a concentration of 1 � 10 13 virus particles per milliliter.

Primary neuronal culture and induction of apoptosis. Primary cultures
of hippocampal– cortical neurons were prepared from 17-d-old Sprague
Dawley rat embryos as described previously (Cao et al., 2001). Experi-
ments were conducted at 14 d in vitro (DIV), when cultures consisted
primarily of neurons (�95%) as determined using cell phenotype-
specific immunocytochemistry (Cao et al., 2001). The cultures were in-
fected with the AAV–AIP vector or the control vector at the particle/cell
ratio of 1 � 10 5/1 for 6 hr in serum-free media, and then incubated in
vector-free normal media for 3 d. Expression of HA-tagged AIP in neu-
rons was verified by Western blotting using antibodies against the HA tag
and the C-terminal sequence of AIP, respectively.

Apoptosis was induced in cultured neurons by incubating the cells at
the indicated concentrations with staurosporin or bleomycin. Apoptosis
was evaluated 24 hr after the insults using Hoechst 33258 nuclear stain-
ing. The percentage of cells showing apoptotic changes (chromatin con-
densation or fragmentation, or both) was quantified by counting at least
3000 cells under each experimental condition (three randomly selected
fields per well, four to six wells per condition per experiment, and three
independent experiments using different embryos).

To determine the role of AIP in regulating neuronal death induced by
ischemia-like insults, the cultures infected with AAV–AIP or the control
vector were subjected to oxygen– glucose deprivation (OGD) for 90 min,
which in the presence of a low concentration of the NMDA receptor
antagonist MK801 (1 nM) induces a significant portion of caspase-
dependent apoptosis (Cao et al., 2001). At 24 hr after OGD, cell death was
quantitatively measured using the LIVE/DEAD viability/cytotoxicity kit
(Molecular Probes). In addition, the effects of AAV–AIP on OGD-
induced caspase activation were studied by immunoblotting detection of
the cleavage of caspase-9 and caspase-3 (Cao et al., 2001).

Intracerebral infusion of AAV and transient cerebral ischemia. AAV vec-
tors were infused into the CA1 sector in the dorsal hippocampus two
injection spots; coordination: anteroposterior (AP) �3.5 mm and lateral
(L) 2.0/3.5 mm from the bregma,) and the caudate–putamen (coordina-
tion: AP �1.0 mm and L 4.0 mm from the bregma), respectively, as
described previously (Xiao et al., 1997). Briefly, male Sprague Dawley
rats weighing 300 –325 gm were anesthetized using isofluorane. The AAV
vectors (AAV–AIP or control vector) dissolved in physiologic saline (2 �
10 10 DNase-resistant particles per microliter) were infused at the rate of
0.5 �l/min over 10 min via a glass micropipette that was connected to an
air pressure injection system (Harvard Apparatus, Holliston, MA). The
animals were allowed to recover for 3 d to 8 weeks to enable sufficient
gene expression. Expression of AIP in the brain was examined by immu-
nohistochemistry and Western blots using the anti-HA antibody.

At 5 d after AAV infusion, global ischemia was induced for 12 min in
isofluorane-anesthetized rats using the four-vessel occlusion method
(Chen et al., 1998). In the present study, three groups of rats (nontreated
group, AAV–AIP infusion group, and control AAV infusion group), each
consisting of nine rats, were studied for cell death assessments. Rectal and
brain temperature and physiological variables were measured and con-
trolled at normal ranges throughout the experiments (Chen et al., 1998).
EEG was measured in all animals to ensure isoelectricity after the induc-
tion of ischemia. Rats were killed 4 d after ischemia, and the brains were
processed for histological assessments and immunological staining.

For the hippocampal cell death assessments, series coronal sections (20
�m thick) were cut throughout the dorsal hippocampal formation at the
coronal levels between �2.5 and �4.5 mm from the bregma. For every 10
adjacent sections, the first 2 sections were stained for cresyl violet. The
second pair of sections were immunostained using the anti-HA antibody
(for the detection of HA-tagged AIP) and counterstained with cresyl
violet. The third pair of sections were immunostained with the anti-HA
antibody and counterstained with terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling (TUNEL). The
forth pair of sections were immunostained with the anti-HA antibody
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and counterstained with the antibody against active caspase-3 (Cell Sig-
naling) as described previously (Cao et al., 2002). Cell survival in the CA1
sector was quantified by an investigator who was blinded to the experi-
mental conditions in cresyl violet-stained sections using the criteria de-
scribed previously (Chen et al., 1998).

Statistical analysis. Results are reported as mean values � SE. The
significance of difference between means was assessed by Student’s t test
(single comparisons) or by ANOVA and post hoc Fisher’s PLSD tests,
with p � 0.05 considered statistically significant.

Results
Cloning of a novel rat cDNA
In a search for rat brain Apaf-1-interacting proteins, we per-
formed 5�- and 3�-RACE based on the CARD sequence that is
essential for Apaf-1 to interact with caspase-9 and endogenous
binding proteins (Hofmann et al., 1997). On the basis of se-
quences of the RACE products, three cDNAs of 2066 bp (clone 1),
2391 bp (clone 2), and 1199 bp (clone 3) were subsequently ob-
tained by PCR from the rat brain cDNA library. Although clones
1 and 2 share an identical open reading frame (455 amino acids)
encoding the rat homolog of full-length caspase-9 (Cao et al.,
2002), clone 3 contains an open reading frame of 531 bp that
encodes 177 amino acids (see supplemental Fig. 1, available at
www.jneurosci.org). Sequence alignment reveals that clone 3 is a
novel gene product, and its deduced amino acid sequence con-
tains the CARD domain at its N terminus (91 amino acids),
which is followed by an 86 amino acid peptide that shares homol-
ogy with the larger subunit of rat caspase-9 (Fig. 1). Moreover,
clone 3 contains a 3�-UTR (616 base pairs) that shows no signif-
icant homology to any other reported sequences.

Using the clone 3 cDNA as a template, the in vitro transcrip-
tion–translation assay produced a protein at �19 kDa, consistent
with the predicted sizes from the deduced amino acid sequence.
Subsequently, a recombinant protein was made from this cDNA.
Both this recombinant protein and the in vitro translation prod-
uct were immunoreacted with the antibody against a sequence
conserved between the rat caspase-9 larger subunit and the
C-terminal of clone 3 (data not shown). These results indicate

that we have obtained a novel caspase-9 short variant, which
appears to be a splice variant of the caspase-9 gene and is struc-
turally different from the caspase-9 short variants reported pre-
viously (Seol and Billiar, 1999; Srinivasula et al., 1999; Angelastro
et al., 2001). Because we found that the protein encoded by the
clone 3 cDNA functions by directly interacting with Apaf-1 (see
results below), we designated this novel gene product as AIP.

Endogenous expression of AIP
RT-PCR was performed to determine the endogenous levels of
AIP mRNA expression in neuronal tissues. Because caspase-9 is a
homolog gene of AIP, we directly compared their expression lev-
els. The primers were designed as shown in Figure 2a, which
allowed the direct comparison of the expression between AIP and
caspase-9 mRNA. AIP and caspase-9 mRNAs were readily detect-
able in various brain regions (Fig. 2a); however, in all regions
examined, the levels of AIP mRNA were much lower (�10%)
than those of caspase-9 mRNA.

To further detect the endogenous expression of AIP mRNA in
the brain, Northern blot analysis was performed using the 32P-
labeled AIP cDNA probe. As shown (Fig. 2b), two major bands
were detected in the size range of 2–3 kb that were consistent with
the sizes of mRNA encoding the full-length caspase-9 in the rat
brain (Cao et al., 2002). A third band, however, was faintly de-
tectable at �1.2–1.3 kb (Fig. 2b). We suspected that this minor
species might represent the signals from the AIP mRNA. To ad-
dress this, we performed the highly sensitive and specific RPA
using brain samples from three different ages. The results from
RPA confirmed the endogenous expression of AIP mRNA in the
rat brain (Fig. 2c). Furthermore, consistent with the RT-PCR
data, RPA demonstrated a low ratio of AIP mRNA versus
caspase-9 mRNA expression in the brain.

Using Western blot analysis, the levels of AIP protein expres-
sion were examined in rat brains. In each experiment, we used in
vitro translated AIP protein as the positive control. The 19 kDa
AIP protein was detected in various brain regions in adult rats,
although the levels were much lower than those of caspase-9 (Fig.
2d) or Apaf-1 (Fig. 2e). Because both caspase-9 and Apaf-1 are
required for the induction of apoptosis in neuronal progenitor
cells during brain development (Kuida et al., 1998) and both gene
products show marked age-dependent regulation of expression
in the brain (Yakovlev et al., 2001; Cao et al., 2002), we charac-
terized the temporal profiles of AIP protein expression in the rat
cerebellum of various ages (Fig. 2e). AIP was expressed at mod-
erate levels in embryonic cerebellum and at PD1, but the levels
were increased at postnatal 1–3 weeks. The expression of AIP
subsided to very low levels at postnatal 4 weeks and in the adults,
which was similar to the downregulation pattern of Apaf-1 pro-
tein at the same ages.

AIP expression is upregulated in resistant neurons after
cerebral ischemia
To investigate the potential role of AIP in ischemic injury, we
examined the expression of AIP mRNA in normal and ischemic
brains, focusing on the hippocampus, where neurons are partic-
ularly vulnerable to transient global ischemia. Using in situ hy-
bridization with the AIP-specific oligonucleotide probe, we de-
tected increased AIP mRNA expression in ischemic brains (Fig.
3a) in comparison with the extremely low levels of AIP mRNA in
the sham controls. The induced AIP mRNA was localized in the
dentate gyrus (DG) granular cell layers, a region that is highly
resistant to cell death in this injury model, but not in the highly
vulnerable CA1 sector. Optical density measurements of the au-

Figure 1. Cloning of a novel Apaf-1 interacting protein. Molecular structure of rat AIP (Gen-
Bank accession number AF293333) and various caspase-9 short variants are shown schemati-
cally (Seol and Billiar, 1999; Srinivasula et al., 1999; Angelastro et al., 2001). Compared with the
full-length rat caspase-9 (GenBank accession numbers AF262319 and AF286006), AIP lacks
both large and small subunits of caspase-9, which is distinctive from the two previously re-
ported caspase-9 short variants with dominant-negative phenotypes, including rat caspase-9-
CTD (GenBank accession number AY008275) and human caspase-9 (GenBank accession number
AF110376).
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toradiographic signals showed that AIP mRNA began to increase
in the DG at 8 hr after ischemia (1.7-fold) and reached peaks at 24
(3.6-fold) and 72 (2.8-fold) hours after ischemia (Fig. 3b). In
contrast, Apaf-1 mRNA, which is highly constitutively expressed
in the entire hippocampal formation in the normal brain, showed
no detectable changes after ischemia.

To determine whether the expression of AIP protein is in-

creased after ischemia, Western blot analysis was performed us-
ing cell extracts prepared from the DG–CA3 and CA1 sectors,
respectively, at 24 hr after ischemia or sham operation. The re-
sults confirmed that AIP protein was increased in the DG–CA3
but not in the CA1 sector after ischemia (Fig. 3c).

AIP is an anti-apoptotic molecule
Because AIP is expressed endogenously, its potential cell-death
regulatory role was investigated. Initially, transient cDNA trans-
fection was performed in human 293 cells. Although transfection
of AIP alone was not cytotoxic, even with an extended incubation
for 4 d, transfection of either caspase-9 or Apaf-1 markedly in-
duced apoptosis in cultures within 24 hr. When cotransfected,
however, AIP inhibited caspase-3 and caspase-9 activation and
significantly decreased apoptosis induced by either caspase-9 or
Apaf-1 (Fig. 4a,b). The apoptosis-suppressing effect of AIP ap-
peared to be compatible with that of the caspase-3/7 inhibitor
z-DEVD.fmk (optimally at 100 �M). Furthermore, transfection of
AIP had no effect on apoptosis induced by caspase-3 cDNA trans-
fection (Fig. 4a), which was consistent with the speculation that
AIP might function at the level upstream of caspase-3 activation.

To determine the anti-apoptotic effect of AIP in neural cells,
stable transfection cell lines overexpressing AIP were established
in neuronal-differentiated PC12 cells. Stable transfection of AIP
cDNA resulted in 3.5– 6-fold increases in the expression of AIP,
as determined using Western blotting (data not shown). To de-
termine the impact of AIP gene expression on the susceptibility of
PC12 cells to apoptosis, cells were subjected to various death-
inducing stimuli. AIP markedly inhibited cell death and apopto-
tic DNA fragmentation induced by the protein kinase C inhibitor
STS, the mitochondrial complex I inhibitor rotenone, or hypoxia
(Fig. 4c,d). These results thus establish that AIP is a potent anti-
apoptotic molecule. As determined by Western blots (Fig. 4e) and
caspase activity assays (Fig. 4f), AIP inhibited STS-induced activa-
tion of caspase-3 and caspase-9 but had no inhibitory effect on cyto-
chrome c release, consistent with our prediction that AIP might
function at the levels downstream of mitochondrial damage.

Figure 4g illustrates the morphological changes of human 293
cells and PC12 cells in response to apoptotic challenges in the
absence or presence of AIP overexpression.

AIP inhibits the Apaf-1– caspase-9 pathway by directly
interacting with Apaf-1
Because AIP inhibited caspase-9- or Apaf-1-transfection-
induced apoptosis but had no effect on caspase-3-transfection-
induced apoptosis (Fig. 4a), we speculated that AIP might inhibit
apoptosis by intervening with the Apaf-1– caspase-9 complex-
dependent apoptotic cascade, which is upstream of caspase-3 ac-
tivation. To test this hypothesis, we performed the cell-free apo-
ptosis assays as described by Liu et al. (1996), using cytosolic
protein extracts derived from empty vector- and AIP-transfected
PC12 cells, respectively. The additions of purified cytochrome c
and dATP into the extracts from normal cells (empty vector-
transfected) triggered marked increases in caspase-9-like
(LEHD-cleavage) and caspase-3/7-like (DEVD-cleavage) activi-
ties, whereas this effect was greatly decreased in AIP-transfected
cells (Fig. 5a,b). Similarly, the cytochrome c– dATP-triggered
caspase-9-like and caspase-3/7-like activities in cytosolic extracts
prepared from normal cells were inhibited by the addition of
purified AIP recombinant protein in a dose-dependent manner
(Fig. 5c,d). In contrast, the DEVD-cleavage activity from the
purified recombinant active caspase-3 (PharMingen) or
caspase-9 (MBL International, Woburn, MA) was not inhibited

Figure 2. Characterization of endogenous AIP expression in the brain. a, RT-PCR was per-
formed to detect AIP and caspase-9 mRNA in various brain regions in adult rats. The primers
were designed to allow the detection of both species in the same reaction. The schematic
diagram in the right panel shows that the sense primer (gtt aca ccc cta gac cac ctg gtg c) used in
the reaction was the same between AIP and caspase-9, whereas the antisense primers were
unique to either species (for AIP: cgc atg cat gcg cac agc aca tac ac; for caspase-9: agc cag cag aag
cgg tgc tga agc). The black bars represent the open reading frames, and the gray bar indicates
the 3�-untranslated sequence that is unique to AIP. b, Northern blotting of total RNA isolated
from rat brain of different ages (17E, embryonic day 17; 1W, postnatal 1 week; 3M, postnatal 3
months) with a cDNA probe recognizing both caspase-9 and AIP. Note that at least three bands
are detected (arrows). c, RNase protection assay performed using specific probes confirmed the
expression of AIP mRNA in the rat brain of different ages. d, Western blot analysis of AIP protein
expression in various brain regions of adult rats. The in vitro translation products of AIP or
caspase-9 cDNA served as positive controls. The blot is representative of two independent
experiments with similar results. e, Western blot analysis of AIP protein expression in the cere-
bellum during brain development. An equal amount of cerebellum protein extracts (60 �g)
obtained from different ages was immunoreacted with antibodies against AIP, Apaf-1, or
�-actin. 17E, Embryonic day 17; 1D, postnatal 1 d; 1– 4W, postnatal 1– 4 week; 3M, postnatal
3 months. The graphs in b and c illustrate the relative levels of AIP expression, determined from
two independent experiments.
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by either the cytosolic extracts from AIP-
transfected cells or the purified AIP recom-
binant protein (data not shown). These re-
sults suggest that AIP might inhibit Apaf-1-
dependent proteolytic processing of
caspase-9 and caspase-3 but not the acti-
vated caspases per se. This speculation was
confirmed by the results from another cell-
free assay using in vitro translated 35S-
labeled caspase-9 as the reaction substrate, in
which the recombinant AIP protein dose-
dependently inhibited the cytochrome
c–dATP-initiated cleavage of 35S-caspase-9
into its active forms (Fig. 5e).

The presence of the CARD domain in
the AIP protein strongly suggests that AIP
may directly interact with Apaf-1 via this
domain. As the first effort to address this
issue, we performed the protein-binding
assay using in vitro translated proteins. As
shown in Figure 5f, the Flag-tagged AIP
was able to bind to 35S-labeled Apaf-1 in
the cell-free reaction system, similar to
Flag-caspase-9 (Fig. 5g). Truncated AIP
with the deletion of the CARD domain com-
pletely lost its ability to form dimerization
with Apaf-1 (data not shown), consistent
with the notion that the CARD domain is
essential for such a reaction. Furthermore,
when AIP was added in excessive amounts
(ratio of AIP/Flag-caspase-9 � 2–4:1) in
the reaction mixture, it nearly completely
blocked the binding between Apaf-1 and
Flag-caspase-9 (Fig. 5g). These results
strongly suggest that AIP functions by com-
peting with caspase-9 for binding to Apaf-1,
thus preventing the formation of a func-
tional apoptosome essential for the proteo-
lytic activation of caspase-9.

To determine whether endogenous
Apaf-1 and AIP form a dimerization com-
plex under a normal or apoptotic condition,
the PC12 stable transfection cell line overex-
pressing Flag-AIP was treated with 1 �M STS
for 2 hr. The cytosolic protein extracts were
subjected to immunoprecipitation using the
antibody against Apaf-1, followed by immu-
noblotting with the anti-Flag antibody. Co-
immunoprecipitation of Apaf-1 and AIP
was detectable only in STS-treated cells (Fig.
5h). These results suggest that the interaction between Apaf-1 and
AIP is accelerated by the active status of Apaf-1 under apoptotic
conditions. This mechanism is consistent with the observations by
Srinivasula et al. (1998) that in Apaf-1-dependent apoptosis, cyto-
chrome c–dATP induces the conformational changes of Apaf-1 that
allow its CARD domain to be exposed for protein–protein interac-
tions (Srinivasula et al., 1998). Therefore, it is likely that AIP may not
be able to bind to Apaf-1 (such as under nonstressed conditions)
unless Apaf-1 is activated and its CARD becomes accessible.

The cell death-suppressing effect of AIP in primary neurons
The ultimate goal of this study was to explore the role of AIP as a
potential neuroprotectant against the neuronal apoptosis that

occurs in cerebral ischemia. To achieve highly efficient gene
transfection of AIP in primary cultures of neurons and in the rat
brain in vivo, we constructed an AAV vector (Fig. 6a). The suc-
cessful construction of an AIP expression vector was first verified
in human 293 cells, in which infection with either AIP expression
plasmid (before AAV packaging) or AAV–AIP (after packaging)
resulted in overexpression of AIP that was recognized by antibod-
ies against AIP and HA, respectively (Fig. 6b). The infection effi-
ciency of AAV–AIP was then examined in primary cultures of
hippocampal– cortical neurons. Incubation of AAV–AIP in neu-
ronal cultures resulted in robust expression of AIP in a time-
dependent manner, reaching a transfection efficiency of 81.7 �
4.6% (mean � SE of total cells; n � 9) by 3 d of incubation; the

Figure 3. Upregulation of AIF expression in the hippocampus after ischemia. a, In situ hybridization analysis of AIP ( A–C) and
Apaf-1 ( G–I) mRNA expression after ischemia or sham operation. Representative autoradiographs show increased AIP mRNA in
the DG sector 24 hr after ischemia (B, arrows), whereas Apaf-1 mRNA expression was not changed; sections from the same brains
presented in B and H hybridized with the sense probes for AIP and Apaf-1, respectively, show weak homogenous signals (C, I ).
Emulsion coating and cresyl violet counterstaining of the section presented in B confirmed the increased AIP mRNA in the DG
granular cell layers (E, F, arrows). b, The graph illustrates the relative AIP mRNA changes in the hippocampal CA1, CA3, and DG
sectors 4, 8, 24, and 72 hr after ischemia versus sham controls (n � 4 per time point). Data are reported as mean � SEM and
represent fold changes in ischemic brains versus sham controls; *p � 0.05 versus sham controls. c, Representative Western blots
show increased AIP protein expression in the DG sector, but not in CA1, at 24 hr after ischemia. In contrast, the expression of Apaf-1
was not changed in either sector.
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transfection efficiency of AAV–AIP was
compatible with the AAV vectors expressing
the Bcl-2 gene or the reporter gene �-gal
(data not shown). Double-label immuno-
fluorescent staining for the HA tag and
mitogen-associated protein 2 (MAP-2) re-
vealed that the expression of AIP exhibited
mainly a cytosolic localization (Fig. 6c).

Primary neurons infected with AAV–
AIP showed highly increased resistance to
apoptotic induction. STS-induced or the
DNA-damaging agent bleomycin-induced
neuronal apoptosis was significantly and
markedly attenuated by AAV–AIP infec-
tion (Fig. 7a–c). These anti-apoptotic ef-
fects were not observed in cultures trans-
fected with the truncated AIP lacking the
CARD domain, emphasizing the impor-
tance of CARD as the primary functional
domain of AIP. Therefore, in subsequent
studies the latter vector was used as a con-
trol AAV vector (AAV–CON).

We have further investigated the anti-
death effect of AAV–AIP in primary neu-
rons subjected to transient OGD, which
simulates the major pathologic compo-
nents of ischemic injury (Cao et al., 2001).
As shown in Figure 7d, AIP overexpression
significantly decreased OGD-induced cell
death in primary neuronal cultures. The
level of protection by AIP was compatible
with that by AAV-mediated Bcl-2 overex-
pression or the caspase-3/7 inhibitor z-
DEVD.fmk, indicating that the cytochrome
c–Apaf-1-dependent caspase-3 activation
may be an important mechanism for cell
death after transient OGD. Furthermore, in
support of the role of AIP in inhibiting the
caspase-9 – caspase-3 pathway, OGD-in-
duced proteolytic activation of caspase-9
and caspase-3, but not caspase-8, was atten-
uated in cultures infected with AAV–AIP
(Fig. 7e). Finally, OGD-induced cleavage of
inhibitor of caspase-activated deoxyribonu-
clease (ICAD), a hallmark of caspase-3- and
caspase-7-dependent nuclear DNA degrada-
tion (Cao et al., 2001), was also attenuated by
AAV–AIP. Taken together, these data are in
agreement with the recent report suggesting
a predominant role for the intrinsic pathway
(caspase-9 dependent) but not the extrinsic
pathway (caspase-8 dependent) in the exe-
cution of cell death in the OGD model
(Zhang et al., 2003).

AIP gene infection promotes cell
survival in the rat model of transient
global ischemia
Microinfusion of AAV–AIP into the rat
dorsal hippocampus at two spots or stria-
tum time-dependently resulted on AIP
overexpression. HA immunohistochemi-
cal staining on brain sections 5 d after AAV

Figure 4. Characterization of the anti-apoptotic effect of AIP in cell lines. a, Transfection of AIP cDNA inhibited apoptosis in
human 293 cells induced by transient cDNA transfection of rat caspase-9 or Apaf-1. Cell death was analyzed at 24 hr after
transfection. The caspase-3 and caspase-7 inhibitor z-DEVD. fmk, which served as a positive control for caspase inhibition, was
applied at 100 �M spontaneously with gene transfection. Data are mean � SE; n � 12 per condition from two independent
experiments. **p �0.01 versus empty vector controls. b, Western blotting for caspase-3 and caspase-9 was performed 16 hr after
gene transfection in 293 cells. Transfection of rat Apaf-1 or caspase-9 cDNA resulted in marked activation of caspase-3 and
caspase-9. These effects were blocked by cotransfection with AIP cDNA. c, Anti-apoptotic effect of AIP in PC12 cells. Stable
transfection of AIP but not the empty vector significantly decreased cell death in neuronal-differentiated PC12 cells induced by
hypoxia (2 hr), STS (1 �M), or rotenone (1.5 �M). Cell death was analyzed at 16 hr after the insults. Data are mean � SE; n � 12
per condition from two independent experiments. **p � 0.01 versus empty vector controls. d, Transfection of AIP inhibited
apoptotic DNA fragmentation in PC12 cells at 16 hr after hypoxia, STS, or rotenone exposure. e, Western blot analysis of caspase-3
and cytochrome c in cytosolic extracts prepared from PC12 cells at 3 or 6 hr after STS treatment (1.5 �M). f, Transfection of AIP inhibited
STS-induced (6 hr) caspase-3-like (DEVDase) and caspase-9-like (LEHDase) activities in PC12 cells. g, Morphological changes of 293 cells
( A–F) and PC12 cells ( G–L) in response to apoptotic challenges in the absence or presence of AIP overexpression. Cells transfected with the
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infusion detected robust expression of AIP
in almost the entire CA1 sector and striatal
cells (Fig. 8a). Western blot analysis (Fig.
8b) confirms the time-dependent AIP ex-
pression in the hippocampal CA1 sector
after AAV–AIP infusion. Overexpression

of AIP was readily detectable in CA1 3 d after infusion; the levels
were increased thereafter, and the high levels of expression lasted
for at least 8 weeks.

The cell death-suppressing effect of AIP was studied in the

4

GFP vector ( A) or GFP–AIP vector ( D) showed normal morphology. Cultures transfected with either GFP– caspase-9 ( B) or
GFP–Apaf-1 ( C) for 24 hr showed robust cell death (B, C, arrows), which was attenuated by AIP overexpression (E, F ). G and J show
nuclei of PC12 cells stably transfected with the empty vector ( G) or AIP ( J). Nuclear apoptosis (arrows) was induced in empty
vector-transfected cells at 16 hr after either STS ( H ) or rotenone ( I ). In cells stably transfected with AIP, STS-induced ( K) or
rotenone-induced ( L) nuclear apoptosis was markedly decreased.

Figure 5. AIP directly interacts with Apaf-1 and inhibits Apaf-1-dependent caspase-9 and
caspase-3 activation. a, b, Cytochrome c– dATP-triggered (Apaf-1 dependent) caspase-9- or
caspase-3-like activity was abolished in PC12 cells stably overexpressing AIP. The in vitro cell-
free assay was performed using cytosolic proteins from empty vector- or AIP-transfected cells,
and the reaction was initiated by adding purified cytochrome c and dATP. Caspase activities
were measured using the colorimetric substrates Ac-LEHD-pNA and Ac-DEVD-pNA, respectively.
Data are mean � SE from three experiments. c, d, Cytochrome c– dATP-triggered caspase-9- or
caspase-3-like activity in cytosolic extracts was abolished by exogenous recombinant AIP pro-
tein. The cell-free assay was performed using cytosolic proteins from nontransfected PC12 cells,
which showed that exogenous AIP protein inhibited caspase activities in a dose-dependent
manner. e, In the assays alternative to c and d, caspase-9 activation was determined by auto-
radiography using the in vitro translated 35S-labeled caspase-9 as the cleavage substrate for
Apaf-1 apoptosome. Note that the exogenous AIP protein dose-dependently inhibited
caspase-9 cleavage. f, Autoradiograph shows direct protein–protein interaction between AIP
and Apaf-1. The protein-binding assay was performed using in vitro translated proteins (the
Flag-AIP and 35S-Apaf-1). The reaction products were immunoprecipitated using the anti-Flag
antibody, electrophoresed, and then autoradiographed. g, Autoradiograph for 35S-Apaf-1
shows that Flag-caspase-9 can directly bind to Apaf-1, and that AIP, when added in excessive
amounts, inhibited Apaf-1–Flag-caspase-9 binding. h, Increased interaction between endog-
enously expressed AIP and Apaf-1 in apoptotic PC12 cells. Cytosolic proteins were extracted
from cells stably overexpressing Flag-AIP or the empty vector, immunoprecipitated with the
anti-Apaf-1 antibody, and then immunoblotted with antibodies against Flag and Apaf-1, re-
spectively. Note that exposure of the cells to STS (1 �M) for 2 hr increased the contents of
Flag-AIP in the immunoprecipitates, indicating the increased formation of the Apaf-1–Flag-AIP
complex.

Figure 6. Construction of an AAV vector carrying the AIP expression cassette. a, The con-
struct contains the CMV promoter and an HA tag, which allows distinction of AIP from endog-
enous AIP or caspase-9. SP and pA are the SV40 mRNA splicing site and polyadenylation signal,
respectively; ITR is the inverted terminal repeats of AAV. b, Verification of the AIP expression
plasmid (before AAV packaging) and AAV–AIP (after packaging) in human 293 cells and rat
primary neurons. Left panel, Human 293 cells were transfected for 24 hr with the AIP expression
plasmid or AAV–AIP, and cell extracts were subjected to Western blotting with antibodies
against HA and AIP (caspase-9), respectively. Right panel, Western blots demonstrate that
AAV–AIP infection for 3 d induced robust AIP overexpression in primary hippocampal– cortical
neurons. c, Double-label immunofluorescent staining (red, HA; green, MAP-2) shows AIP over-
expression in hippocampal– cortical neurons 3 d after AAV–AIP infection. AIP expression is
mainly cytosolic.
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model of transient global cerebral isch-
emia produced by the four-vessel occlu-
sion method. Previous studies with this
model have suggested that ischemic neu-
rodegeneration of CA1 is mediated via the
sequential activation of caspase-9 and
caspase-3 (Chen et al., 1998; Krajewski et
al., 1999; Cao et al., 2001, 2002; Sugawara
et al., 2002). To determine whether AIP
overexpression could inhibit ischemic
neuronal death, the AAV–AIP vector or
the AAV control vector was infused into
the CA1 sector in the dorsal hippocampus
and caudate–putamen, respectively; 5 d
later, the animals were subjected to 12 min
of global ischemia. The brains were pro-
cessed at 4 d after ischemia for histological
assessments and TUNEL staining. AIP
overexpression significantly enhanced the
survival of CA1 neurons (Fig. 8c–e) and
striatal neurons (Fig. 8c) after ischemia. As
determined in 11 coronal levels in the dor-
sal hippocampus (�2.5 to �4.5 from the
bregma, every 0.2 mm), only 13.6 � 4.7%
of CA1 neurons in nontreated brains sur-
vived the ischemic insult; however, the
number of survival CA1 neurons was in-
creased to 38.4 � 7.6% in brains infected
with AAV–AIP ( p � 0.01 vs noninfected
or control AAV-infected brains), repre-
senting a 2.8-fold increase in neuronal
survival.

To determine the relationship between
AIP overexpression and caspase-3 activa-
tion in the ischemic CA1 neurons, double-
label staining was performed to colocalize
HA–AIP immunoreactivity with active
caspase-3. Nearly all HA–AIP immunore-
active neurons showed an absence of ac-
tive caspase-3 (Fig. 9a), suggesting that
caspase-3 was prevented by AIP overex-
pression. Furthermore, as demonstrated
by both Western blot analysis and caspase
activity assays, AIP overexpression signifi-
cantly decreased ischemia-induced activa-
tion of both caspase-9 and caspase-3 at 48
hr after ischemia (Fig. 9b,c), a time point
that precedes CA1 cell death in this model.
Finally, consistent with the deduced role
for AIP in blocking the formation of apopto-
some, coimmunoprecipitation results dem-
onstrated that AIP overexpression in hip-
pocampal CA1 neurons attenuated the
dimerization between Apaf-1 and caspase-9,
a hallmark of apoptosome formation (Cao et
al., 2002), after ischemia.

Discussion
The role of Apaf-1 and caspase-9 as the
essential components of the intracellular
execution machinery responsible for neu-
ronal apoptosis via the intrinsic pathway is
well established (Cecconi et al., 1998;

Figure 7. Neuroprotective effect of AAV–AIP against apoptosis and oxygen– glucose deprivation injury in primary hippocam-
pal– cortical neurons. a, Primary neurons were infected for 3 d with AAV–AIP or AAV–CON carrying the truncated AIP cDNA that
lacks the CARD domain, and then subjected to apoptosis induction by STS (1 �M) or bleomycin (30 �M). Twenty-four hours later,
neurons were subjected to double-label immunofluorescent staining for HA (red), to detect the HA-tagged AIP protein, and
Hoechst33258 (blue). AAV–CON infection had no effect on STS- or bleomycin-induced apoptosis (arrows in the top panel point to
apoptotic nuclei), whereas AAV–AIP-mediated AIP overexpression inhibited apoptosis (arrowheads in the bottom panel point to
nuclei with normal morphology). b, c, Quantitative data show the protective effect of AAV–AIP against neuronal apoptosis
induced by STS ( b) or bleomycin ( c) at the indicated concentrations, measured at 24 hr after induction. n � 12–18 per experi-
mental condition. **p � 0.01; ***p � 0.001 versus AAV–CON-infected neurons. d, AIP overexpression significantly attenuated
OGD-induced neuronal cell death. Neurons were infected for 3 d with AAV–AIP, AAV–Bcl-2, or AAV–CON or treated with z-DEVD-
fmk (100 �M) for 1 hr and then subjected to OGD for 90 min. Cell death was measured at 24 hr after OGD. Data are mean � SE; n �
12 per experimental condition from three independent experiments. *p � 0.05; **p � 0.01 versus AAV–CON-infected neurons.
e, Western blots show that AIP overexpression attenuated the proteolytic activation of caspase-9 and caspase-3 at 4 and 16 hr
after OGD but had no effect on caspase-8 cleavage. AIP overexpression also decreased OGD-induced cleavage of ICAD into its
inactive form (�16 kDa).
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Kuida et al., 1998; Yoshida et al., 1998;
Deshmukh et al., 2000; Kermer et al., 2000;
D’Sa-Eipper et al., 2001; Gerhardt et al.,
2001). We report here the cloning and
characterization of a small AIP in rat brain.
AIP is a novel short variant of caspase-9,
which contains the caspase-recruiting do-
main but lacks the catalytic domains that
caspase-9 possesses. Functionally, AIP is an
anti-apoptotic molecule, showing potent cell
death-suppressing activity in neuronal and
non-neuronal cells against various apopto-
sis-inducing stimuli. Mechanistically, AIP
inhibits the Apaf-1–caspase-9 pathway for
caspase activation by directly binding to
Apaf-1 via the CARD domain. Moreover,
when overexpressed in the brain via an AAV
vector, AIP significantly promoted the sur-
vival of hippocampal CA1 neurons after
transient global ischemia. Taken together,
these observations suggest that AIP is a po-
tent death-suppressing molecule and thus
can be a good candidate for neuroprotective
interventions in cerebral ischemia and, pos-
sibly, other forms of brain injury.

As determined by sequence alignment,
the AIP cDNA described here is a novel
short isoform of caspase-9, which is struc-
turally distinct from previously reported
caspase-9 short variants that possess
dominant-negative properties. The first of
such short variants, the 30 kDa caspase-9,
identified in human cell lines (Seol and
Billiar, 1999; Srinivasula et al., 1999), is
missing most of the large subunit of
caspase-9, including the catalytic site, but
has the intact small subunit. Later, a rat
C-terminal divergent caspase-9, desig-
nated as casp-9-CTD, was discovered (An-
gelastro et al., 2001). Casp-9-CTD encodes
a protein of 45 kDa that contains the entire
large subunit of caspase-9 but has an alter-
native C-terminal sequence (Angelastro et
al., 2001). In contrast, the protein encoded
by the AIP cDNA is missing most of the
large subunit and the entire small subunit of
caspase-9, yet shows potent anti-apoptotic
properties. As suggested previously (Seol
and Billiar, 1999; Angelastro et al., 2001) and
further supported in this study, the N-termi-
nal CARD domain, which is identical among
all three variants, may be the principal func-
tional domain of this new class of apoptosis-
inhibitor proteins.

The data presented here demonstrate that AIP is expressed
endogenously in neuronal tissues. RT-PCR, RPA, and Western
blots showed that both AIP mRNA and protein could be detected
in various regions in the brain. Like several other endogenous
apoptosis inhibitory proteins such as Bcl-2 and XIAP (X-linked
inhibitor of apoptosis), the basal levels of AIP expression were
substantially lower than those of its pro-apoptotic counterparts
(caspase-9 and Apaf-1), consistent with the notion that in non-
stressed cells it is the combined effect of these low-expressing

inhibitory proteins that sets up a threshold for preventing the
unwanted activation of apoptosis (Budihardjo et al., 1999). AIP,
however, appears to be an inducible gene after injury in the brain,
because its mRNA and protein levels were upregulated several
fold in the hippocampal DG and DG–CA3, respectively, after
transient global ischemia. The DG–CA3 represents a distinctive
region in the hippocampus that is highly resistant to cell death
after global ischemia; these results indicate that the inducible
expression of AIP in DG neurons could be a contributing factor

Figure 8. AIP overexpression promotes CA1 cell survival after transient global ischemia. a, In vivo expression of AIP after AAV
vector infection in the rat brain. AAV was infused at two coordinates into the hippocampus to achieve widespread expression in the
CA1 sector. Images show AIP immunoreactivity, detected using the monoclonal anti-HA antibody, in the hippocampal CA1 (A, C)
and caudate–putamen ( E) at 5 d after AAV–AIP infection; no AIP expression is seen in these regions after empty vector infection
(D, F ). B is a high-power view (scale bars, 50 �m) of CA1 from the marked area in A. C–F show AIP immunoreactivity counter-
stained with methyl Green. b, Western blot (anti-HA) confirms the expression of AIP protein in rat hippocampus at various time
points (3 d to 8 weeks) after AAV–AIP infection. Saline (Sal) refers to hippocampal sample obtained 4 weeks after saline injection.
The graph summarizes results from three to four hippocampi for each time point. c, Representative micrographs from CA1 ( A–D)
and caudate–putamen (E, F ) at 4 d after transient global ischemia. AAV–AIP (B, D, F ) or the control vector (A, C, E) was infused into
the brain 5 d before ischemia. Brain sections were immunostained for HA and counterstained with cresyl violet (A, B, low power,
100�) or TUNEL (C–F, high power, 400�). Scale bars, 30 �m. Many AIP-infected neurons (D, F, brown staining) survived the
ischemic insult. C–F, Arrows point to TUNEL-positive cells that are in contrast to AIP-infected neurons. A, B, E, F, Insets are cresyl
violet staining in CA1 and caudate–putamen, respectively, that show improved histological morphology in the ischemic brain
after AAV–AIP infection. d, e, CA1 cell survival in the dorsal hippocampus at 4 d after ischemia after AAV–AIP infection, calculated
as the sum of survival neurons in 11 coronal sections taken every 0.2 mm at the levels of �2.5 to �4.5 mm from the bregma (n �
9 per group). e, Graph shows the number of CA1 cell survivals at each coronal level. Data are mean � SE; *p � 0.05, **p � 0.01
versus nontreated or control vector-treated brains.
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to the death-resistant nature of this neuronal population. It is
indeed interesting that despite the fact that the open reading
frame sequence of AIP is identical to the N terminus of caspase-9,
two distinctive expression patterns are presented in the ischemic
hippocampus for AIP (increased in the DG but not in the CA1)
and caspase-9 (increased in the CA1 but not in the DG) (Cao et
al., 2002). The mechanism responsible for this difference is un-
known; however, it has been suggested that the differences in
3�UTR of two closely related mRNA species may markedly influ-
ence their stability, translation efficiency, or location in a tissue-
specific manner (Edwalds-Gilbert et al., 1997).

The functional role of AIP as a potent anti-apoptotic molecule
is established in the present study using gene transfection strate-
gies. Transient gene transfection of AIP in human 293 cells po-
tently inhibited Apaf-1- or caspase-9-induced apoptosis. Fur-
thermore, stable gene transfection in neuronal-differentiated
PC12 cells or AAV-mediated gene infection of AIP in primary
neurons offered marked protection against apoptosis induced by
various pro-death stimuli, including PKC inhibition, DNA dam-
age, mitochondrial complex I inhibition, hypoxia, and OGD.

Such broad-spectrum cell death-
suppressing effects exhibited by AIP in
neuronal and non-neuronal cells crossing
different species (human and rat) indicate
that this death suppressor inhibits apopto-
sis via interference with a common death-
execution pathway. In support of this no-
tion, on several occasions the death-
stimulus-induced activation of terminal
caspases such as caspase-3 was markedly
attenuated by AIF overexpression,
whereas mitochondrial cytochrome c re-
lease that occurred during the early stages
of apoptosis was not prevented. These re-
sults place the anti-apoptotic actions of
AIP within the component of the death-
execution cascade that is upstream of ter-
minal caspase activity but downstream of
mitochondrial injury.

The mechanism by which AIP inter-
feres with the Apaf-1– caspase-9 signaling
pathway was investigated using several as-
says. As predicted from its molecular
structure, in vitro translation-generated
AIP clearly showed the ability of direct
binding to Apaf-1 through its N-terminal
CARD domain. The endogenous protein–
protein interaction between Apaf-1 and
AIP was also confirmed in cultured cells
undergoing STS-induced apoptosis, in
which coimmunoprecipitation of Apaf-1
and AIP was markedly increased. Because
CARD is present in both Apaf-1 and
procaspase-9 and is the essential domain
for procaspase-9 to be recruited to the ap-
optosome at a ratio to Apaf-1 of �1:1
(Srinivasula et al., 1998; Yoshida et al.,
1998), it is conceivable that the dimeriza-
tion between AIP and Apaf-1 through the
CARD would decrease the recruitment of
procaspase-9 by Apaf-1. The results from
the in vitro binding assays strongly support
this speculation, in which the addition of

an excessive amount of AIP to the reaction system nearly com-
pletely prevented the binding of procaspase-9 to Apaf-1. There-
fore, we further speculate that AIP may inhibit the Apaf-1–
caspase-9 pathway by directly binding to Apaf-1 and thus
preventing the activation of caspase-9. It is equally possible, how-
ever, that AIP may also bind directly to procaspase-9 through
CARD. In either scenario, AIP likely acts to interrupt the interac-
tion between Apaf-1 and caspase-9 and prevent the formation of
a functional apoptosome. Accordingly, the intracellular ratio be-
tween AIP and caspase-9 or Apaf-1 may be an important intrinsic
factor determining the susceptibility of the cell to the activation
of apoptosis-execution machinery via the mitochondrial signal-
ing pathway. Consistent with this notion, we found that cyto-
chrome c–ATP-initiated activation of caspase-9 and caspase-3
was greatly attenuated in cells overexpressing AIP.

Because AIP showed potent cell death-suppressing activity in
neuronal cultures, we further studied its potential death-
regulatory role in the rat model of transient global ischemia. Sev-
eral sequential components of the mitochondrial apoptosis-
signaling pathway, including cytochrome c release, second

Figure 9. AIP overexpression attenuates caspase activation after transient global ischemia. a, AIP overexpression inhibited
caspase-3 activation in CA1 (A, B) and caudate–putamen (C, D) after ischemia. Double-label immunofluorescent staining for HA
(green) and active caspase-3 (red) was performed 4 d after ischemia in brains infected with the control vector (A, C) or AAV–AIP
(B, D). B, D, Arrows point to AIP-infected neurons that are in contrast to caspase-3-positive cells. Scale bars, 30 �m. b, Represen-
tative Western blots showing decreased activation of caspase-3 and caspase-9 in the CA1 sector after ischemia in AIP-infected
brains. The CA1 sector was dissected at 2 d after ischemia, and the protein extracts were immunoblotted with antibodies against
active caspase-9 and caspase-3, respectively. c, AIP overexpression decreased caspase-9-like (LEHDase) and caspase-3-like (DEV-
Dase) activities after ischemia. Caspase activities were measured in cell extracts prepared from the CA1 sector with or without
AAV–AIP infection at 2 d after ischemia (n � 6 per group). Data are mean � SE; *p � 0.05 versus noninfected brains. d, AIP
overexpression attenuated the Apaf-1– caspase-9 dimerization after ischemia. Isotonic, detergent-free hippocampal homoge-
nates were prepared from brains 24 hr after ischemia. The cytosolic fraction was subjected to immunoprecipitation using anti-
Apaf-1 antibody followed by immunoblot analysis of caspase-9 (top) and Apaf-1 (bottom). The in vitro translation product of the
caspase-9 cDNA was used as the positive control (PC; last lane). The blot was representative of two independent experiments with
similar results.
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mitochondria-derived activator of caspase release, caspase-9 and
Apaf-1 activation, and caspase-3 activation, have been well doc-
umented previously in this model (Chen et al., 1998; Himi et al.,
1998; Gillardon et al., 1999; Sugawara et al., 1999; Cao et al., 2001,
2002; Tanaka et al., 2004). To achieve sufficient AIP gene delivery
in the hippocampal CA1 neurons in vivo, we constructed an AAV
vector. This vector was chosen on the basis of its nonpathogenic,
noncytotoxic, and replication-defective features and its powerful
capacity to deliver gene products into neurons in vitro and in vivo
(Kaplitt et al., 1994; McCown et al., 1996; Mandel et al., 1997;
Xiao et al., 1997, 1998; Davidson et al., 2000). In this study, we
demonstrate that infusion of AAV–AIP into the hippocampus
resulted in robust AIP expression in CA1 neurons in a time-
dependent manner. Furthermore, the data show that AAV-
mediated AIP overexpression significantly promoted CA1 neu-
ronal survival after transient global ischemia. These results thus
confirm the deduced role of the Apaf-1– caspase-9 signaling
pathway in mediating CA1 neurodegeneration after transient
global ischemia (Cao et al., 2002; Sugawara et al., 2002), and
provide the first experimental evidence that direct molecular tar-
geting of the Apaf-1– caspase-9 pathway using a small Apaf-1-
interacting protein offers significant neuroprotection against
ischemic neuronal death.

The significance of the findings documented in this report is
twofold. First, the cloning and characterization of AIP provide a
novel and specific molecular tool that can help elucidate the role
of the Apaf-1– caspase-9 apoptosis signaling pathway in neuronal
death associated with various neurological disorders. Second, the
demonstrated neuroprotection by AIP in primary neuronal cul-
tures and in the in vivo model of cerebral ischemia enforce the
argument that molecular approaches that enhance the endoge-
nous threshold levels for caspase activation may be a feasible and
potentially effective therapeutic intervention in ischemic neuro-
nal injury and related diseases.
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