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The neuronal apoptosis inhibitory protein (NAIP) is a member of a
novel family of inhibitor of apoptosis (IAP) proteins. The IAP genes
are highly conserved from baculovirus to metazoans and suppress
apoptosis induced by a variety of triggers both in vitro and in vivo.
Here we describe the generation and characterization of mice with
the targeted deletion of NAIP1. We demonstrate that the NAIP1-
deleted mice develop normally. However, the survival of pyramidal
neurons in the hippocampus after kainic acid-induced limbic sei-
zures is greatly reduced in the NAIP1 knock-out animals. Thus,
although NAIP1 is not necessary for normal development of murine
central nervous system, the endogenous NAIP1 is required for
neuronal survival in pathological conditions.

Apoptosis plays a critical role in the regulation of cell death
in the peripheral and central nervous system (CNS) both

in the physiological settings and in the neurological disease.
Dysregulation of apoptosis occurs in chronic neurodegenera-
tions such as Alzheimer’s disease, amyotrophic lateral sclero-
sis, Parkinson’s disease, as well as in epilepsy and ischemia (1).
Spinal muscular atrophy (SMA) is a neurodegenerative dis-
order characterized by a progressive wasting of spinal cord
motor neurons. Recently, we have proposed a link between
inappropriate apoptosis and modulation of SMA severity. We
have shown that the neuronal apoptosis inhibitory protein
(NAIP) is deleted in a significant proportion of SMA patients
(2). Full-length functional NAIP is absent in most individuals
with type I SMA, and there exists a close correlation between
the regional distribution of NAIP in the CNS and the neuro-
degenerative alterations in SMA (3). These observations are
consistent with the neurodegenerative character of SMA.
Although the causative gene involved in SMA is believed to be
the SMN (survival motor neuron) gene (4), the role of NAIP
in SMA is proposed to be a modulating one, exacerbating the
severity of the disease (5).

The NAIP gene is a member of a recently identified family of
intrinsic cellular regulators of apoptosis, the inhibitor of apo-
ptosis (IAP) gene family (6). The IAP genes were initially
discovered in baculoviruses, but their homologs have since been
identified in other viruses, insects, birds, and mammals, suggest-
ing a common evolutionary origin (7). Remarkably, IAP pro-
teins suppress apoptosis induced by a diversity of triggers that is
greater than that reported for any other antiapoptotic genes
including the bcl-2 family (8). The mode of action of the IAP
genes is believed to be by direct binding and inhibition of the key
caspases and procaspases (primarily caspase 3 and 7) (9–12).
Significantly, we have shown that transient forebrain ischemia
selectively elevates levels of NAIP in neurons, which are resistant
to ischemic injury. Moreover, the ectopic overexpression of
NAIP in the CNS attenuated neuronal damage inflicted by

transient forebrain ischemia, suggesting that NAIP plays a key
role in neuroprotection (13).

The role of the IAP genes in the control and modulation of
programmed cell death has been mainly inferred from the in vitro
experimentation. The in vivo physiological roles of the endoge-
nous IAP genes are less clear due to the lack of data from the
knock-out models. In the present paper, we describe the gener-
ation and characterization of the NAIP1 knock-out mice. We
show that the mice with the targeted deletion of Naip1 are
morphologically normal and do not display any characteristics of
SMA. However, the deletion of Naip1 results in increased
sensitivity of the hippocampal pyramidal neurons to apoptotic
death caused by kainic acid (KA)-induced epileptic seizures. Our
data demonstrate that the endogenous, physiological levels of
NAIP1 play a critical role in neuroprotection.

Materials and Methods
Generation of Naip12y2 Mice. The 129ysv genomic clone (mg38;
ref. 14) spanning the 59 end of the Naip1 gene was used to
construct a replacement-type targeting vector in which a IRES-
lacZ and phosphoglycerate kinase (PGK)-neomycin (neo) cas-
sette replaced exons 2 and 3 in the plasmid pKO (M.H. and
R.G.K., unpublished data). The resultant targeting vector
(pKO.naip1) was comprised of a 4.6-kb 59 arm and a 6.5-kb 39
arm bracketing the IRES-lacZyPGK-neo insertion. RW4 em-
bryonic stem cells were electroporated as described (15), and
DNA from neomycin resistant clones was extracted and ana-
lyzed. Disruption of the Naip1 allele was confirmed by Southern
blot analysis of EcoRI-digested genomic DNA after hybridiza-
tion with a PCR-generated probe corresponding to exon 1 of the
Naip1 gene. Chimeric mice were produced by morula aggrega-
tion (16) with targeted RW-4 cells. Chimeric male progeny were
mated with 129ySvJ females, and heterozygous progenies were
used as founders for two separate lines of mutant mice. Both the
electroporation of embryonic stem cells and the generation of
chimeric animals were performed at the Genome Systems
facility (St. Louis). Mice were housed in a specific pathogen-free
environment, and all experiments were performed in accordance
with the guidelines of the Canadian Council on Animal Care and
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protocols approved by the University of Ottawa Animal Care
Committee.

Induction of Limbic Seizures. KA (Aldrich Chemical, Milwaukee,
WI) was dissolved in 10 mM PBS and administered by i.p.
injection. A dose of 45 mgykg was established in a preliminary
study as sufficient to elicit seizure activity in .95% of the mice
with ,20% mortality. The onset of seizure activity typically
occurred within 10 min of injection and persisted for 2–3 hr.

Behavioral Assessment of Seizure Activity. After KA injection,
seizure activity was observed for a period of 2 hr and scored by
a blinded observer according to the method of Morrison et al.
(17). In brief, for each 5-min interval after the injection, an
animal was given a score from 0 to 7, with the scores representing
a progression of increasingly severe seizure-related behavior.
Thus, a score of zero is indicative of normal behavior such as
grooming, walking, and exploring. This behavior typically ceased
after a few minutes and the animals became motionless (score 5
1). The animals then adopted a rigid posture with forelimb
andyor tail extension (score 5 2). After this behavior, most
animals became more active and displayed automatism such as
circling, head bobbing, or repetitive scratching (score 5 3). As
the seizure activity became more severe, animals exhibited
forelimb clonus as well as rearing and falling (score 5 4). The
animals were given a score of 5 when such behavior was repeated
extensively. Some animals displayed more severe tonic-clonic
seizures with barrel rolling and an inability to stand up (score 5
6) and ,20% of the animals died (score 5 7). At the end of the
2-hr observation period, the 24 individual scores were totaled for
the final seizure. Animals that did not exhibit any seizure activity
were assigned a score of 0.

Assessment of Neurological Damage. Seventy-two hours after KA
injection, the mice were killed by i.p. injection of sodium
pentobarbital, and the brains were rapidly removed and frozen
by immersion in isopentane equilibrated on dry ice. Cryostat
sections (12 mm) were collected from four different levels of the
hippocampus, each level being separated by '400 mm. DNA
fragmentation was demonstrated using the in situ end labeling
(ISEL) method described by Fliss and Gattinger (18). In brief,
frozen sections were thawed and fixed in 1% glutaraldehyde in
PBS for 15 min at room temperature and washed three times for
5 min in PBS. The sections were permeabilized in 1:1 methanol–
acetone for 10 min at room temperature and washed three times
for 5 min in PBS. The sections were then treated with 20 mgyml
proteinase K in 25 mM TriszHCl, pH 6.6, for 15 min at room
temperature and washed two times for 15 min in deionized water.
Following a 1-min rinse in PBS, the sections were incubated in
a buffer solution containing 6.7 ml of terminal transferase, 12.7
ml of biotin-16-dUTP, 80 ml of CoCl2, 200 ml of 53 terminal
deoxynucleotidyl transferase (TDT) buffer (all chemicals from
Boehringer Mannheim), and 700.7 ml of dH20 per milliliter for
1 hr at 37°C in a humidified chamber. Sections were then washed
three times for 1 min in PBS and labeled with fluorescein
isothiocyanate by incubating in a solution containing 2.5 mgyml
avidin-f luorescein isothiocyanate in 4X saline-sodium citrate
buffer with 0.1% Triton X-100 and 5% powdered milk for 45 min
in the dark at room temperature. Sections were then washed
three times in PBS for 1 min and coverslipped in a solution
containing 1 mgyml p-phenylenediamine and 90% glycerol in
PBS. Positive control slides were prepared by incubating sections
in 10 unitsyml DNase I for 20 min at 37°C after treatment with
proteinase K. Histofluorescence was monitored with a Zeiss
Axioskop microscope. Both the ISEL assays and the assessment
of the neurological damage were done blind.

Statistical Analysis. It has been reported (19, 20) and also ob-
served in our laboratory (data not shown) that there exists a
strong correlation between the seizure intensity and the extent
of neuronal damage; the low seizure scores (,50) produced no
or minimal neuronal damage. Therefore, mice with a final
seizure score of ,50 were eliminated from the study (three
wild-type and two Naip1-deleted mice). For the remaining
animals, ISEL-positive CA3 pyramidal neuron nuclei were
counted in each side of the brain in one section from each of the
four different levels sampled and the eight numbers were added
to give the total number of ISEL-positive nuclei. A one-way
analysis of variance was performed on the cell count and the
seizure score data using the SIGMAPLOT statistical package
(Jandel Scientific, San Rafael, CA).

Results and Discussion
There exists at least three transcriptionally and translationally
competent Naip loci in the mouse genome that have been
proposed to be expressed in a tissue-specific manner (14). The
Naip1 gene is expressed predominantly in the brain (21); con-
sequently, a replacement-type targeting vector designed to in-
activate Naip1 was constructed (Fig. 1A). Integration of the
targeting vector results in the deletion of a 1.8-kb fragment
containing exons 2 and 3 of the Naip1 gene. These exons encode
a critical portion of the BIR (baculoviral inhibitor of apoptosis
repeat) region, namely BIR1 and BIR2, a highly conserved
region common to all IAPs that is required for the interaction
with and inhibition of caspases (11). Of the 192 cells electropo-
rated with this construct, 47 tested positive for the targeted
Naip1 gene by Southern blot analysis of genomic DNA (Fig. 1B).
Chimeric mice generated from two independent targeted em-
bryonic stem cells transmitted the null allele to their offspring in
a Mendelian fashion. Heterozygous littermates were mated to
generate the Naip12y2 and Naip11y1 mice described here. The
mutant allele is characterized by an additional EcoRI site
created by the insertion of the IRES-lacZ cassette. Southern
blots of genomic DNA probed with an exon 1 clone revealed a
4.8-kb band in the case of Naip12y2 mice and a larger, 7.5-kb
band in Naip11y1 mice (Fig. 1C). The existence of multiple
copies of the Naip gene in the mouse and the lack of an antibody
that unambiguously recognizes endogenous murine NAIP ren-
ders Western blot analysis unsuitable for confirming the absence
of Naip1 in null animals. We have therefore used reverse
transcription-PCR analysis with primers specific to Naip1 (21) to
confirm the absence of Naip1 mRNA in the brains of the
Naip12y2 animals (Fig. 1D).

Naip12y2 mice appeared normal and exhibited no consistent
histological or morphological abnormalities. Appearance, sex
ratios, litter size, and weight gain of Naip12y2 mice were
similar to their Naip11y1 littermates. In addition, brain sizes
were indistinguishable between the two groups of animals,
suggesting no gross neuronal loss (Table 1). Finally, extensive
examination of behavior and spatial learning, including sen-
sory and motor function tests, 24-hr activity, roto rod tests, the
Morris water test, and nest building revealed no significant
differences between the Naip2y2 animals and their wild-type
littermates (data not shown). These results indicate that the
targeted disruption of Naip1 does not have any adverse effect
on the development and proper function of the mouse CNS.
The presence of multiple Naip homologs in mice makes it
impossible to know whether the observed functional redun-
dancy devolves from the other intact Naip loci, non-NAIP
genes, or a combination thereof.

We next investigated if Naip1 expression is essential for
neuronal survival in pathological conditions. Peripheral admin-
istration of the L-glutamate analog KA to rodents leads to a
characteristic seizure activity that is followed by specific excito-
toxic neuronal damage within the limbic system. KA binds to
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members of both the a-amino-3-hydroxy-5-methyl-4-isoxazole-
4-propionic acid and the kainate classes of glutamate receptors
(22) and elicits prolonged depolarization in cells expressing these
receptors. Although cells directly affected by KA may undergo
extensive swelling and elevation of intracellular calcium ions,
most of the damage elicited by KA is an indirect effect mediated
by the limbic seizure activity characteristic of KA administration.

The protracted depolarization is believed to result in an excito-
toxic cell death (23). The widespread pattern of neuronal
damage that follows KA administration in rats has been well
characterized and includes areas in the olfactory cortex, amyg-
daloid complex, hippocampus, and related parts of the thalamus
and neocortex (24). In contrast, damage of the murine CNS is
chiefly restricted to the hippocampus with the CA3 and occa-
sionally CA1 regions being affected (19). KA-induced seizures
are used as a model system of human temporal lobe epilepsy due
to the behavioral and pathological similarities (25). Although
excitotoxic cell death differs from apoptosis, in many respects the
two processes share several common features (26). Significantly,
activation of caspase 3 following KA injection has been observed
in the selectively vulnerable hippocampal regions (CA3 and
CA1), suggesting a role for this member of the proapoptotic
cysteine protease family (27, 28). Thus, an antiapoptotic protein
that inhibits caspase 3 directly such as NAIP might be expected
to reduce KA-induced excitotoxic cell death.

To test the hypothesis that Naip1 is required for neuronal
apoptotic resistance, we subjected Naip12y2 and wild-type mice

Fig. 1. Schematic diagram of the targeted disruption of the Naip1 gene in mice. (A) The structure of the 59 end of the mouse Naip1 locus, targeting vector
pKO.naip1, and the targeted Naip1 allele are shown. Solid boxes indicate exons; restriction sites are indicated by vertical black lines (E, EcoRI; RV, EcoRV; S, SstI).
The position of the probe used for the genomic Southern blot analysis is indicated by the black box, and the positions of reverse transcription-PCR primers are
indicated by arrowheads. (B) Southern blot analysis of EcoRI-digested genomic DNA from embryonic stem cells indicates the presence of the targeted (4.8 kb)
and the wild-type (7.5 kb) alleles. (C) Southern blot analysis of EcoRI-digested genomic DNA from homozygous mutant (2y2), hetorozygous (1y2), and wild-type
(1y1) Naip1 mice (line 249). (D) Reverse transcription-PCR analysis of brain mRNA for Naip1-null and wild-type mice. Naip1-specific PCR primers (21) were used
to amplify Naip1 cDNA between exons 1 and 4. The 200-nt fragment of actin was amplified as a positive control.

Table 1. The effect of targeted deletion of Naip1 gene on
selected parameters

Naip12/2 Naip11/1

Body weight, g 21.38 6 2.66 21.21 6 2.83 (n 5 46)
Brain weight, g 0.46 6 0.06 0.47 6 0.02 (n 5 10)
Average litter size 5.75 6 1.56 5.82 6 1.90 (n 5 46)
Sex ratio (M/F) 23/23 24/22 (n 5 46)

The average value for each characteristic 6 SD for the distinct Naip geno-
types is shown. No significant differences were observed (P . 0.1, one-way
ANOVA).
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to a single i.p. injection of KA (45 mgykg). KA produced limbic
seizures with comparable intensity irrespective of their Naip1
status (Table 2), suggesting that the mechanism underlying
seizure generation is independent of Naip1. ISEL-positive nuclei
were observed only in pyramidal neurons of the CA3 subfield in
the hippocampus in both groups of animals, and the remainder

of the CNS appeared normal. In contrast to the similar seizure
scores, there was a marked difference in the level of neuronal
death as indicated by DNA fragmentation with a 2.5-fold
increase in the number of ISEL-positive cells observed in
Naip12y2 mice when compared with their wild-type littermates
(Fig. 2).

We have previously shown an up-regulation of NAIP in a
number of CNS structures, including the hippocampus, fol-
lowing global ischemia in the rat. Moreover, expression of an
adenoviral NAIP transgene in the rat hippocampus confers
enhanced apoptotic resistance following global ischemia (13).
Endogenous Naip1, including potentially its up-regulation,
would therefore appear to form a central component of the
neuronal survival of this vulnerable region based on our results
showing a marked enhancement of cell death induced by KA
in the absence of Naip1. Given the role caspase 3 is proposed
to play in mediating neuronal death in kainate toxicity and the

Table 2. The effect of Naip1 deletion on seizure severity after
kainate administration

Naip12/2 Naip11/1

Seizure score 66.3 6 21.1 (n 5 11) 66.5 6 15.0 (n 5 14)

The behavioral response to KA injection was assessed as described in
Material and Methods. The average seizure score 6 SD for each group of
animals is shown. No significant differences were observed among the two
genotypes (P . 0.1, one-way ANOVA).

Fig. 2. Targeted disruption of Naip1 gene sensitizes CA3 neurons to KA-induced cell death. (A) Histopathologic changes in the CA3 region of dorsal
hippocampus 72 hr after KA treatment (45 mgykg; i.p.) of Naip1-deleted and wild-type mice. ISEL-positive CA3 neurons were detected as described in Material
and Methods. Typical sections are shown. (B) Number of ISEL-positive CA3 neurons in the dorsal hippocampus differs between Naip1-deleted (n 5 11) and
wild-type (n 5 14) mice. Cryostat sections from four different levels of the hippocampus in both hemispheres were ISEL-stained and the number of ISEL-positive
CA3 pyramidal neurons nuclei was summed for each mouse [mean 6 SD; *, P , 0.005 (one-way ANOVA)].
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recently documented caspase 3–NAIP inhibitory interaction, it
may be that the NAIP antagonism of the caspases is critical for
neuronal survival in this vulnerable region of the hippocam-
pus. This would suggest that pharmacological interventions
that maintain or up-regulate NAIP expression may confer a
clinically beneficial neuroprotection.
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