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Calcium-independent group VIA phospholipase A2

(iPLA2�), encoded by PLA2G6, has been shown to be
involved in various physiological and pathological
processes, including immunity, cell death, and cell
membrane homeostasis. Mutations in the PLA2G6
gene have been recently identified in patients with
infantile neuroaxonal dystrophy (INAD). Subsequently,
it was reported that similar neurological impair-
ment occurs in gene-targeted mice with a null muta-
tion of iPLA2� , whose disease onset became apparent
approximately 1 to 2 years after birth. Here, we re-
port the establishment of an improved mouse model
for INAD that bears a point mutation in the ankyrin
repeat domain of Pla2g6 generated by N-ethyl-N-ni-
trosourea mutagenesis. These mutant mice developed
severe motor dysfunction, including abnormal gait
and poor performance in the hanging grip test, as
early as 7 to 8 weeks of age, in a manner following
Mendelian law. Neuropathological examination re-
vealed widespread formation of spheroids contain-
ing tubulovesicular membranes similar to human
INAD. Molecular and biochemical analysis revealed

that the mutant mice expressed Pla2g6 mRNA and
protein, but the mutated Pla2g6 protein had no
glycerophospholipid-catalyzing enzyme activity.
Because of the significantly early onset of the dis-
ease , this mouse mutant (Pla2g6-inad) could be
highly useful for further studies of pathogenesis
and experimental interventions in INAD and neu-
rodegeneration. (Am J Pathol 2009, 175:2257–2263; DOI:

10.2353/ajpath.2009.090343)

Phospholipases A2 (PLA2) are a diverse group of en-
zymes that catalyze the hydrolysis of sn-2 fatty acid sub-
stituents to yield a free fatty acid and a 2-lysophospho-
lipid. PLA2s are classified into various groups on the
basis of Ca2� requirement and sequence homology.
These include secretory PLA2s, the group IV cytosolic
PLA2s, and the group VI Ca2�-independent (i) PLA2s.1

The group VIA iPLA2, designated iPLA2� and encoded
by the PLA2G6 gene, is an 85- to 88-kDa cytosolic PLA2

whose amino acid sequence includes eight N-terminal
ankyrin repeats, a caspase-3 cleavage site, an ATP-binding
domain, a serine lipase consensus sequence (GXSXG), a
bipartite nuclear localization sequence, and a C-terminal
calmodulin-binding domain.2 iPLA2� does not require Ca2�

for its catalytic activity and is suggested to play important
roles in remodeling of membrane phospholipids, signal
transduction, cell proliferation, and apoptosis.2
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Recently, it has been shown that a genetic defect in
PLA2G6 leads to a human disease. In fact, mutations in
the PLA2G6 gene were identified in patients with a rare
neurodegenerative disorder of humans, infantile neuro-
axonal dystrophy (INAD).3,4 INAD usually begins within
the first few years of life and leads to progressive impair-
ment of movement and cognition. The pathological hall-
mark of the disease is the presence of large spheroids
containing accumulated material primarily located in dis-
tal axons and nerve terminals.5,6 These pathological
changes are widely distributed throughout the brain and
are also often found in peripheral nerves. A common
feature of spheroids characterized by electron micros-
copy studies is the accumulation of membranes with
tubulovesicular structures.7

Morgan et al3 identified a total of 44 unique PLA2G6
mutations in patients with INAD. Mutations were present in
both alleles in all but one patient. In a few patients, there
were early frameshift and stop codon mutations, which
seemed to cause a complete loss of iPLA2� protein and
function. However, the rest (32 patients) had missense mu-
tations distributed throughout the gene ,causing single
amino acid substitutions. Several patients had the mutation
in the serine lipase consensus sequence (GXSXG), but
most of the patients had the mutation in various regions
independent from the lipase domain. Therefore, the precise
mechanism of how mutation of PLA2G6 causes the neuro-
degenerative disease is obscure.

N-Ethyl-N-nitrosourea (ENU) is a mutagen that randomly
induces point mutations throughout the genome. ENU mu-
tagenesis has been widely used for generating mouse mu-
tants.8 In a standard ENU mutagenesis regimen, we have
found a mouse mutant that showed a gross appearance of
motor dysfunction developing as early as 7 to 8 weeks of
age in a recessive inherited manner. Using an outcross
backcross breeding scheme and subsequent chromo-
somal mapping, we identified the chromosomal location of
the affected region. Sequencing a candidate gene in the
mutant mouse allowed us to identify the causative mutation
as a point mutation in the ankyrin repeat of Pla2g6 causing
an amino acid substitution. Biochemical analysis of the mu-
tated Pla2g6 protein showed that the point mutation in the
ankyrin repeat leads to a compete loss of enzyme activity of
Pla2g6. Because of the early onset of the disease induced
by the point mutation, which is often observed in most of
patients with INAD, this mouse mutant seems exceedingly
useful to elucidate the mechanism of neurodegeneration
underlying INAD and to study a novel therapeutic strategy
for neurodegenerative disease including INAD and Parkin-
son’s disease.

Materials and Methods

ENU Mutagenesis, Breeding of Mice, and
Screening for Mouse Mutants

ENU mutagenesis was performed as described previ-
ously.9 In brief, we injected ENU (Sigma-Aldrich, Japan,
Tokyo) i.p. into C57BL/6J Jcl (B6) male mice (Japan
CLEA, Tokyo, Japan) at 8 to 10 weeks of age with body

weight of 85 mg/kg. The injections were performed twice
at weekly intervals. The injected male mice were mated
with wild-type B6 female mice by an in vitro fertilization-
embryo transfer procedure after a sterile period (approx-
imately 10 to 11 weeks) to produce the first generation
(G1) offspring. The G1 male mice were mated again with
wild-type B6 female mice to obtain the second generation
(G2) harboring the ENU mutation at a 50% ratio of the first
generation. The third generation (G3) was made by G2
sib-mating. Every reproduction step was done by in vitro
fertilization-embryo transfer to obtain a large number of
offspring at the same developmental stage. Because the
estimated incidence of homozygote offspring in G3 was 1
of 16, more than 48 mice were produced in a pedigree at
the same birthday. We screened approximately 100 G3
mice every week with a comprehensive set of phenotype
assays including behavioral tests, blood tests, and mea-
surement of locomotor activity in their home cages.9

Chromosomal Mapping and Sequencing of the
Candidate Gene

Chromosomal mapping was based on an outcross of
homozygous mutant mice (B6) to C3H (Japan CLEA)
followed by a subsequent brother-sister mating.9 A ge-
nome-wide microsatellite marker panel was applied to
pooled tail DNA from 51 mutant mice to determine the
chromosomal location.10 Dideoxy sequencing of Pla2g6
was performed on an ABI 3100 Genetic Analyzer (Ap-
plied Biosystems Japan, Tokyo, Japan).

Behavioral Analysis

The hanging grip test was performed by placing a mouse
on a plastic plate with round holes (Ø 7 mm with a 9-mm
pitch) and then turning the plate upside down at a height
of �20 cm above the cage floor. The time that elapsed
until the animal fell was recorded three times and the
cutoff time was set at 30 seconds. Footprint patterns were
obtained by painting the hindpaws with ink.

Histochemical Analysis

Mice were anesthetized with a lethal dose of pentobarbi-
tal sodium and transcardially perfused with 0.1 M phos-
phate buffer, pH 7.4, followed by 4% paraformaldehyde
in 0.1 M phosphate buffer. Tissues including the brain
and spinal cord were dissected and immersion-fixed in
the same fixative overnight. After embedding in paraffin,
6-mm sections were prepared and stained with H&E. For
electron microscopy, the animals were transcardially per-
fused with 0.1 M phosphate buffer, followed by 3% glu-
taraldehyde in 0.1 M phosphate buffer. Tissues were
processed as described11 and embedded in Epon 812
(Polysciences, Warrington, PA). Semithin sections were
stained with toluidine blue for viewing under the light
microscope. Ultrathin sections were stained with uranyl
acetate and lead citrate and examined under a Hitachi
H-7500 electron microscope.
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PCR, Western Blot Analysis, and
Lipid-Catalyzing Activity

cDNA was prepared from brain samples with SuperScript
III reverse transcriptase (Invitrogen, Carlsbad, CA), and
real-time PCR was performed with an ABI 7300 system
using commercially obtained primers (Applied Biosys-
tems, Foster City, CA). Point and deletion mutations of
Pla2g6 were generated using PCR-mediated site-di-
rected mutagenesis. All Pla2g6 sequences were con-
firmed by sequence analysis. Immunoblot analysis was
performed as described previously12 using a polyclonal
anti-Pla2g6 antibody (Cayman Chemical, Ann Arbor, MI).
Lipid-catalyzing activity was determined as described
previously13 using 0.02 �Ci of L-�-dipalmitoyl[2-palmi-
toyl-1-14C]-phosphatidylcholine (Perkin-Elmer Life and
Analytical Sciences, Waltham, MA).

Results

In the G3, we recognized that several mice (�6%) devel-
oped severe gait difficulty before 10 weeks of age. Our
initial pathological test suggested the existence of neu-
rodegenerative disease in these mice. Analysis of DNA
pools from B6/C3H � B6/C3H hybrid mutants (n � 51)
detected homozygosity for B6 DNA only in a 2.0-cM

interval around the D15SNP25 marker (Supplemental Ta-
ble S1, see http://ajp.amjpathol.org). This interval includes
Pla2g6, which has been recently reported as the caus-
ative gene for human INAD. In fact, sequencing of Pla2g6
in the mutant mice revealed a G to A transition at 1117
base (Figure 1A), leading to a nonconservative amino
acid exchange from glycine (G) to arginine (R) at position
373 (Universal Protein Resource Database, http://www.
uniprot.org/uniprot/P97819, for mouse Pla2g6). This mu-
tation is localized in the ankyrin repeat of Pla2g6, the
mutation (G to R at the ankyrin repeat) that was also
identified in patients with INAD3 (the patients developed
early disease as did other patients with INAD; S. Hayflick,
Oregon Health & Science University, personal communi-
cation). Therefore, we designated this mutant the Pla2g6-
inad mouse. After the genotyping, heterozygotes of
Pla2g6-inad were randomly mated, and 96 offspring were
genotyped and observed. All of the homozygotes devel-
oped the motor dysfunction with a frequency of �25%
(Figure 1, B and C), in accordance with a recessive
pattern of inheritance and Mendelian law. Heterozygote
littermates showed no gross abnormality compared with
wild-type mice even when observed over 18 months.

Within several weeks after birth, the Pla2g6-inad ho-
mozygotes displayed no apparent evidence of motor
impairment but gradually developed abnormalities in gait

Figure 1. Mutation in the coding region of
Pla2g6 induces motor dysfunction that begins at
7 to 8 weeks old. A: Sequencing of Pla2g6
revealed a G to A transition leading to a non-
conservative amino acid exchange at position
373 from glycine (G) to arginine (R). B: Het-
erozygotes were randomly mated, and 96 off-
spring were genotyped and observed. Numbers
(and percentage) of mice that developed the
motor dysfunction are indicated. C: Representa-
tive photograph of the Pla2g6-inad mutant at 12
weeks of age. The arrow represents muscle
atrophy in the lower body. D: Representative
footprint patterns of Pla2g6-inad heterozygotes
and homozygotes at 15 weeks of age. E: Results
of hanging grip test. Wild-type (n � 25), hetero-
zygote (n � 66), and homozygote mice (n � 26)
were tested as described in the Materials and
Methods. The mean time for two trials was plot-
ted against age.
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and movement. By the age of 7 to 8 weeks, all of the
homozygotes started to display abnormal movement,
particularly in their hindlimbs, which developed progres-
sively thereafter. The footprint patterns of 12-week-old
homozygotes indicate that they dragged their hindlimbs
when walking and had an irregular stride, although het-
erozygotes showed normal gait (Figure 1D). When motor
dysfunction was assessed by the hanging grip test, the
homozygotes started to show the impairment by 7 weeks
of age, and all of the homozygotes older than 10 weeks of
age could not hold their body on the inverted plate (Fig-
ure 1E), whereas the heterozygotes and the wild-type
mice showed no abnormality in this test. The motor im-
pairment got more severe with aging, and all of the ho-
mozygotes became emaciated and died before 18
weeks of age. Older (�18-month-old) heterozygotes and
wild-type littermates showed no difference in this test (not
shown).

In pathological studies, the Pla2g6-inad homozygotes
showed neurogenic group atrophy in their hindlimb mus-
cles (Figure 2A), suggesting the existence of neurode-
generation. In fact, we found numerous spheroid forma-
tions throughout the central nervous system. When
16-week-old homozygotes were examined, the spheroids
were prominently observed in gracile and cuneate nuclei
of the brainstem as in human INAD14 (Figure 2, B–D) but
were also detected in cerebral cortex (not shown), thal-
amus (Figure 2F), substantia nigra (not shown), trigemi-
nal motor nucleus (Figure 2G), cerebellar dentate nu-
cleus (Figure 2, H and I), lumber spinal anterior horn
(Figure 2, J and K), lumber corticospinal tract (Figure
2M), and lumber posterior funiculus (Figure 2, N and O).
Electron microscopic investigation revealed that the
spheroids contained tubulovesicular structures, vacu-
oles, vesicles, mitochondria, and amorphous matrix (Fig-
ure 2, C, D, I, K, and O), whereas the nerve cell bodies in
the spheroid-containing region seemed intact (Figure 2,
E and L). These structural features are remarkably similar
to those reported in human INAD.15 Young heterozygotes
and wild-type littermates showed no abnormality in these
pathological examinations. Even when 18-month-old het-
erozygotes and wild-type littermates were examined, only
a few spheroid formations in gracile and cuneate nuclei
were observed in both (data not shown), which seemed
to be due to the normal aging process.

The precise mechanism of how the dysfunction of
PLA2G6 leads to INAD phenotype has not been clarified.
To gather the information for elucidating the mechanism,
we performed molecular and biochemical analysis of
mutated Pla2g6. Brain tissues from Pla2g6-inad homozy-
gote expressed Pla2g6 mRNA and protein irrespective of
their age, detected by RT-PCR and Western blotting,
respectively, as heterozygotes and wild-type littermates
(Figure 3, A and B). We then examined whether mutated
Pla2g6 protein has enzyme activity catalyzing glycero-
phospholipid. Brain tissues were obtained and homoge-
nized in a homogenate buffer including leupeptin, apro-
tinin, and phenylmethylsulfonyl fluoride, and the solution
was subjected to the lipase assay. Unfortunately, we
could not detect any differences between homozygotes,
heterozygotes, and wild-type littermates in this analysis

(not shown), presumably because there are numerous
other phospholipase activities in the homozygote sam-
ples. Therefore, we prepared recombinant Pla2g6 pro-
teins and assessed their lipase activities (Figure 3C). The
full-length but not the deletion mutant, which lacks the
lipase domain of Pla2g6 (Pla2g6 �463–467) showed sig-
nificant catalyzing activity (Figure 3D). Mutated Pla2g6,
whose 1117 base has been transitioned from G to A,
causing G373R amino acid exchange, showed no en-
zyme activity (Figure 3D). These results strongly suggest
that Pla2g6 protein exists in the homozygote but its cat-
alytic activity is lost.

Discussion

Subsequent to the clinical reports indicating that PLA2G6
is the causative gene for human INAD,3,4 two indepen-
dent research groups reported that the iPLA2�-null mu-
tant (iPLA2� knockout [KO]) mice develop a neurode-
generative phenotype resembling that of INAD.16,17

Pathological examination showed spheroid formation
throughout the nervous system. Therefore, Pla2g6-lack-
ing and -mutated mice are primarily similar in terms of the
completed phenotype. However, disease onset in iPLA2�
KO mice is critically late: the KO mice did not exhibit
major neurological abnormality by the age of 1 year. After
this period, the KO mice gradually develop the neurolog-
ical abnormality, including motor dysfunction and spher-
oid formation. These results provided the evidence that
loss of iPLA2� protein causes the neuroaxonal degener-
ation, although the time course of the disease is different
from that of human INAD. In this regard, the Pla2g6-inad
mutant we reported in this study seems to closely reflect
human INAD, as the gene defect is point mutation, which
is detected in the ankyrin repeat, and disease onset
occurs in an early stage in the life span. Our Pla2g6-inad
mutant would be useful for further studies of pathogene-
sis and experimental interventions including screening
for drugs preventing neurodegenerative diseases.

The reason that the point mutation in Pla2g6 resulted in
earlier disease onset than the null mutation has not been
clarified, although similar cases are known for other
genes, eg, SOD1 for familial amyotrophic lateral sclero-
sis.18 Besides the lipase activity, Pla2g6 is known to
interact with other molecules and contribute to signal
transduction.2 Because mutated Pla2g6 protein existed
in the homozygote, it may play a dominant-negative role,
by which some intracellular signaling important for cellu-
lar homeostasis may be strongly inhibited and neurode-
generation was accelerated. Another possible expla-
nation is that the G373R mutation may disrupt an
alternatively spliced shorter isoform of Pla2g6, as the
gene has been reported to undergo extensive alternative
splicing generating multiple isoforms, which substantially
modulate the PLA2 activity.19

In this study, we could not formally exclude the possi-
bility that there is an additional mutation in a neighboring
gene of Pla2g6. According to the initial chromosomal map-
ping (Supplemental Table S1, see http://ajp.amjpathol.org)
and the results of mating of 93 heterozygotes (Figure 1B),
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Figure 2. Neuropathological changes in the 16-week-old Pla2g6-inad mice. Photomicrographs of femoral muscle (A), gracile nucleus (B–E), thalamus (F),
trigeminal motor nucleus (G), cerebellar dentate nucleus (H and I), lumber spinal anterior horn (J–L), lumber corticospinal tract (M), and lumber posterior
funiculus (N and O). H&E (A, B, F, G, and H)- and toluidine blue (J, M, and N)-stained light micrographs and electron micrographs (C, D, E, I, K, L, and
O). Arrows indicate spheroid formation. Electron microscopically, spheroids contain tubulovesicular structures, vacuoles, vesicles, mitochondria, and
amorphous matrix (C, D, I, K, and O). The nerve cell bodies in gracile nucleus (E) and spinal anterior horn (L) appear normal. Representative data from
three experiments.
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the range of the affected region was estimated to be less
than 1.5 cM and contain �38 genes (Genes & Markers
Query, Mouse Genome Informatics, The Jackson Labo-
ratory, Bar Harbor, ME). Subsequently, we have obtained
at least 175 homozygotes and observed complete coin-
cidence of the genotype and phenotype (data not
shown), data that further narrowed down the region. On
the other hand, neighboring this region in chromosome
15 are N-acetylglucosaminidase and arylsulfatase, which
have been reported to be highly related with the devel-
opment of neurodegeneration.20,21 We have sequenced
these genes in the Pla2g6-inad mice but failed to find any
mutation (data not shown). Given this information, the
possibility of the second mutation seems to weaken.
However, further genetic investigation will be needed to
precisely resolve this issue.

In the iPLA2� KO mice, an acceleration in age-related
changes in bone morphology is observed, which became
apparent at 6 months of age.22 We also detected similar
changes in the bone morphology in Pla2g6-inad mutant.
At least 12-week-old or older mutants showed decreases

in both cortical and trabecular bone volume (Supplemen-
tal Figure S1, see http://ajp.amjpathol.org). Therefore, var-
ious phenotypes observed in iPLA2� KO mice such as
insulin secretion deficiency23 or insufficient spermatogo-
nia24 may also be expressed in the Pla2g6-inad mutant
with early onset. Thus, use of the Pla2g6-inad mutant may
accelerate research regarding iPLA2�. Furthermore, we
found that Pla2g6-inad mutants have severe thymic atro-
phy because of an almost complete loss of CD4CD8
double-positive thymocytes (Supplemental Figure S2,
see http://ajp.amjpathol.org). Therefore, critical further in-
vestigation of the Pla2g6-inad mutant may contribute to
elucidating a novel disease phenotype in INAD and also
etiology of the intractable neurodegenerative disease.
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