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Bax/Bak-independent Cell Death

as wild type cells (26). The excitotoxic cell death has both
necrotic as well as apoptotic features (27), and some excito-
toxins induce nitric oxide production, which can cause cell
death with apoptotic features (28). In excitotoxic death of
cerebellar granule cells, novel apoptotic mechanisms, which
are Bax/Bak-independent, might be activated.

In conclusion, we demonstrated the existence of a novel

mechanism of cytochrome c release that involves a serine pro-
tease(s) but not the mPT or Bcl-2 family proteins.
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INTRODUCTION

Cyclophilins belong to a ubiquitous protein family that
catalyses the reaction of peptidyl-prolyl cis-trans isomer-
ase (PPlase) on their ligand proteins, and they play a
crucial role in protein folding.1=3 Proteins in the cyclo-
philin family are found in a variety of organisms from
prokaryotes to eukaryotes, including humans.? Five iso-
forms are known among human cyclophlins.>® One of
these isoforms, cyclophilin D (CypD), is a mitochondria-
specific cyclophilin.2 CypD is known to play a pivotal
role in mitochondrial permeability transition (MPT),
which leads to the loss of mitochondrial membrane
potential (AW), mitochondrial swelling, ‘rupture of the
outer membrane, and finally necrotic cell death.” CypD
knock-out mice do not have any detectable phenotypic
anomalies, but they resist ischemia/reperfusion-induced
injury in the heart3 and brain.10 Although the exact
target protein molecule for CypD PPlase activity is still
unknown, these findings reported to date have suggested
CypD as a potential drug target to treat cerebral and
myocardial infarctions.

An immunosuppressive compound, cyclosporin A
(CsA), is known to bind to the proteins of this family
and inhibits PPlase activity of cyclophilins and MpT.3 1
Several crystal structures of cyclophilin including that of
CypD have been determined,!2~14 but thus far, no struc-
tures of CypD complexed with ligands have been deter-
mined. It is essential to obtain structural information
about CypD-ligand interactions for the development of a

© 2007 WILEY-LISS, INC.

CypD-specific inhibitor as an anti-infarction drug.
Accordingly, we have determined the ultrahigh resolution
crystal structure of CypD in complex with CsA at 0.96-A
resolution.

MATERIALS AND METHODS

The human CypD expression system starting from
Gly2 was constructed as described by Schlatter et all4
The calculated molecular weight of this CypD recombi-
nant is 17.8 kDa. The gene was cloned into a pET-2la
vector (NOVAGEN) using the Ndel and BamHI restric-
tion sites, and a mutation of Lys133 into Ile was intro-
duced on the CypD gene. Expression was conducted in
Escherichia coli BL21(DE3) cells. Cell culturing and the
induction of CypD expression were also performed as
previously described.14 Purification was performed with
Hi-trap SP, RESOURCE Q, and Superdex 75 chromatog-
raphy instead of with the EMD COO™, Q-sepharose, and
EMD BioSEC columns used by Schlatter et all4 The
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supernatant of the cell homogenate was applied to a Hi-
trap SP column equilibrated with buffer A (100 mM
Tris-HCl at pH 7.8, 2 mM EDTA, and 2 mM DTT).
Bound CypD proteins were eluted with a gradient of

0-0.5 M NaCl. The CypD fractions were 'desalted with

dialysis against buffer A and applied onto a ResourceQ
column equilibrated with buffer A. CypD did not bind
to the column, and the flowthrough fraction was further
purified with a Superdex75 column equilibrated with
buffer B (50 mM potassium phosphate at pH 7.3, 100
mM NaCl, 2 mM EDTA, and 2 mM DTT). Thirteen
milligrams of CypD were harvested from 5 g of E. coli
cells.

For the crystallization, 25 mg/mL of purified CypD in
buffer B was used. CsA, isolated from the fungus Tolypo-
cladium inflatum, was purchased from CALBIOCHEM.
Two milligrams of CsA powder were incubated with 100
ML of CypD solution for 5 days in order to obtain the
CypD and CsA complex. The nondissolved CsA was
removed with a 0.22-pum filter. Rod-shaped crystals of
the complex were obtained within a day using 20% poly-
ethylene glycol 3350, 45 mM sodium-citrate buffer at pH
2.9 as a precipitant solution. The crystals were grown to
an approximate maximum rod-length of 1.0 mm.

The crystals were dipped in a cryoprotectant buffer
(35% polyethylene glycol 3350, sodium-citrate buffer at
pH 2.9) for ~10 s and were flash-frozen in a nitrogen
gas stream at 100 K. Two sets of diffraction data were
collected at the beamline NWI12A at Photon Factory,
Ibaraki, and at the beamline BL41XU at SPring-8, Hyogo,
Japan. The initial dataset was collected with a wavelength
of 1.000 A in Photon Factory. The crystal was exposed
for 1.0 s for 1.0° oscillation with a 0.5-mm aluminum
attenuator for the low-resolution dataset, and for 3.0 s
for 0.57 oscillation without the aluminum attenuator for
the high-resolution dataset. The images were integrated
with HKL20001° from 50 to 2.2 A and from 2.5- to
1.06-A resolution for the low- and high-resolution data-
sets, respectively. The merged data were phased with the
molecular replacement method using Molrep.1617 The
structure of human apo-CypD (PDB ID: 2BIT) was
employed as a search model. Model-building and refine-
ment were carried out using COOT!8 and REFMACS5,19
respectively.

The second dataset was collected at SPring-8 with a

0.1-s exposure for 1.0° oscillation with a 0.3-mm alumi--

num attenuator using a wavelength of 1.000 A X-ray for
the low-resolution dataset, and with a 0.4-s exposure for
0.5 oscillation without the aluminum attenuator, using a
wavelength of 0.85 A X-ray for the high-resolution data-
set. Integration was performed from 200 to 2.2 A and
from 2.5 to 0.96 A for the low- and high-resolution data-
sets, respectively. The integrated intensities were scaled
and merged into one dataset. Model building was carried
out based on the partially refined structure using the ini-
tial dataset at Photon Factory. The structure was finally
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Data statistics

Space group F212,2,
Unit cell (A) .
a 38.88
b 69.31
¢ 1121

Resolution (A) 200-0.96 (0.97-0.96)°

No. of observed reflections 501,337
No. of unigue reflections 180,558
Completeness (%) 97.7 (96.6)°
R merge (%) 5.9 (41.4)°
Hoth 186 (24)°
Refinement statistics
Crystallographic R (%) 153
Free R (%) 129
No. of reflection 171,367
No. of test reflection 9131
No. of atoms® 3528
CypD 2812
CsA 179
Selvents (waters/citrates) 537
Average B value 8.23
RMSD from ideal values
Bond fengths (A} 0.017
Bond angles {7) 1.826
Ramachandran plot
Favored {%} 84.7
Additional allowed (%) 14.6
Generously allowed (%) 0.7

"Values in parentheses are for the highest resolution shell.
"Atoms having alternate conformations are individually counted.

refined to crystallographic R- and Ry factors of 12.8%
and 15.3% by employing anisotropic B factors, respec-
tively. The coordinates and structural factors were depos-
ited with the protein data bank under ID 2Z6W.

RESULTS AND DISCUSSION

Preparation of the crystallization sample

A K133I mutant of human CypD, ins;ead of the wild-
type enzyme, was employed to obtain the present crystal
of the CypD-CsA complex, because it was reported that
this mutant’ showed the reasonable solubility in water
and the similar activity with the wild-type enzyme, and
afforded crystals suitable for the X-ray work.14

CsA shows low solubility for water. CsA is usually
soluble in organic solvents such as DMSO and ethanol,
which are unsuitable for protein crystallization. We there-
fore prepared the CypD-CsA complex without the use of
organic solvents, and instead utilized the high solubility
of CypD in water and its strong affinity to CsA.

The addition of a small amount of CsA in ethanol to
the aqueous CypD solution resulted in the immediate
formation of white precipitants. This precipitation might
have been CsA, the solubility of which is very low in
water. However, the precipitation disappeared after 3
days of incubation. This result implied that CsA was

DOI 10.1002/prot
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a7

soluble in the aqueous CypD solution, and that the
CypD-CsA complex could be formed by the incubation
of a CypD solution with CsA powders. In order to drive
all CypD molecules in the solution to form a complex
with CsA, excess CsA was added to the aqueous CypD
solution and the mixture was incubated for 5 days. As
described in the following paragraph, the crystal structure
indicated that the CypD-CsA complex was successfully
formed according to this protocol, which can be applied
for the crystallization of protein-ligand complexes with
various water-insoluble ligands.

Structure determination

The structure of the CypD-CsA complex was refined at
0.96-A resolution; the present resolution is the highest

DOI 10.1002/prot

among those of known Cyp crystal structures. As the
highest resolution of previously known Cyp-complex
structures was 1.5 A,20 the present structure provides
additional details regarding the mode of binding between
Cyp and CsA. The present crystals belong to the ortho-
rhombic space group P2,2,2, with the unit cell dimen-
sions of a = 40.71 A, b = 72.97 A, and ¢ = 112.0 A
The present crystal form differs from that of the apo-
CypD crystals (P4,2,2).14 Two CypD-CsA complexes are
found in an asymmetric unit of the present crystal; the
Matthews coefficient, V;,, and the solvent content are
calculated to be 2.0 A>/Da and 38.2%, respectively. Multi-
conformations are assigned for 42 amino acid residues in
the structural model, among a total of 328 amino acid
residues of the two CypD molecules in an asymmetric
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unit. The data collection and refinement statistics are
summarized in Table 1.

Overall structure

The structure of human CypD is composed of eight
B-strands, two a-helices, and one 3,, helix [Fig. 1(A)],
and this structure is similar to that of the other known

cyclophilin structures. The RMSDs between the Ca atoms .

of the present structure and those of CypA-CsA, CypB-
CsA, CypC-CsA, and CypE(apo) are 0.50 A (for 164
atoms), 0.67 A (159 atoms), 0.68 A (158 atoms), and
0.68 A (161 atoms), respectively.

The F,-F. map phased only with the CypD structure
showed additional clear electron densities corresponding
to the CsA molecule, confirming that the crystal was
composed of the CypD-CsA complex [Fig. 1(B)}. The
averaged B-factors of CypD and CsA are 6.7 A* (2812
nonhydrogen atoms) and 6.5 A’ (179 nonhydrogen
atoms), respectively. This suggests that the CsA molecule
is rigidly bound to the CypD molecule to form the stable
CypD-CsA complex. This finding is consistent with the
very strong affinity of CsA to CypD (Kp= 13.4 nM).14
The CypD structure in the present complex is very simi-
lar to that of apo-CypD (RMSD of Ca = 0.48 A for 164
atoms), suggesting that CypD does not need to undergo
a conformational change in order to bind with CsA, in
spite of the fact that CsA (1.2 kDa) has one-fifteenth of
the molecular weight of CypD (17.8 kDa).

The mutated Ilel33 was involved in the important
intermolecular contacts in the apocrystal.14 1n the pres-
ent crystal composed of two CypD-CsA complexes in an
asymmetric unit, one of the two CypD complexes makes
no contact with the other complex via Ile133, but Ile133
on the other CypD molecule is directly involved in the
intercomplex interaction. Therefore, wild-type CypD is
not considered to form the present crystal packing
arrangement found in the case of apo-CypD.

Binding with CsA

The binding mode of CsA with CypD is shown on Fig-
ure 1(C). One-half of CsA residues (Sar3-Dal8) is
exposed to the solvent region and the other half (Bmtl,
Aba2, and Mle9-Mvail) is buried in the CypD molecule.
Since CsA is a cyclic peptide composed of hydrophobic
residues, the molecule interacts with CypD primarily via
hydrophobic contacts. Hydrogen bonds are formed only
using main-chain N and O atoms of CsA [Fig. 1(C)].

The amino-acid sequence identities of CypD with
CypA, CypB, CypC, and CypE are 75%, 61%, 58%, and
67%, respectively. These highly conserved residues are
distributed across the molecular surface, as shown in Fig-
ure 1(D). All residues in contact with CsA are completely
conserved in all human cyclophilins. The PPlase active
site is known to be located at the bottom of the CsA
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binding site. Residues Ser39, Ser81, Arg82, Ilel17, Lys148,
and Ser149 of CypD are located around the CsA binding
site, and they are not well conserved in the other cyclo-
philins (CypA, CypB, CypC, and CypE). These residues
are thought to specifically recognize the ligand proteins.
Molecules that bind to these residues could be a leading
compound as CypD-specific inhibitors, and they may
therefore serve as potential targets for the development
of anti-infarction drugs.
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Calcium-independent group VIA phospholipase A, (iPLA,p) is considered to play a role in signal transduction and maintenance of
homeostasis or remodeling of membrane phospholipids. A role of iPLA, has been suggested in various physiological and pathological
processes, including immunity, chemotaxis, and cell death, but the details remain unclear. Accordingly, we investigated mice with
targeted disruption of the iPLA,B gene. iPLA,8™'" mice developed normally and grew to maturity, but all showed evidence of severe
motor dysfunction, including a hindlimb clasping reflex during tail suspension, abnormal gait, and poor performance in the hanging wire
grip test. Neuropathological examination of the nervous system revealed widespread degeneration of axons and/or synapses, accompa-
nied by the presence of numerous spheroids (swollen axons) and vacuoles. These findings provide evidence that impairment of iPLA,3
causes neuroaxonal degeneration, and indicate that the iPLA,8~'~ mouse is an appropriate animal model of human neurodegenerative
diseases associated with mutations of the iPLA,f3 gene, such as infantile neuroaxonal dystrophy and neurodegeneration with brain iron

accumulation.

Key words: phospholipase; neurodegeneration; neuroaxonal dystrophy; knock-out mouse; iPLA,; spheroid

Introduction

The phospholipases A, (PLA,) comprise a family of esterases that
hydrolyze the sn-2 ester bond in phospholipids to yield free fatty
acids and lysophospholipids. A number of PLA, isotypes have
been identified in mammals, and depending on their subcellular
localization and enzymatic properties, these are divided into
three major subfamilies, which are secretory PLA, (sPLA,), cyto-
solic Ca?*-dependent PLA, (cPLA,), and Ca”*-independent
PLA, (iPLA,) (Six and Dennis, 2000; Ma and Turk, 2001). The
sPLA,s are extracellular enzymes with alow molecular mass (~14
kDa) that require millimolar concentrations of Ca’* for activa-
tion. sPLA,s are thought to be potent mediators of inflammation
and also show antibacterial activity. In contrast, the cPLA,s are

intracellular enzymes that specifically target arachidonic acid at.

the si1-2 position of phospholipids. Their activity is regulated by
submicromolar levels of Ca**, and these enzymes are believed to
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play a pivotal role in the production of arachidonic acid metab-
olites, such as eicosanoids. The iPLA,s do not require Ca®* for
their catalytic activity and are suggested to be involved in remod-
eling of membrane phospholipids as well as in various cellular
signaling processes. In mammals, two iPLA, genes (iPLA, and
iPLA,7y) have been cloned (Tang et al., 1997; Mancuso et al.,
2000).

The physiological role of the PLA,s in the nervous system
remains largely unknown in mammals. To our knowledge,
there have been no previous reports about neurological dys-
function in PLA, knock-out mice. The iPLA,B gene is ex-
pressed in all regions of the mammalian brain and iPLA, is the
dominant PLA, activity in rat brain cytosol (Yang et al., 1999;
Balboa et al., 2002). Accumulated evidence suggests that
changes of phospholipids may be to associated with cell death,
including apoptosis and necrosis (caspase-independent cell
death) (Shinzawa and Tsujimoto, 2003), and may cause many
neurodegenerative diseases, including cerebral infarction and
Alzheimer disease (Farooqui et al., 2004). Moreover, it was
very recently reported that iPLA, gene mutations occur in
several human neurodegenerative disorders, such as infantile
neuraxonal dystrophy (INAD) and neurodegeneration with
brain iron accumulation (NBIA) (Khateeb et al., 2006; Mor-
gan et al., 2006), which are all pathologically characterized by
widespread development of axonal swellings (spheroids) in
the central and peripheral nervous systems, suggesting that
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impairment of iPLA,f is involved in the pathogenesis of neu-
roaxonal dystrophy.

To explore the physiological and pathological role of iPLA,j,
we generated iPLA,B~ /" mice. Here, we report that iPLA,B™~
mice developed motor dysfunction associated with prominent
formation of spheroids and vacuoles in axons and synapses
throughout the nervous system. These findings provide evidence
that impairment of iPLA,f causes neuroaxonal dystrophy.

Materials and Methods

Animal. The C57BL/6 mice used in this study were obtained trom Japan
SLC (Shizuoka, Japan). The experimental protocol was approved by the
Ethical Review Committee for Animal Experimentation of Osaka Uni-
versity Medical School.

In situ hybridization. An RNA probe was prepared by in vitro transcrip-
tion, as described previously (Matsuoka et al., 2002}, using digoxigenin

(DIG)-UTP and the pGEM-T easy plasmid vector (Promega, Madison,

WI) carrying 720 bases (1732-2452) of mouse iPLA, cDNA.

Brains, spinal cords, and dorsal root ganglia of the mice were dissected,
submerged in OCT Tissue-Tek mounting medium (Miles, Elkhart, IN),
and rapidly frozen at —40°C in 2-methyl-butane. Sections 7 pwm thick
were cut on a cryostat and mounted on Matsunami adhesive silane-
coated slides (Matsunami, Osaka, Japan). Refixation, acetylation, and
hybridization of the sections were performed as described previously
(Zhonget al., 2004). After washing three times with 50% formamide and
2X 8SC at 60°C, the sections were treated with blocking reagent for 30
min at room temperature, and then incubated with alkaline
phosphatase-conjugated anti-DIG antibody for 30 min. After washing
three times, the sections were incubated in 100 mm Tris-HCl, pH 9.5, 100
mM NaCl, 0.03% nitro blue tetrazolium, and 0.015% bromochloroindoyl
phosphate. Then, color development was stopped by incubation in PBS
containing 10 mm EDTA, after which the sections were treated in 100%
ethanol and xylene, and then embedded for microscopic observation.

Targeted disruption of the iPLA,B gene. A vector for disruption of the
iPLA,B gene was constructed using genomic DNA derived from 129/Sv
embryonic stem (ES) cells and the pMulti-ND-1.0 vector (Inoue et al.,
2005). Briefly, a 2.3 kb genomic fragment containing exon 10 and a 7.7 kb
genomic fragment containing exons 5-8 were inserted into the Pacl site
and the Clal site of the vector, respectively.

ES cells [clone D3 (p13GIRC)]} were transfected with the vector, and
neomycin-resistant clones were isolated. After screening 288 resistant
clones by PCR and subsequently by Southern blot analysis of Bglll-
digested genomic DNA using a probe A or a probe B, two ES cells lines
with disruption of the iPLA,f gene were obtained. These ES cells were
injected into C57BL/6 blastocysts to produce chimeric mice, which were
crossed with C57BL/6 mice to obtain iPLA,B*/™ F1 progeny. The litter-
mates obtained from pairing of iPLA,8%~ F2 mice were pooled and
used for this study.

Genotyping of inice by PCR and Southern blot analysis. Genomic DNA
was prepared from mouse tails. To amplify the wild-type and disrupted
iPLA B loci, the following primers were used: wild-type (349 bp), ATG-
GATCCGTGGTCTTCATCTACCTCCTCG and TGAGCCCAAT-
GCTAGGAATGTCCAATCAGG; disrupted iPLA,B locus (480 bp), TG-
GCGGACCGCTATCAGGACATAGCGTTGG and AGGTGGAGT-
GCAGGAACAAGGCCTATCAGG.

The PCR was performed using a Gene Taq (Nippon Gene, Tokyo,
Japan), with 32 cycles of 95°C for 30's, 63°C for 30 s, and 72°C for 1 min.
Southern blot analysis was performed using a Gene Images kit (GE
Healthcare Bio-Science, Piscataway, NJ). The probes were prepared by
PCR using a ANTP mixture containing fluorescein-11-dUTP and the
following primes: probe A (423 bp), GCCGGCCTGAACCAGGTAAA-
CAACCAAGGG and TGACCTGCCAAGCAGCAGACTCAAGAGCAG;
probe B (777 bp), TCAAGAAGGCGATAGAAGGCGATGCGCTGC and
TGAACAAGATGGATTGCACGCAGGTTCTCC. Hybridization, wash-
ing, and detection were performed according to the supplier’s protocol.

Western blot analysis. Testes obtained from male mice were homoge-
nized with radicimmunoprecipitation assay buffer (50 mm Tris-HCI, pH
7.4, 150 mm NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
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Figure1. /nsitu hybridization of iPLA, 3 mRNA in the nervous system. A~H, The patter of

iPLA, B mRNA expression in the cerebral cortex (4, B), the cerebellum (C, D), the spinal cord (E,
F), and the dorsal root ganglion (DRG} (G, H) of 7-week-old female mice. The antisense probe
detected signals in all cortical layers, except for layer |, of the cingulate (cg), the motor (mo)
cortex, and the somatosensory {ss) cortex, in the Purkinje cell layer (p!) and the granular layer
(g1}, but not the molecular layer (ml) of the cerebellum, in the dorsal {do) and ventral (ve) horns
of the spinal cord, and the soma-rich region of the DRG (so0). No signals were detected in the
corpus callosum (cc) or in the axon-rich region (ax) that contains mainly axons and oligoden-
drocytes (cc) or Schwann cells (ax). The sense probe was used as a negative control (B, D, F, H).
Scale bars: A~F, 500 um; G, H, 180 wm.

SDS, and protease inhibitor mixture). As described previously (Shinzawa
and Tsujimoto, 2003), immunoblot analysis was performed with a poly-
clonal anti-iPLA,f antibody (Cayman Chemical, Ann Arbor, MI) or a
monoclonal anti-e-tubulin antibody (clone B-5-1-2) (Sigma, St. Louis,
MO) and an HRP-conjugated secondary antibody using ECL Western
blotting detection reagents (GE Healthcare Bio-Science).

Behavioral analysis. The hanging wire grip test was performed by plac-
ing a2 mouse on a wire net and then turning the net upside down at a
height of ~20 cm above the cage floor to prevent the animal from easily
climbing down. The time that elapsed until the animal fell was recorded

_ three times and the cutoff time was set at 60 s. Footprint patterns were

obtained by painting the forepaws and the hindpaws with blue and red
ink, respectively.

Histochemical and imniunohistochemical analysis. Mice aged 95-103
weeks (iPLA,B™/*, one male and three females; and iPLA,8™/", three
males and four females), mice aged 56 weeks (iPLA.B*/", one female;
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Figure2, Targeting the iPLA,f3 gene. A, Diagram of the wild-type iPLA,[3 gene, the target-

ing construct, and the disrupted iPLA,3 allele. 8, C, Southern blot analysis of Bgfil-digested
genomic DNA from ES cell dones (8) and from the tails of iPLA,87/*, iPLA,B™/~, and
iPLA,B™/" mice (Q). The DNA probes used for Southern blot analysis were a probe A and B
containing exon 4 and neomycin resistance gene (neo), respectively. The iPLA, B+~ wild-type
allele generated a band of 10.9 kbp, whereas the disrupted allele yielded a 15.5 kbp fragment.
D, Westem blotting of testicular lysates with an anti-iPLA, 3 antibody (ce-tubulin was used as
the loading control).

and iPLA,B™/", four females), mouse aged 32 weeks (iPLA,37/", one
female), and mice aged 15 weeks (iPLAZB_/_, one male and one female)
were used for histological examination. After being treated with an over-
dose of sodium pentobarbital, each animal was perfused with PBS and
then 4% paraformaldehyde. The brain, spinal cord, and sciatic nerve
were removed from each mouse, immersed in the same fixative overnight
at 4°C, and then dehydrated and embedded in paraffin blocks. Then
4-pm-thick paraffin sections were prepared and stained with hematox-
ylin and eosin (H&E), Nissl, Luxol fast blue, periodic acid-Shiff (PAS),
Bielschowsky, or Berlin blue stain. Small pieces of sciatic nerves from
mice aged 95-103 weeks and the cerebral cortex and the dorsal part of the
cervical spinal cord from mice aged 56 weeks were fixed with 2.5% glu-
taraldehyde and processed to Epon blocks as described previously (Sumi
et al,, 2006). Transverse Epon sections, 1 um thick, of sciatic nerves were
stained with toluidine blue.

To perform immunohistochemistry, deparaffinized sections were
processed as described previously (Sumi et al., 2006). The antibodies
used were a mouse monoclonal antibody for phosphorylated neurofila-
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Figure 3.  Lower body weight and shorter lifespan of iPLA, 3™/~ mice. A, Body weight of
female iPLA,B™/* mice (n = 9), iPLA,B ™™ mice (n = 17),and iPLA,B ™/~ mice (n = 14)
at 91-100 weeks of age. Bars indicate the mean values. p values were calculated using the
Student's ttest. B, Survivalof femaleiPL4, B */* mice (n = 9),iPLA,B ™/~ mice {n = 20),and
iPLA,B ™"~ mice (n = 19). p values were calculated using the log-rank test, Results obtained
with male mice were virtually identical.

ment {Covance, Berkeley, CA) and rabbit polyclonal antibody for ubig-
uitin (Dako, Glostrup, Denmark). Hematoxylin was used to counterstain
the cell nuclei.

To estimate the total density of myelinated nerve fibers in the
sciatic nerve per unit area, three images of the large nerve fascicles
(100X objective, 62,080 wm?) were obtained with a digital camera
(VB-7010; Keyence, Osaka, Japan) attached to a light microscope
(Eclipse E800; Nikon, Tokyo, Japan), and the number of myelinated
fibers in the four images was counted in each mouse. To estimate the
area of the sciatic nerves, images of the whole nerve (10X objective)
were obtained with a digital camera attached to the light microscope,
and the areas of all nerve fascicles were measured using image analysis
software (VH-H1AS; Keyence). The total number of myelinated fi-
bers in the sciatic nerve was calculated from the density and the area.

Ultrathin sections of the cerebral cortex and the dorsal horn were cut
and stained with uranyl acetate and lead citrate, and were examined by
transmission electron microscopy (H-7650; Hitachi, Tokyo, Japan).
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Figure 4. Motor dysfunction in iPLA LB/~ mice. A, Representative photagraphs of an iPLA,B ™/ mouse (a~c) and an
iPLA,B ™"~ mouse {d-F) at 95 weeks of age. The iPLA,3 ™/~ mouse adopts a feet-clasping posture when suspended by the tail
{(d, e}, whereas the iPLA,B*/* mouse holds its hindlimbs outward to steady itself (a, b). The iPLA,B "~ mouse has a hunched
posture (f). 8, Representative footprint patterns of iPLA, 8™/~ and iPLA ,B " mice at 90 and 87 weeks of age, tespectively.
Forepaws and hindpaws were painted with blue and red ink, respectively. The iPLA,8 ™/~ mouse displays an irreqular stride and
dragging of the hindlimbs. €, D, Hanging wire grip test. , Female iPLA, 8™ mice (n = 9), iPLA,B™'" mice {1 = 17), and
iPLA,B™~ mice (n = 13} (91100 weeks old) were tested as described in Materials and Methods, and the total time for three
trials was plotted against body weight. D, Female iPLA,B3™/* mice {n = 23),iPLA,B™~ mice (n = 25), and iPLA,B ™~ mice
(n = 42) (15~55 weeks old) were tested. The total time for three trials was plotted against age.
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Results

Expression of iPLA,8 mRNA in the
nervous system

As described below, iPLA,8~/~ mice suf-
fered from neurodegeneration. Accord-
ingly, we performed detailed examination
of the pattern of iPLA 3 gene expression in
the nervous system by in situ hybridiza-
tion. Because of unavailability of suitable
anti-iPLA,f antibody, we were unable to
perform immunohistochemical analysis.
As shown in Figure 1A, every layer of the
cerebral cortex, except for layer I, was
stained by the antisense probe for the
iPLA,f3 gene, but not by the sense probe
(Fig. 1 B). No signals were detected in the
corpus callosum where axons and oligo-
dendrocytes are prominent. In the cerebel-
lum, weak iPLA,B gene expression was
seen in the granular layer, whereas there
was stronger expression in the Purkinje
cells (Fig. 1C). In the spinal cord, both dor-
sal and ventral horn neurons showed
strong expression of the iPLA,3 gene (Fig.
1 E). Moreover, dorsal root ganglion cells
showed somatic expression of iPLA,B, al-
though there was no expression in their
axons or in the Schwann cells (Fig. 1G).
Together, these results indicated that the
iPLA 3 gene was widely expressed by
neurons.

Generation of iPLA,8™~ mice

To evaluate the physiological role of
iPLA,B, we generated mice with targeted
disruption of the iPLA,B gene. As de-
scribed in Figure 2 A, a targeting vector was
designed, so that exon 9 (which encodes
the catalytic domain including the active
center amino acid residue, Ser 465) was
replaced by a neomycin resistance gene
(neo) cassette. Following the standard
procedure described in Materials and
Methods, two ES cell lines (9E and 12E)
with the disrupted allele were obtained
(Fig. 2 B) and then injected into blastocysts
to produce chimeric mice. One of the two
celllines (9E) transmitted the disrupted al-
lele to the germline. iPLA,B%/~ mice were
interbred to generate iPLA,B ™/~ mice and
their offspring were genotyped by PCR
and Southern blot analysis (Fig. 2C). The
absence of iPLA,B protein in iPLA,B™/~
mice was confirmed by Western blot anal-
ysis using testicular lysates (Fig. 2 D), indi-
cating that the disrupted allele was a null
mutation. The ratio of offspring with each
genotype was in accordance with the
Mendelian rule (iPLA,B*/*:iPLA,8"'":
iPLA,B™/" = 81:141:67). iPLA,B™'" mice
developed normally and grew to maturity.
Male mice exhibited reduced fertility (data
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Figure 5.  Neuropathological changes in iPLA, 3/~ mice. A, B, Cuneate nudleus of an iPLA,B*/* mouse (A) and an iPLA,B8 ™/ mouse (B) at 2 years (95-103 weeks old). ¢, Dorsal horn of
iPLA,B™/ mouse at 2 years. D~F, Ventral horn of an iPLA,3*/* mouse at 56 weeks (D) and an iPLA 8™~ mouse at 15 weeks (E) and 2years {F). G, H, Cerebellum of an iPLA,B/* mouse (6)
and aniPLA,B '~ -mouse {H) at 2 years. ], J, Molecular layer (/) and dentate nucleus {/) of the cerebellum of an iPLA,8 ™/~ mouse at 15 weeks. K, L, Cerebral cortex of aniPLA,3*/* mouse (K)
and an iPLA,B ™/~ mouse {£) at 2 years. A, B, G-L, H&E stain. (=F, PAS stain. A, No spheroids and vacuoles are detected in the iPLA,8+/* mouse. 8, Many spheroids (arrows) and large vacuoles
(large arrows) can be observed. C, rreqular PAS-positive spheroids (small arrows) contain fissures, vacuoles, and PAS-positive granules. The extent of PAS staining is variable. The core of the huge
vacuole contains PAS-positive granules (large amow and open arrow; also shown at a higher magnification). 8, No PAS-positive granules are observed in the iPLA,8*/* mouse. E, Strongly
PAS-positive granules can be seenin normal-looking axons o the neuropil. F, PAS-positive granules (arrows) in swollen axons. 6, H, The molecular layer (ml) of the cerebellum from theiPLA,8 '~
mouse (H) s thinner than that from the iPLA,B™/* mouse (G). /, Numerous tiny vacuoles (arrows) can be seen in the molecular layer, /, There are only a few spheroids (arrows). K, There areno
detectable vacuolesin the iPLA,B*/* mouse. L, Numerous smafl vacuoles (arrows) can be observed, but there are no spheroids. Scale bars: A, 50 jum; D~F, L, 16 pum; G, H, 100 wem. v, Vessels.
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Table 1. Distribution of spheroids and vacuoles in the (NS

Region Spheroids Vacuoles
Cuneate nucleus +++ ++
Gracile nudleus +++ ++
Trigeminal nucleus +++ ++
Facial nucleus ++ +
Cochlear nucleus +4++ ++
Vestibular nucleus +++ ++
Hypoglossal nucleus + +
Spinal cord

dorsal horn +++ ++

ventral horn ++ ++

dorsal funiculus ++ ++

ventral funiculus ++ + 4
Striatum + ++
Thalamus + 4+
Hypothalamus + + 4
Hippocampus + + + (small)”
Amygdala + 44
Cerebellum

molecular layer + + + (small)®
. granular layer + ++

dentate nucleus ++ + 4+
Cerebral cortex + /- + 4+ {small)”

Distribution of spheroids and vacuoles in the NS were assessed and graded as follows: +/—, very few; +, mild
degree; + -+, moderate degree; + + +, marked degree.

“Vacuoles of small size were predominantly observed. Mice aged 95-103 weeks were examined.

not shown), confirming previous observations (Bao et al.,
2004).

Neurodegeneration and shortened lifespan

Because we could not find any obvious abnormalities of
iPLA,~’~ mice by the age of 1 year, except for reduced fertility in
males, a substantial number of mice were kept alive to examine
the effect on their lifespan and aging. Although at40 -50 weeks no
difference of body weight between iPLA,8™'" mice and their
littermates (supplemental Fig. 1A, available at www.jneurosci.
org as supplemental material), iPLA,8™/" mice gradually lost
weight and died earlier than their littermates (Fig. 3A, B). The
log-rank test indicated there was a significant survival difference
between iPLA,B™"" and iPLA,B*'* mice (p < 0.02), and be-
tween iPLA,~"" and iPLA,B%/~ mice ( p < 0.002). The median
lifespan of iPLA 8™/~ mice was 90 weeks compared with 110—
115 weeks for their littermates. By the age of 2 years, all of the
iPLA,B™/~ mice showed abnormal movement of their hind-
limbs. When held by the tail, iPLA 8/~ mice moved their hind-
limbs randomly in all directions or stopped moving with feet
clasping, and a dangling posture being prominent (Fig. 4Ad,Ae).
The mice seemed unable to use their hindlimbs to maintain their
balance as they tried to raise their heads. In contrast, iPLA,B%/*
mice extended their hindlimbs out from the trunk to maintain
their balance (Fig. 4Aa,Ab), and could easily raise their heads.
Moreover, iPLA,7'" mice dragged their hindlimbs when walk-
ing and had an irregular stride (Fig. 4 B). In contrast, iPLA,B*"*
and iPLA,B"’~ mice did not show any of these changes. When
motor function was assessed by the hanging wire grip test, the
mice were placed on a wire net that was turned upside down, and
the time until the animal fell was recorded three times. Because
body weight was predicted to affect the time until falling, the
weight was plotted against time (Fig. 4C). All of the iPLA,B8~/~
mice showed impaired motor function in this test. The
iPLA,B™/" mice also tended to adopt a hunched posture (Fig.
4 Af), although x-ray radiograms did not reveal any obvious dif-

Shinzawa et al. » Deficiency of iPLA, B Causes Neuroaxonal Dystrophy

ferences of bone structure or density {data not shown). After
analysis of 2-year-old mice, the behavioral abnormalities of
younger iPLA,B/~ mice (=<1 year old) were carefully moni-
tored. Although iPLA,™/" mice did not show obvious abnor-
malities in the footprint and tail suspension tests by the age of 55
weeks (supplemental Fig. 1B, available at www.jneurosci.org as
supplemental material) (data not shown), the hanging wire grip
test was definitely abnormal. Their time scores decreased gradu-
ally from the age of 30 weeks, and by the age of ~50 weeks all of
the iPLA,8™/~ mice showed very low time scores (Fig. 4D).
These results indicate that the hanging wire grip test may be more

sensitive for detecting impaired motor function in iPLA,87/" .

mice. All together, these findings indicated that iPLA,B defi-
ciency led to the onset of motor dysfunction and a shorter
lifespan.

Neuropathological findings in iPLA,$ ™'~ mice

The iPLA,8™/" mice were subjected to neuropathological studies
and the changes observed at 2 years are summarized in Table 1.
There were numerous spheroids or vacuoles in the axons and
neuropil throughout the CNS (Fig. 5) and the peripheral nervous
system (PNS) (Fig. 6), indicating the widespread degeneration of
axons or synapses. These round or irregular spheroids were 3—-90
wpm in diameter. The larger spheroids frequently showed vacuo-
lation, fissures, or rarefaction (Figs. 5 B,C, 6C). As summarized in
Table 1, the spheroids were most prominent in the tegmentum of
the medulla (Fig. 5B), the lower pons, and the dorsal horns (Fig.

5C) of the entire spinal cord. In addition to the spheroids, vacu- -

oles of various sizes (3—40 pm in diameter) were observed (Fig.
5B,C,L). Most of the larger vacuoles had a core (Fig. 5B,C). A
single irregularly swollen axon that contained both spheroids and
a vacuole was detected in a longitudinal section (Fig. 6C). The
cerebral cortex contained numerous vacuoles, most of which
were rather small (3-5 um), and there were only a few spheroids
(Fig. 5L). Younger iPLA,B™/~ mice were also subjected to neu-
ropathological examination and the following data were ob-
tained. At 15 weeks, tiny vacuoles were frequently observed in the
molecular layer of the cerebellum (Fig. 5I'), which became atro-
phic at 2 years (Fig. 5H), and spheroids were also found in the
dentate nucleus of the cerebellum (Fig. 5/). In other regions,
vacuoles and spheroids were only rarely observed. At 32 weeks,
some small vacuoles were found in the cerebral cortex, striatum,
and hippocampus, and a number of spheroids and large vacuoles
were observed in the tegmentum of the lower pons or medulla
and in the spinal cord, as well as the cerebellum (data not shown).
At 55 weeks, vacuoles or spheroids were distributed throughout
the CNS (data not shown). PAS staining revealed many PAS-
positive granules, mainly in the normal-looking axons of larger
neurons such as anterior horn cells, where very few spheroids or
vacuoles were found at 15 weeks (Fig. 5E). At 2 years, PAS-
positive granules were also scattered in axons or the neuropil
where spheroids were prominent (Fig. 5F). Both spheroids and
vacuoles frequently contained PAS-positive granules (Fig. 5C).
Although many of the spheroids were positive for PAS to some
extent, spheroids were not stained by Berlin blue, which detects
iron (data not shown). In iPLA,B*/* mice, a few spheroids and
vacuoles were observed exclusively in the gracile nucleus and part
of the cuneate nucleus (data not shown), which might have rep-
resented physiological neuroaxonal dystrophy occurring as part
of the normal aging process.

Immunohistochemistry using an anti-phosphorylated neuro-
filament antibody (SMI31) revealed strong staining of some
small spheroids, indicating that these structures originated from
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dorsal root dorsal root

nerve fascicle

Figure 6. Pathological changes of the PNS. A—C, Dorsal root of an iPLA,B ™/~ mouse (4}
and an iPLA,B '~ mouse (B, €) at 2 years. D, Subcutaneous nerve fascicle of an iPLA,B ™~
mouse at 2 years. A, B, and D are PAS stained. €, Bielschowsky stain. Scale bar, 16 um. 4, Axons
of the iPLA,B ™/~ mouse are PAS negative, although the myelin sheath is weakly stained by
PAS. B, Swollen axons (arrows) are heterogeneously stained by PAS and contain strongly PAS-
positive granules. €, A single swollen axon contains both spheroids (open arrows) and avacuole
(arrow). The central parts of the spheroids (open arrows) are rarefied. Staining of the axonal
structures (arrowheads) between the spheroids is weak. D, PAS-positive granules can be seenin
the nerve fascicle.

axons (Fig. 7A). Most of the large and irregular spheroids that
contained narrow clefts or vacuoles were almost completely neg-
ative for this antibody, suggesting that severe degeneration had
occurred. Some of the spheroids and vacuoles were also stained
by anti-ubiquitin antibody, with the cores or fissures of the sphe-
roids and the rims or inner contents of small vacuoles being
stained to a varying extent (Fig. 7B, C). These findings indicate
that some of the spheroids and vacuoles contained ubiquitinated
proteins.

J. Neurosci., February 27, 2008 - 28(9).0-e® + 7
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ventral horn

vestibular nucleus

cerebral cortex

Figure7. Immunohistochemical analysis of spheroids and vacuoles in iPLA 3"~ miceat2
years. A, Ventral hom was stained with anti-phosphorylated neurofilament H (SMI31). 8, C,
Vestibular nudeus (B) and cerebral cortex (C) were stained with anti-ubiquitin antibody. v,
Vessels. Scale bars: 4, 20 um; B, 10 um; €, 16 11m. A, Spheroids (arrows} are positive for SMi31,
whereas the axonal portion between the spheroids {arrowhead) is negative. B, Two spheraids
{arrows) have positive cores. The other spheroid (asterisk) contains vacuoles that are weakly
stained or unstained for ubiquitin. ¢, Numerous vacuoles (arrows) and tiny dircles (arrowheads)
that are ubiquitin positive in the neuropil of the cerebral cortex.

Morphological analysis of the sciatic nerve demonstrated that
the total number of myelinated fibers (density by area) was sig-
nificantly reduced in iPLA,B™/" mice (Table 2). The density of
myelinated fibers was similar (Table 2, supplemental Fig. 2C,D,
available at www.jneurosci.org as supplemental material) in both
groups, but the area of the nerve fascicles was significantly smaller
in iPLA,B™/" mice (Table 2, supplemental Fig. 2 B, available at
www.jneurosci.org as supplemental material), indicating that the
sciatic nerves of these mice had undergone atrophy because of
neuronal degeneration.

Ultrastructural examination of iPLA,8™/" mice at 55 weeks
showed that spheroids in the dorsal funiculus contained tubu-
lovesicular structures, as well as vacuoles, vesicles, and amor-
phous matrix (Fig. 8). These tubulovesicular structures were also
found in the cerebral cortex (data not shown).

Discussion

We showed that iPLA,B deficiency in mice led to motor impair-
ment, which was accompanied by the appearance of axonal swell-
ing (spheroids) and vacuoles throughout the nervous system.
Our results provide experimental evidence that iPLA,B plays a
critical role in maintaining the structural and functional integrity
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Table 2. Morphological analysis of sciatic nerves beMeen iPLA,B*/* and iPLA, 3~/ mice

Density of myelinated fibers {/mm?)

Total area of nerve fascicles (mm?)

Number of myelinated fibers {density X area)

+H+ =4 20156 =+ 4007 0.189 = 0.037 3735 £ 554
—I—=7) 22922 + 1695 0.136 £ 0.17 3IN5 * 234
{(p < 0.05) {p <0.05)

The number of myelinated fibers per unit area was counted in sdiatic nerves. Mice aged 95-103 weeks old were

d using the Student’s ¢ test.

dorsal faniculus

Figure8. Electron microscopic features of spheroids. 4, 8, Dorsal faniculus of aiPLA,B™"~
mouse at 56 weeks. B shows a higher magnification of the boxed region in A. Tubulovesicular
structures can be seen in the spheroid, as well as degenerated vesicles and vacuoles. Scale bars:
A, 2 pm; B,0.5 am.

of axons or synapses, and that iPLA,B dysfunction leads to the
occurrence of neuroaxonal dystrophy.

In this study, we found that iPLA,B™/" mice initially devel-
oped normally, but began to show significant motor dysfunction
from the age of ~50 weeks (Fig. 4 D), which progressed to ataxia
and weakness by 2 years. These observations indicate that iPLA,3
has an important role in maintaining the function of the nervous
systemn, but not in nervous system development. INAD is caused

ined. p values were cal

by mutation of the iPLA 3 gene (Khateeb et al., 2006; Morgan et
al., 2006) and patients develop the initial symptoms, including
hypotonia, areflexia, or weakness < 2 years old. As the disease
progresses, dementia, ataxia, blindness, and spasticity occur, and
these patients die before puberty (Nardocci et al,, 1999). Al-
though some symptoms, such as weakness and ataxia, were com-
mon to INAD patients and iPLA,8™~ mice, the clinical course
was different. In mice, the onset was late. and disease progression
was slow. The different clinical pictures could possibly be ex-

plained by species differences or compensation for iPLA,3 defi- - ‘

ciency by other PLA, isotypes (such as iPLA,7) in mice.

However, the neuropathological features seen in iPLA,37""
mice were very similar to those found in patients with INAD.
Neuroaxonal dystrophy in INAD and NBIA is characterized by a
morphological change of axons in the CNS, which is the devel-
opment of spheroids (Seitelberger, 1952). Numerous spheroids
and vacuoles were distributed throughout the CNS in the
iPLA,™’" mice (Table 1), as is also observed in INAD. As has
been reported for INAD (Gonatas et al., 1967), the spheroids
were located in the axons and synapses of iPLA,8 ™/~ mice (Figs.
5, 6). In‘addition, the cerebellum (which is one of the most sus-
ceptible regions in INAD) (Nardocci et al., 1999) seemed to be
affected quite early among the CNS regions in iPLA,8™/~ mice
(Fig. 51,]). Furthermore, examination of the sciatic nerves of
iPLA,B™"" mice showed peripheral nerve degeneration (Table 2,
supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material), as also occurs in INAD (Duncan et al., 1970).
Moreover, tubulovesicular structures, which are a characteristic
finding in INAD patients (Gonatas et al., 1967), were detected in
iPLA,B™' mice by electron microscopy (Fig. 8). Because the
pathological changes of the nervous system were almost identical,
the iPLA,B™'~ mouse seems to be an appropriate model for
studying the detailed pathogenesis of neuroaxonal dystrophy in
INAD.

The mechanisms leading to the formation of spheroids and
vacuoles in the absence of functional iPLA, remain unclear, but
these structures seem to arise from the degeneration of axons or
synaptic terminals. Some of the large vacuoles presumably devel-
oped from the resorption of spheroids (Cowen and Olmstead,
1963) via a process involving ubiquitination (Fig. 7B). Because
numerous PAS-positive granules appeared in the axons or neu-
ropil by 15 weeks, which was before the spheroids and vacuoles
formed (Fig. 5E), and because both spheroids and large vacuoles
contained PAS-positive granules (Figs. 5C, 6B), these granules
might be the key to elucidating the pathogenesis of neuroaxonal
degeneration in iPLA,87'" mice and INAD patients. Because
PAS stains materials containing aldehydes as well as staining
polysaccharides like glycogen, the PAS-positive material might
represent accumulations of polysaccharides, aberrantly glycated
proteins, or aldehyde products of lipid peroxides created by an
increase of ROS in the iPLA,B-deficient state.

iPLA, B is an important enzyme for maintaining phospholipid
membranes through the processes of phospholipid turnover, re-
modeling, and repair (Ma and Turk, 2001). Therefore, iPLA,
deficiency may alter the phospholipid composition of cellular
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and subcellular membranes, or may lead to failure to repair oxi-
dative damage to membrane phospholipids, resulting in changes
of membrane permeability, fluidity, or ion homeostasis. Why are
the axons or presynaptic terminals, and not the cytoplasm, selec-
tively affected in INAD patients and iPLA,B8™/~ mice? The tubu-
lovesicular structures observed in both INAD patients and
iPLA,B7'~ mice (Fig. 8) are believed to result from degenerated
ER or mitochondria. iPLA,B has been reported to exist in and
protect mitochondria (Seleznev et al., 2006), as well as being
abundant in neurites and axon terminals (Ong et al., 2005), so its
absence would contribute to damage targeting mitochondria in
axons and synaptic terminals, leading to degeneration of the
axons and synaptic terminals.

Some individuals with NBIA, formerly known as Hallervorden-
Spatz syndrome, have a mutation of the pantothenate kinase 2
(PANK2) gene (Zhou et al., 2001). The product of this gene is an
enzyme localized to the mitochondria (Kotzbauer et al., 2005) and
involved in the biosynthesis of coenzyme A (CoA), which has vari-
ous roles that include acting as a carrier of free fatty acids. Oxidative
damage or impaired fatty acid metabolism resulting from mito-
chondrial CoA deficiency is thought to be a possible cause of neuro-
degenerative changes (Johnson et al., 2004). The common mecha-
nism of neuroaxonal dystrophy in iPLA,f deficiency and PANK2
deficiency may be mitochondrial dysfunction affecting the axons
and/or axon terminals. Clarification of the pathogenesis of neuroax-
onal dystrophy in iPLA,B™"" mice will hopefully lead to the devel-

opment of treatments for INAD and other neurodegenerative

disorders.
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