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also ill-shaped. The left posterior inferior temporal gyrus is
known to be associated with Japanese pure agraphia, lim-
ited to kanji recall [19, 31]. In our study, performance in
kanji dictation was significantly impaired in the patients
compared to the controls. However, we think the lesion
was not responsible because errors in kana were more
frequently noted in the composition. The patients showed
equal impairment in both kana and kanji recall.

Satoh [28] reported that 3 of 16 ALS patients without
dementia had a tendency to omit kana in dictation. The
subjective dictation words consisted of 2-5 kana letters
each, and if a word contained three or more kana letters,
the likelihood of the patient omitting letters was greater.
They also described some patients who showed kanji
agraphia. Ichikawa et al. [15] recently reported that bulbar-
onset ALS patients showed high prevalence of agraphia
characterized by omission, substitution of kana, and misuse
of postposition. They reported the details of patients in a
series of two Japanese reports. While they emphasized
kana-error represented by omission, they also illustrated
patients having kanji-dominant writing error [12, 14].
Errors of kana and kanji were independent of each other in
many patients and they speculated that writing errors of
ALS patients might be classified into two types arising
from different lesions, as FTLD has two types of aphasia,
progressive aphasia and semantic dementia.

Agraphia was also reported in many cases of primary
lateral sclerosis (PLS) [25, 34]. Similar to our study, the
pattern of errors varied from agrammatism to misspelling. In
a study on PLS, it was found that words containing less than
five letters were spelt correctly; thus, the length of a word
affects misspelling. On the basis of the strong association
between misspelling and severity of dysarthria (bulbar part
of ALSFRS-R), the researchers proposed that it was because
of a deficit in rehearsal for spelling when subjects could not
speak. Ichikawa, et al. [15] pointed out that agraphia was
frequently noted in patients with bulbar-onset ALS. They
did not mention limb-onset ALS. In our study, however,
WEI and the bulbar part of the ALSFRS-R were not corre-
lated; thus, the results did not support the rehearsal theory.
Because only a few patients of the limb-onset group could
perform writing tests in this study, it is unclear whether
agraphia is specific to bulbar-onset patients. We think that
agraphia was independent of motor disability.

Difficulty in PA was another characteristic of ALS. PA
in WAIS-III reflected performance 1Q, but because it is a
complex task, PA was not classified into specific secondary
indices. Further, PA was excluded from WAIS-IV. Only a
few reports have described what poor performance in PA
implies. In psychiatric disorders, PA and explanation of the
story have been considered to be associated with social
cognition [2, 30]. However, PA requires more complex
factors than social cognition. To understand each picture,
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social cognition represented by speculation of relation-
ships, social experiences, knowledge of behavior, and
insight into others’ emotions is required. Moreover, for PA,
speculation of time sequence and working memory is
necessary. Both defects in social cognition and working
memory are critical features of frontotemporal dementia. In
the present study, PA was scored from O to 3 points, and
the patients were clearly divided into two groups: those
who could perform the task easily (3 or 2 points) and those
who could not (0 or 1 points, sometimes 2 points but with
long consideration). PA might be useful for screening of
mild cognitive disturbance associated with ALS. Moreover,
PA and WEI were highly correlated. Confusion of a story
line as determined from the uncorrected picture sequence
could affect the WEI, but the result that the subject of the
picnic picture (WAB IV; composition) had the same ten-
dency of error showed that the mistakes were not because
of the uncorrected sequences.

Impairment in PA and agraphia might be the most
sensitive symptoms of mild cognitive impairment.
According to the consensus criteria for cognition in ALS
patients, tests should be completed within 20 min [32]. PA
involving the arrangement of one set of pictures is easy to
perform within 3 min.

Recent findings on the accumulation of TAR-DNA binding
protein 43 kDa (TDP-43) both in ALS and FTD patients
further support the notion of a common pathway for both these
diseases [4, 18, 22]. On the other hand, in the case of patients
who undergo long-term mechanical ventilation and show a
modest extra-motor lesion, extension of the extra-motor
pathology is not affected by either severity of the motor
symptom or disease duration [23]. In the present study, some
patients were cognitively intact, and the patient with the best
WEI had the worst ALSFRS-R. The disagreement between
motor function and agraphia also supports this view, and the
writing examination might be a sensitive indicator of the
future possibility of cognitive involvement. Therefore,
patients with agraphia need to be carefully observed with
regard to progression of their condition to dementia.
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Amyotrophic lateral sclerosis (ALS) is diagnosed on the basis of progressive symptoms in both the upper
and lower motor neurons. Because there are no specific biomarkers for ALS, it is difficult to diagnose
this disease in its early stages. Cerebrospinal fluid (CSF) samples were obtained from 14 patients in the

Accepted 9 January 2009 early stages of ALS, from 13 with polyneuropathy, and from 16 with other neurological disorders. The

—= concentration of cystatin C in the CSF was measured using a sandwich enzyme-linked immunosorbent
imrr?:hic lateral sclerosis assay (ELISA) kit. The concentration of cystatin C in the CSF was significantly lower in ALS patients than
Cyslt/atin g in the control subjects who were patients with polyneuropathy or other neurological diseases (patients
Diagnosis with ALS, polyneuropathy, and other diseases exhibited 5.5 +0.3, 6.7 + 0.4, and 6.9 + 0.3 mg/L cystatin C,
Biomarker respectively; ALS patients vs. control subjects: p=0.014 and ALS patients vs. polyneuropathy patients:

p=0.024). Cystatin C may be a useful biomarker of ALS and can be used to distinguish between ALS and

polyneuropathy.

© 2009 Elsevier Ireland Ltd. All rights reserved.

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disor-
der characterized by the specific degeneration of motor neurons.
The following are critical points that are considered for the clinical
diagnosis of ALS: (1) progressive course, (2) enlarging lesions (3)
involvement of both the upper and lower motor neurons, and (4)
exclusion of other diseases. According to the revised El Escorial Cri-
teria (rEEC), which are the international criteria for the diagnosis
of ALS, diagnostic accuracy is determined on the basis of the distri-
bution and combination of symptoms of the disease in the upper
and lower motor neurons [7]. According to rEEC, ALS is divided
into five categories: definite, probable, clinically probable or labo-
ratory supported, possible, and suspected. Currently, these are the
most reliable criteria for diagnosis when specific biomarkers are
not frequently detected, and as recommended by the World Feder-
ation of Neurology, many clinical trials are performed onindividuals
diagnosed with definite, probable, and clinically probable cases of
ALS.

However, it is often difficult to diagnose ALS. In many patients,
the first symptoms occurin a single area and remain restricted there
for months. Such patients are diagnosed with possible ALS, and they
do not participate in clinical trials unless their condition deterio-
rates. Indeed, the mean intervals from the time of the first symptom
to the time of diagnosis in three population-based studies were 8

* Corresponding author. Tel.: +81 11 706 6028; fax: +81 11 700 5356.
E-mail address: tujitti@jb3.so-net.ne.jp (S. Tsuji-Akimoto).
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0304-3940/$ - see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.neulet.2009.01.026

[34],10.6 [3] and 14.4 months [36]. Among the 34 cases of ALS that
were diagnosed on the basis of the autopsy findings, the average
duration between the onset of ALS symptoms and the diagnosis of
definite ALS was 21 months [6]. Thus, it is important to determine
the correct stage at which ALS should be diagnosed. Furthermore,
when symptoms are widely distributed, 16% of ALS patients diag-
nosed by clinical physicians exhibited only lower motor neuron
symptoms throughout their life, which satisfies the definition of
clinically suspected ALS alone [34]. It is often difficult to differ-
entiate ALS from other diseases. Two clinically instructive cohort
studies demonstrated that 7-8% of patients diagnosed with ALS
could be re-diagnosed with other diseases such as cervical spondy-
lotic myeloradiculopathy, multifocal motor neuropathy (MMN), and
spinobulbar muscular atrophy [9,33]. The rEEC permitted elec-
tromyography and gene analysis in addition to routine laboratory
dataand neuroradiological examinations. However, cases with poor
electromyographic findings in nonsymptomatic muscles are fre-
quently observed. In a retrospective electromyographic study in 82
patients suspected with ALS, the specificity was 0.97 and the sen-
sitivity was 0.57 [18]. Gene analysis also has a low sensitivity, and
it can be applied only to approximately 2% of all ALS patients, who
have a mutation in the Cu?*, Zn2*-superoxide dismutases, which is
the most frequent familial ALS [28]. Powerful diagnostic tools are
required for the accurate diagnosis of possible or suspected ALS
with a high sensitivity.

No specific biomarkers have yet been universally confirmed for
ALS. However, a recent proteomic analysis revealed that cystatin
C, transthyretin, and other protein species (4.8 and 6.7 kDa) in the
cerebrospinal fluid (CSF) were possible biomarkers of ALS [25,26].
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Fig. 1. Concentration of cystatin C in the CSF. The average concentration in the ALS
group is significantly lower than that in the control groups (ALS patients vs. controls
with other diseases: p=0.014 and vs. controls with polyneuropathy: p=0.024).

In particular, cystatin C may be a specific biomarker since it is spe-
cific for Bunina bodies, a characteristic feature of ALS [21]. Although
ubiquitin-positive inclusions are a disease-specific pathology in
various neurodegenerative disorders such as Parkinson's disease
and multiple system atrophy [35], Bunina bodies are characteristic
indicators of ubiquitin-negative protein accumulation. The process
by which they are formed remains unknown; however, cystatin C
and ferritin [19] have been recently identified using immunohisto-
logical methods.

In this study, we demonstrate that the presence of cystatin C in
the CSF could be used as a clinical marker for the diagnosis of ALS
in its early stages, especially to distinguish ALS from polyneuropa-
thy.

CSF samples were obtained from 14 ALS patients who had under-
gone lumbar puncture at the Hokkaido University Hospital from
April 2006 to March 2007. The controls were patients with polyneu-
ropathy and other diseases and who were of the same sex and age
as the ALS subjects. Meningitis and other acute inflammatory dis-
orders that cause increases in the CSF cell count were excluded.
Thirteen patients with polyneuropathy and 16 with other diseases
were the control subjects; these patients were definitely diagnosed
with polyneuropathy or other diseases. CSF samples from cases of
neuropathy were obtained before medication. In the control group,
the disease phase at the time of CSF collection varied. Patients who
were categorized under the “suspect” group of ALS according to
the rEEC were excluded from our study; however, patients from
this group and those with possible ALS were included if the pro-
gressive course was confirmed after several months. Two patients
with ALS symptoms only in the lower motor neurons underwent
repetitive nerve conduction tests and intravenous immunoglobulin
therapy (IVIg), but they did not show any improvement in the symp-
toms. Since the rEEC for the diagnosis of ALS is stringent, 16% of the
patients were not diagnosed with ALS until the final stages of the
disease. In Ireland, suspected and possible patients were included
if the typical clinical course was confirmed prospectively, and other
diseases were excluded [23]. [nternational scales of the symptom,
such as revised ALS functional rating scale (ALSFRS-R), were not
available on all subjects at the lumber puncture; therefore correla-
tion to clinical severity cannot be addressed. Informed consent was
obtained from all the subjects for research purposes, and the study
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Table 1
Profile of patients.
Number of Age (average +S.D., Female/male
patients years old)
ALS 14 62 +£10 2/12
Polyneuropathy 13 56 + 18 2/n
Other disease control 16 64 + 15 2/14

Sex- and age-matched patients were analyzed.

Table 2
Detail of each group.

Polyneuropathy Number of patients

Chronic inflammatory demyelinating polyneuropathy 5
Multifocal motor neuropathy 3
Churg-Strauss syndrome 2
Charcot-Marrie-tooth disese 2
Cisplatin neuropathy 1

Other disease control
Normal pressure hydrocephalus
Cervical spondylotic myelopathy
Post-cerebral infarction
Post-cerebral hemorrage
Ideopathic intracranial hypertension
Phenytoin toxication
Psychogenic reaction

— e e N W N

Detailed diagnoses of control groups were shown.

was approved by the ethical committee of Hokkaido University.

The collected CSF samples were kept in 4°C for several hours
at longest, and after division into 1-mL of aliquots without cen-
trifugation, they were preserved at —80 °C until they were used for
analysis. The concentration of cystatin C was measured using sand-
wich enzyme-linked immunosorbent assay (ELISA) with a human
cystatin C ELISA kit (Quantikine, R and D systems, Mckinley Place,
NE, USA). A 40-fold dilution of the samples was prepared, and
ELISA was performed according to the instructions provided in
the kit. All samples were measured at single time. After coloriza-
tion with tetramethylbenzidine, the absorbance was determined
at 450 nm by using a microplate reader, and the wavelength used
for correction was 570 nm. The results were analyzed using Kalei-
daGraph 4.0 software. Statistical analysis was performed using the
Student-Newman-Keuls test when one-factorial analysis of vari-
ance (ANOVA) showed significance (Fig. 1).

Details of the patients are described in Tables 1-3. The mean
age of ALS patients and the control subjects with polyneuropathy
and other diseases were 62 + 10, 56 + 18, and 64 + 15 years, respec-
tively. The period between the onset of ALS and lumbar puncture
was 9.9 months (range, 3-24 months). The female/male ratio of the
3 groups was 2/12, 2/11, and 2/14, respectively. After obtaining the
CSF samples from the 8 patients who were diagnosed with possible
and suspected ALS, 3 died from respiratory failure within 2 years
after the lumbar puncture and 4 progressed to probable or defi-
nite ALS. The muscular atrophy and weakness of the remaining one
patient who belonged to the “suspect” ALS category marked deteri-
orated though he was received repetitive IVIg therapies. The mean
concentration of cystatin C was 5.5+0.3 mg/L in the ALS group,

Table 3
Classification of rEEC on ALS.

Classification of rEEC on ALS Number of patients

Definite

Probable

Clinically probable—laboratory-supported
Possible

Suspect

w v b NO

The classification of revised El Escorial Criteria (rEEC) when the CSF was obtained.
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Fig. 2. The time from the onset of ALS was not related to the cystatin C concentration.
Approximate line: Y=0.0028X +5.55164, Pearson’s correlation coefficient: 0.017.

6.7 +0.4mg/L in the polyneuropathy group, and 6.9+0.3 mg/L in
the other disease group. The concentration was found to be signif-
icantly lower in the ALS group than in the other two groups (ALS
patients vs. other disease controls: p=0.014 and ALS patients vs.
polyneuropathy patients: p=0.024).

Of the two control groups, no correlation was observed between
the age and cystatin C concentration. In the ALS group, there was no
correlation between the cystatin C concentration and the duration
of the disease (Fig. 2). In the ALS group, 5 patients showed bul-
bar symptoms at the onset of ALS and 3 patients were classified as
having progressive bulbar palsy. A slight reduction in the concen-
tration of cystatin C was observed in these patients. Analysis of the
CSF samples showed that the extent of the affected region, and the
duration of the disease were not correlated with the concentration
of cystatin C.

Three patients with cervical spondylotic myelopathy (CSM) and
3 with MMN were included in the control groups. These patients
were frequently misdiagnosed with ALS. Although the sample size
is small, their concentrations were not lower than the average con-
centration observed in ALS (individual concentrations of CSM: 8.8,
7.6, and 8.8 mg/L and individual concentrations of MMN: 6.8, 8.9,
and 7.5 mg/dL). Two CSM patients were on pre-operation, and one
had a sequela, although it had been operated.

Although several medications have been reported to prolong the
lifespan in murine ALS models, only a few clinical trials achieved
good treatment outcomes [8,11,31]. One of the critical reasons for
this discrepancy is the delay in clinical diagnosis [32]. According to
the rEEC, diagnosis of ALS should be withheld until deterioration
occurs in two or more affected regions and until several motor neu-
rons are irreversibly damaged. In the present study, we found that
cystatin C in the CSF could be a useful biomarker for the diagnosis
of ALS in its early stages. Our subjects included eight patients who
were diagnosed with possible and suspected ALS. We obtained CSF
from these patients, and when their condition subsequently deteri-
orated, it was found to be similar to that occurring in ALS. The results
of our present study may facilitate the early diagnosis of probable
ALS before further progression to probable ALS. It is necessary to
verify our results in a study with a larger sample size of patients and
normal controls. Our samples were collected clinically; therefore,
normal controls were absent. In two previous studies, the cystatin C
concentration in the CSF was measured among normal controls and
patients with minor neurological symptoms. These results showed
a concentration of 5.8 +2.20mg/L, which is 5.5 times greater than
the concentration in plasma [14,17]. As compared to these stud-

ies, our data might indicate that cystatin C was upregulated in
the case of polyneuropathy and the other disease controls. How-
ever, we consider that the concentration of cystatin C in ALS was
reduced as reported in proteomics studies, while that in polyneu-
ropathy and other diseases was near the normal range. This error
may have resulted from the difference in the assay methods used,
which should be eliminated in studies using larger sample sizes.

Cystatin C is an extracellular cysteine proteinase inhibitor that
belongs to the cysteine superfamily [27]. It consists of 120 amino
acids and is encoded by CST3, which has a leader sequence of 26
amino acids and is associated with the secreted protein. Cystatin
C is expressed in various tissues [2], and it is present in all biolog-
ical fluids. It is produced by the choroid plexus and secreted into
the CSF, which contains the highest concentration of cystatin C as
compared to the serum, urine, and saliva [1]. A missense mutation
in the gene encoding cystatin C can lead to a hereditary human
disease known as cerebral amyloid angiopathy (human cystatin C
amyloid angiopathy, HCCAA) [24]. Pathological mutation of L68Q
leads to the formation of dimers [4], whose conformational changes
by three-dimensional domain swapping are amyloidogenic [15]. In
this hereditary disease, there is abundant deposition of cystatin C
along the vascular walls [22]. However, the concentration of cys-
tatin C in the CSF is low [12]. Further, a cell line that expressed
mutant cystatin C secreted it at lower levels than those of wild-
type cystatin C; and the high levels of cystatin C aggregated within
cellsinstead of being secreted from the cells [5]. This may imply that
the mutation may have caused a breakdown in the protein trans-
port mechanism. The deposition of Bunina bodies and the relatively
low cystatin C concentration in the CSF in ALS patients might indi-
cate that the mechanism underlying ALS may be similar to that of
HCCAA.

Proteomics analysis of the CSF is a promising method for identi-
fying biomarkers in neurological diseases. Thus far, alterations in
several types of protein have been reported in various diseases.
Alteration of cystatin C is found in several neurological disorders
such as Creutzfeldt-Jakob disease [30], frontotemporal demen-
tia [29], multiple sclerosis [20], and lumbar disk herniation [16].
However, recent articles have reported that cystatin Cis truncated
during storage at —20°C[10,13]. This informationindicates that care
should be taken during the storage and treatment of the samples
containing cystatin C. Therefore, itis better to use fresh CSF aspirates
when determining the levels of cystatin C to avoid an alteration
in the concentration of this protein due to storage or treatment
methods.

Analysis of CSF samples revealed that cystatin C can be used
as a supplementary biomarker for the diagnosis of ALS in its early
stages.
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Neuroaxonal Dystrophy Caused by Group VIA
Phospholipase A, Deficiency in Mice: A Model of Human
Neurodegenerative Disease

Koei Shinzawa,! Hisae Sumi,? Masahito Ikawa,’ Yosuke Matsuoka,' Masaru Okabe,* Saburo Sakoda,? and
Yoshihide Tsujimoto'

!Department of Medical Genetics, Laboratory of Molecular Genetics and Solution-Oriented Research for Science and Technology, Japan Science and
Technology Agency, and *Department of Neurology, Osaka University Medical School, Osaka 565-0871, Japan, and *Research Institute for Microbial
Diseases, Osaka University, Osaka 565-0871, Japan

Calcium-independent group VIA phospholipase A, (iPLA,) is considered to play a role in signal transduction and maintenance of
homeostasis or remodeling of membrane phospholipids. A role of iPLA,f3 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 8 gene. iPLA, '~ 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 performancein 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,3 '~ mouse is an appropriate animal model of human neurodegenerative
diseases associated with mutations of the iPLA ,$3 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,sare 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 cPLAs are
intracellular enzymes that specifically target arachidonic acid at
the s11-2 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,f8 and
iPLA,y) 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,8 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 etal,, 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,B is involved in the pathogenesis of neu-
roaxonal dystrophy.

To explore the physiological and pathological role of iPLA 3,
we generated iPLA LB’ mice. Here, we report that iPLAB™"~
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 ,3 causes neuroaxonal dystrophy.

Materials and Methods

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

Insitu 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 8 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 um 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
(Zhong et al., 2004). After washing three times with 50% formamide and
2X SSC 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 mum Tris-HCI, pH 9.5, 100
mu NaCl, 0.03% nitro blue tetrazolium, and 0.015% bromochloroindoyl
phosphate. Then, color development was stopped by incubation in PBS
containing 10 mu EDTA, after which the sections were treated in 100%
ethanol and xylene, and then embedded for microscopic observation.

Targeted disruption of the iPLA 8 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 10and 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 ,§ 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 37/~ F1 progeny. The litter-
mates obtained from pairing of iPLA,8™'" F2 mice were pooled and
used for this study.

Genotyping of mice by PCR and Southerit blot analysis. Genomic DNA
was prepared from mouse tails. To amplify the wild-type and disrupted
iPLA .83 loci, the following primers were used: wild-type (349 bp), ATG-
GATCCGTGGTCTTCATCTACCTCCTCG and TGAGCCCAAT-
GCTAGGAATGTCCAATCAGC; disrupted iPLA,( 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, 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 dNTP 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 radioimmunoprecipitation 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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Figure 1.  Insitu hybridization of iPLA,8 mRNA in the nervous system. A—H, The patter of
iPLA, 3 mRNA expressionin the cerebral cortex (4, B), the cerebellum (€, D), the spinal cord (€,
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 (s} cortex, in the Purkinje cell layer (pl) and the granular layer
(g!), but notthe molecular fayer (mi} of the cerebeilum, in the dorsal (do) and ventral (ve) horns
of the spinal cord, and the soma-rich region of the DRG (so). 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 contro! (8, D, F, H ).
Scale bars: A-F, 500 wm; G, H, 180 um.

SDS, and protease inhibitor mixture). As described previously (Shinzawa
and Tsujimoto, 2003), immunoblot analysis was performed with a poly-
clonal anti-iPLA, B 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 a 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 immunohistochemical analysis. Mice aged 95-103
weeks (iPLA,B/", one male and three females; and iPLA,B™/", three
males and four females), mice aged 56 weeks (iPLA,B8*/", one female;
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Figure 2. Targeting the iPLA,(3 gene. 4, Diagram of the wild-type iPLA ,3gene, the target-
ing construct, and the disrupted iPLA,3 allele. B, €, Southern blot analysis of Bglll-digested
genomic DNA from ES cell clones (B) and from the tails of iPLA,B" /", iPLA,B™/~, and
iPLA,B~/ mice (€). The DNA probes used for Southern blot analysis were a probe A and B
containing exon 4and neomycin resistance gene (neo), respectively. The iPLA,B ™ wild-type
aliele generated a band of 10.9 kbp, whereas the disrupted allele yielded a 15.5 kbp fragment.
D, Western blotting of testicular lysates with an anti-iPLA, /3 antibody (c-tubulin was used as
the loading control).

and iPLA B/, four females), mouse aged 32 weeks (iPLA,8™'", one
female), and mice aged 15 weeks (iPLA_,B"" ~, 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 remaved from each mouse, immersed in the same fixative overnight
at 4°C, and then dehydrated and embedded in paraffin blocks. Then
4- um-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 weeksand 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 wm 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 iPL4, 3™/~ mice. A, Body weight of
female iPLA,B ™" mice (1 =9), iPLAB ™/ mice (n = 17), andiPLA,B ™/~ mice (n = 14)
at 91-100 weeks of age. Bars indicate the mean values. p values were calculated using the
Student's test. B, Survival of female iPLA,B ™/ mice (n = 9),iPLA,B ™/~ mice (n = 20},and
iPLA,B™7~ 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 ubiq-
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 um*) 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-H1A5; 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,8 ™" mice. A, Representative photographs of an iPLA 87" mouse (a-c} and an
iPLA,B™" mouse (d—f) at95 weeks of age. The iPLA,B =/ 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 hasa hunched
posture (). B, Representative footprint pattems of iPLA,B*/~ and iPLA,B3 ™/~ mice at 50 and 87 weeks of age, respectively.
Forepaws and hindpaws were painted with blue and red ink, respectively. The iPLA,3 ™"~ mouse displays an irreqular stride and
dragging of the hindiimbs. €, D, Hanging wire grip test. €, Female iPLA,3 ™/ mice (n = 9), iPLA,B™ '~ mice (n = 17), and
iPLA,B ™" mice (n = 13} (31100 weeks old) were tested as described in Materials and Methods, and the total time for three
trials was plotted against body weight. B, Female iPLA,B ™ mice (n = 23),iPLAB ™/~ mice (n = 25),andiPLA,3 ™/~ mice
(n = 42) (15-55 weeks old) were tested. The total time for three triais was plotted against age.
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Results

Expression of iPLA, 8 mRNA in the
nervous system

As described below, iPLA,B™'" 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,B 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,f3 gene (Fig.
1E). Moreover, dorsal root, ganglion cells
showed somatic expression of iPLA,j3, al-
though there was no expression in their
axons or in the Schwann cells (Fig. 1G).
Together, these results indicated that the
iPLA,B gene was widely expressed by
neurons.

Generation of iPLA,B ™"~ mice

To evaluate the physiological role of
iPLA,f, 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.2B) and then injected into blastocysts
to produce chimeric mice. One of the two
cell lines (9E) transmitted the disrupted al-
lele to the germiine. iPLA,B""~ mice were
interbred to generate iPLA 8™/~ 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 iysates (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™:PLA,B" " :
iPLA,B™ "~ = 81:141:67). iPLA 8"~ mice
developed normally and grew to maturity.
Male mice exhibited reduced fertility (data
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Figure 5.  Neuropathological changesiniPLA,3™"" mice. A, B, Cuneate nucleus of an iPLA,B™ " mouse (4) and an iPLA,B ™/~ mouse (B) at 2 years (95— 103 weeks old). €, Dorsal horn of
PPLA,B™"~ mouseat2 years. D-F, Ventral horn of an iPLA, 3™/ mouse at 56 weeks (D) and aniPLA,B8 ™/~ mouse at 15 weeks (£} and 2 years (F). G, H, Cerebellum of an iPLA,B3™~ mouse (6)
and an PLA,B ™7 mouse () at 2 years. ,J, Molecular layer (f) and dentate nucleus (/) of the cerebellum of an iPLA 877" mouse at 15 weeks. K, L, Cerebral cortex of an iPLA LB/ mouse (K)
and an iPLA,B ™"~ mouse (£) at 2years. , B, G-£, HRE stain. (~F, PAS stain. 4, No spheroids and vacuoles are detected in the iPLA,3 */* mouse. B, Many spheroids (arrows) and large vacuoles
(large arrows) can be observed. €, Iregular PAS-positive sphercids (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 arrow and open arrow; also shown at a higher magnification). D, No PAS-positive granules are observed in the iPLA,B ™/~ mouse. E, Strongly
PAS-positive granules can be seen in normal-looking axons or the neuropil. F, PAS-positive granules (arrows) in swollen axons. G, H, The molecular layer (ml) of the cerebellum from theiPiA,8~/~
mouse (K} is thinner than that from the iPLA ZB*“ mouse (). £, Numerous tiny vacuoles (arrows) can be seen in the molecular layer. J, There are only a few spheroids (arrows). K, There are no
detectablevacuolesinthePLA,B /™ mouse. £, Numerous smali vacuoles (arrows) can be observed, but there are no spheroids. Scale bars: A€, 50 wm; D-F,I-L,16 um; 6, H, 100 um. v, Vessels,

not shown), confirming previous observations (Bao et al,  males, a substantial number of mice were kept alive to examine

2004). the effect on their lifespan and aging. Although at 40—56 weeks no
difference of body weight between iPLA,8™'" mice and their
Neurodegeneration and shortened lifespan littermates (supplemental Fig. 1A, available at www.jneurosci.

Because we could not find any obvious abnormalities of  org as supplemental material), iPLA,8™" mice gradually lost
iPLA,B™'" mice by the age of 1 year, except for reduced fertilityin  weight and died earlier than their littermates (Fig. 34,B). The
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Tabie 1. Distribution of spheroids and vacuoles in the (NS

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

dorsal horn +++ ++

ventral horn F 44

dorsal funiculus ++ ++

ventral funiculus ++ ++
Striatum + e
Thalamus + ++
Hypothalamus + ++
Hippocampus + ++ (small)’
Amygdala e ++
Cerebellum

molecular layer + ++ (small)’

granular layer + ++

dentate nucleus ++ i %
Cerebral cortex +/— + ++ (small)’

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

“Yacuoles of smal! size were predominantly observed. Mice aged 95103 weeks were examined.

log-rank test indicated there was a significant survival difference
between iPLA,B™/" and iPLA,B""" mice ( p < 0.02), and be-
tween iPLA,B "~ and iPLA,B""" mice ( p < 0.002). The median
lifespan of iPLA,B”"" 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. 4 Ad,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,B~'~ mice dragged their hindlimbs when walk-
ing and had an irregular stride (Fig. 4 B). In contrast, iPLA,B"""
and iPLA,B7’~ 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 8™/~
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-
ferences of bone structure or density (data not shown). After
analysis of 2-year-old mice, the behavioral abnormalities of
younger iPLA,8/" mice (=1 year old) were carefully moni-
tored. Although iPLA,B~'~ mice did not show obvious abnoz-
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,B”"" 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,B™"~

J.Neurosd., February 27, 2008 - 28(9):2212-2220 = 2217

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

Neuropathological findings in iPLA,8™'~ mice

The iPLA,B " 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
pm in diameter. The larger spheroids frequently showed vacuo-
lation, fissures, or rarefaction (Figs. 5B, 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 wm 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 pm), 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
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.

Morphological analysis of the sciatic nerve demonstrated that
the total number of myelinated fibers (density by area) was sig-
nificantly reduced in iPLA,8™'" mice (Table 2). The density of
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Figure 6. Pathological changes of the PNS. A-C, Dorsal root of an PLA,B™ mouse (A)
and an iPLA,B /™ mouse (B, €) at 2 years. D, Subcutaneous nerve fascicle of an iPLA,B ™/~
mouse at 2 years. 4, 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 a vacuole
{arrow). The central parts of the spheroids (open arrows) are rarefied. Staining of the axonal
structures (arrowheads) between the spheroids is weak. B, PAS-positive granules can beseen in
the nerve fascicle.

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,8~"" mice (Table 2, supplemental Fig. 2B, 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-
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ventral horn

tibular nucleus

Vi

cerebral cortex

Figure7. Immunohistochemical analysis of spheroids and vacuolesin iPLA,8 /™ miceat 2’
years. A, Ventral horn was stained with anti-phosphorylated neurofilament H (SMI31). B, €,
Vestibular nucleus (B) and cerebral cortex (€) were stained with anti-ubiquitin antibody. v,
Vessels. Scale bars: 4, 20 um; 8,10 um; €, 16 um. A, Spheroids (arrows) are positive for SMI31,
whereas the axonal portion between the spheroids (arrowhead) is negative. 8, Two spheroids
(arrows) have positive cores. The other spheroid (asterisk) contains vacuoles that are weakly
stained or unstained for ubiquitin. C, Numerous vacuoles (arrows) and tiny circles (arrowheads)
that are ubiquitin positive in the neuropil of the cerebral cortex.

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,f 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,f plays a
critical role in maintaining the structural and functional integrity
of axons or synapses, and that iPLA,$8 dysfunction leads to the
occurrence of neuroaxonal dystrophy.

In this study, we found that iPLA,8™"" 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,8
has an important role in maintaining the function of the nervous
system, but not in nervous system development. INAD is caused
by mutation of the iPLA ,8 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
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Table 2. Morphological analysis of sciatic nerves between iPLA, 8/ and iPLA, B ™/~ mice

Density of myelinated fibers (per mm?)

Total area of nerve fascicles (mm?)

Number of myelinated fibers (density X area}

++ (=14 20156 = 4007 0189 = 0.037 3735 + 55
~/=(=7 2927 * 1695 0136 0117 305 + 234
(p << 0.05) (p < 0.05)

The number of myelinated fibers per unit area was counted in sciaticnerves. Mice aged 95-103 weeks old were examined. p vaiues were caiculated using the Student’s f test.

dorsal funiculus

Figure8. Electron microscopic features of spheroids. A, B, Dorsal funiculus of a iPLA,B ™/~
mouse at 56 weeks. B shows a higher magnification of the boxed region in A. Tubulovesicular
structures can be seen in the spheraid, as well as degenerated vesicles and vacuoles. Scale bars:
A2 um;B,05 pm.

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,B~'~ 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, S defi-
ciency by other PLA, isotypes (such as iPLA,y) in mice.
However, the neuropathological features seen in iPLA,3 "~

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,B™' 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,3™"~ 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,8™/~ 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, 8 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,Bis an important enzyme for maintaining phospholipid
membranes through the processes of phospholipid turnover, re-
modeling, and repair (Ma and Turk, 2001). Therefore, iPLA,3
deficiency may alter the phospholipid composition of cellular
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,8 ™"~ mice? The tubu-
lovesicular structures observed in both INAD patients and
iPLA 8™~ mice (Fig. 8) are believed to result from degenerated
ER or mitochondria. iPLA,8 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
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axons and synapiic 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, 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,8™"" mice will hopefully lead to the devel-
opment of treatments for INAD and other neurodegenerative
disorders.
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Nuclear TAR DNA Binding Protein 43 Expression in Spinal Cord
Neurons Correlates With the Clinical Course in Amyotrophic
Lateral Sclerosis
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Masaki Etoh, MD, PhD, and Saburo Sakoda, MD, PhD

Abstract

TAR DNA binding protein 43 (TDP-43) has been considered a
signature protein in frontotemporal dementia and amyotrophic
lateral sclerosis (ALS), but not in ALS associated with the
superoxide dismutase 1 (SODI) gene mutations (ALS1). To clarify
how TDP may be involved in ALS pathogenesis, clinical and
pathological features in cases of sporadic ALS ([SALS] n = 18) and
ALS] (n = 6) were analyzed. In SALS patients with rapid clinical
courses, TDP mislocalization (i.e. cytoplasmic staining and TDP-
positive cytoplasmic inclusions) in anterior hom cells was frequent.
In SALS patients with slow clinical courses, TDP-43 mislocalization
was rare. In an ALS] patient with the SOD/ gene mutation C111Y,
there were numerous TDP-positive inclusions and colocalization of
SOD1 and TDP. In mutant SOD1 transgenic (G93A) mice at the end
stage (median, 256 days), TDP-positive inclusions and TDP
colocalization with SODI1 were also observed; nuclear TDP-43
immunoreactivity was highly correlated with life span in these mice.
In both humans and mice, nuclei that stained strongly for TDP were
large and circular; weakly stained nuclei were atrophic or deformed.
In conclusion, low levels of TDP expression in the nucleus cor relate
with a rapid clinical course in SALS and in ALS] model mice,
suggesting that nuclear TDP may play a protective role against
motor neuron death resulting from different underlying etiologies.

Key Words: Amyotrophic lateral sclerosis, ALS, Anterior horn cell,
ALSI, G93A transgenic mice, Lewy body-like hyaline inclusion,
SODI, TDP-43.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal motor
neuron disease that causes progressive motor paralysis. The
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underlying pathogenetic mechanisms are largely unknown in
90% of ALS patients, that is, those with sporadic ALS
(SALS). Of the 10% of ALS cases with familial ALS
(FALS), approximately one fifth are associated with a
mutation in the superoxide dismutase 1 (SODI) gene; these
patients are classified as ALS1 (1, 2). The pathogenesis of
ALSI is thought to involve aggregation of mutant SOD1 and
subsequent oxidative stress (3). Another rare cause of
Jjuvenile autosomal recessive FALS is the gene that encodes
ALS2, also known as alsin (4, 5). In most cases of FALS,
however, the causative gene has not been identified because
of low penetrance.

TAR DNA binding protein 43 (TDP-43), a nuclear
protein, contains 2 fully functional RNA recognition motif
domains and a C-terminal region that is capable of binding
directly to several proteins of the heterogeneous nuclear
ribonucleoprotein family (6-8); these ribonucleoproteins have
a variety of functions including the modification, stabilization,
and transport of RNA. The TDP modifies the splicing of exon
9 of the cystic fibrosis transmembrane conductance regulator
gene (9) and of exon 3 of the apolipoprotein A-II gene (10).
Recently, it also has been reported that loss of TDP in vitro
results in nuclear dysmorphism, misregulation of the cell
cycle, and apoptosis (11).

Neuronal inclusions, such as Lewy body-like hyaline
inclusions (LBHIs), or the aggregation of mutant SOD1 in
ALS1 (3, 12) are known to be important pathological fea-
tures in the pathogenesis of neurodegenerative diseases.
The TDP is a component of the ubiquitin-positive inclusions
and neurites observed in frontotemporal dementia and ALS
(13, 14). The TDP-positive round or filamentous inclusions
in the cytoplasm and mislocalization of TDP from the
nucleus to the cytoplasm have been observed in all cases
of SALS (15) and FALS, but not in ALS1 (16, 17). A novel
missense mutation in TDP was recently identified as caus-
ative in familial motor neuron disease and SALS (18, 19).
Although the concept of TDP proteinopathy has been sug-
gested (14, 20), the presence of TDP-positive inclusions in
other diseases, including hippocampal sclerosis, Alzheimer
disease (21), Parkinson disease (22), Pick disease (23), and
neoplastic lesions (24), complicates this issue. Furthermore,
Sanelli et al (25) have reported that TDP is not a major
ubiquitinated target within the pathological inclusions
of ALS.

37

-533 -



Sumi et al

J Neuropathol Exp Newrol o Volume 68, Number 1, January 2009

‘wise|doiko pue 1vjanu s12y3 Jo AFojoydiow ayy jo siseq ay) uo (23 10 |BUOINAY SE PABIUNSS 3UdM SuOISN|dUl 3Asod-g(1 L Sutureiuod sadAy oy (1) wsedoikd sy ur suolsniaL:

ad-g@l pue (q) wsedoids ayy w wianed Fuiurels asnyIp e sepn[oUT UONEZI[EIOISIW (J1) Warold upulq YNNG Y VL "PAIUN0D aIdm 1{03[3nU 1823 pue Jawelp ul w /¢ Suipesaxs wsejdoldd yum suoinsu a8y
‘quuij 1oddn ‘) a5IN0D [ROIUIED MO[S B YIIM §TVS S STVS {SIBak §'75 "2°1) 984002 (eowul[d pides B yum STV dipelods ‘1 §TvS famngie) Atolendsar <y dsay ‘aanpiey [eual vy cuay

S seae] ] twaned uoisnpout Apueuniwopaid ‘() < | fweped uoisnpour ¢ twaned Suiurers asngp Apuruiwopaid ‘| <  ‘wened Buutels asnyip ‘(] eqing ‘g uoteinu auad ;-Gog) s1sois(ds Jerdle) diydonoiuwe 1§V .

(E1-2) 6 {(1L-2¥) 8S “(9Buel) ueipsy

¢ 0 0 L SOA § dsay oN 1 S8 St (S9Z171) 9-1S1V
6 0 0 €1 SOA § dsoy ON 1 6 L9 (S9T11) $-1STV
0 0 0 I SOA BIIOWNDU] s1eak ¢°7 n 6 0% (4LED) ¥ ISTY
0 0 0 0 SOA sfeyuouwdy s1eok (] 1 I 9 (1op dqz 9Z1) €718V
0 0 (@t £ SOA Bluownaug siedA ¢ 1 z a7 (1op dqz 921) T-181V
i€ 0z 0 0 SOA J uay sredk ¢ 1 L 1L (A111D) 1-1STV
(€°2-L70) 0°T (6L-5¥) 79 ‘(o8uer) uerpspy
£ 0 0 z ON '} dsoy oN ‘ L St 6-s STVS
4 0 0 sl ON J dsoy oN é L9 8t p-$ STVS
4 z 0 ¥ ON 3 dsoy oN 1N $'S £9 £ STVS
4 4 0 6 oN 3 "dsoy ON n $'S €S S STIVS
0 0 0 Z oN '} dsoy ON n S 6L 1-8 STVS
9T 9T 0 ¥ oN 3 rdsoy ON n [ d iL £1-1 $TVS
6l 81 (I<a) ¢ zl ON 3 dsoy ON n'd 4 09 711 STVS
L ! (a<nv ST ON 3 dsay ON R $T €L -1 STVS
€Tl 6 0 L oN eluowndug oN 1 z 9 01-1 §TVS
6 Tl (a<i) ¢ 8 ON '} dsoy ON n z 19 61 §TVS
8 69 @a<v v 1T ON J dsoy ON n z 1L 8-1 STVS
1 1z (<) 11 rad oN J dsoy ON a T 1$ L1 STVS
8¢ 54 (<) 21 @ ON 3 dsoy ON n‘a [4 69 9-1STVS
7 rd| (1<a) 6 91 oN J -dsoy ON n Sl 65 $-1STVS
8¢ ¥4 (1<@) 21 9¢ OoN eruownoug oN n'd Sl 09 $-1 STIVS
9 S¢ v 6 oN J dsay ON g1 80 6F €1 STVS
14 ¥e (a<n g £ ON J dsoy oN n 80 LL -1 81VS
91 or 9 £l oN BlUOWNU ON 1 L0 69 1-1 §TVS
lsuoisnpug jsuoisnpoug LUONBZIBIOISTIA Lsuoanan L103siy ysaQg (uoneang uonBISAJIUBA ERLETY [FLERY sjuaned
[Bi[") ‘ON [BUCINAIN daL Unm agae] "oN Apuie Jo asng) pajsunsy) SSAUNBIAN ‘uoneang a3y
“ON SUOINAN &w._a‘.— ON houahmﬁmuﬁ JO Isn feniujf 258IS1(q

xeleq [ed1bojoyied pue jediund ‘I18vVL

© 2008 American Assaciation of Newropathologists, Ine.

38

- 534 -



| Neuropathol Exp Neurol ¢ Volume 68, Number 1, January 2009

Nuclear TDP Correlates With ALS Clinical Course

To clarify how TDP may be involved in pathogenetic
mechanisms in ALS, we examined SALS and ALS]1 patients
clinically and pathologically by immunohistochemistry using
an anti-TDP antibody. We also examined the lumbar spinal
cords of mutant SODI transgenic mice (G93A mice) that
have lower copy numbers of the mutant SOD/ gene than the
G93A mice previously examined by Robertson et al (26);
G93A mice with low copy numbers of the mutant SOD/ gene
show pathological changes that are similar to those in
patients with ALS (27).

MATERIALS AND METHODS

ALS Cases and Pathological Assessment

Fixed paraffin-embedded 4-pm-thick sections through
the lumbar spinal cord at the L5 level were obtained from
Osaka University Graduate School of Medicine (Suita) for
clinicopathologic analysis. These patients had SALS (n = 18;
age at death 62 [median, 45-79] years; disease duration,
2 [0.7-7.3] years) or ALS1 (n = 6; age at death, 58 [42-71]
years; disease duration, 9 [2-11] years; Table). All neuro-
pathologic analyses were performed by trained neuropathol-
ogists. Sporadic ALS patients who did and did not have a
history of respirator use and whose deaths were caused by
respiratory failure or pneumonia were examined. Clinical
data including the localization of initial symptoms, history of
respirator use, cause of death, and family history are shown
in the Table.

Deparaffinized sections were incubated for 30 minutes
with 0.3% hydrogen peroxide to quench endogenous perox-
idase activity and then washed with PBS. The primary
antibodies used were rabbit polyclonal antibodies against
TDP-43 (1:3000, Protein Tech Group, Chicago, IL) and
ubiquitin (1:2000, Dako, Glostrup, Denmark), mouse mono-
clonal antibodies against human SODI1 (0.5 pg/mL, clone
1G2, MBL, Aichi, Japan) and phosphorylated neurofilament
(1:10,000, SMI31, Covance, Berkeley, CA), and a sheep
polyclonal antibody against human SOD1 (1:20,000, Calbio-
chem, San Diego, CA); these were applied to serial sections
as primary antibodies. Goat anti-rabbit and anti-mouse
immunoglobulins conjugated to peroxidase-labeled dextran
polymer (ready to use, Dako Envision+, Dako Corp,
Carpinteria, CA) and rabbit anti-sheep immunoglobulin
(1:1000, Abcam PLC, Cambridge, United Kingdom) were
used as secondary antibodies. Reaction products were
visualized with 3,3’-diaminobenzidine tetrahydrochloride
(ImmPACT DAB, Vector Laboratories, Burlingame, CA),
and hematoxylin was used to counterstain cell nuclei.

To estimate the numbers of TDP-positive cytoplasmic
inclusions, large neurons that had clear nucleoli and cell
bodies with a diameter greater than 37 pum (28) (presumed to
be a motoneurons) and the numbers of neurons with TDP
mislocalization from the nucleus to the cytoplasm in the gray
matter, from video images of each section obtained with a
digital camera (Keyence VB-7010, Keyence, Osaka) attached
to a light microscope (EclipseE800, Nikon, Tokyo), were
counted. The diameters of the neurons were measured with
the aid of image analysis software (VH-H1AS, Keyence).

© 2008 American Association of Neuropathologists, Inc.

Mislocalization of TDP was defined as the presence of a
TDP-negative nucleus and TDP-positive cytoplasm. In
mislocalizations of TDP, there can also be diffuse staining
patterns in the cytoplasm and TDP-positive filamentous or
round inclusions in the cytoplasm. Cells containing TDP-
positive inclusions were classified as neurons or glia on the
basis of the shape of their nuclei and cytoplasm.

Animals

Transgenic mice expressing the mutated human SOD]
(G93A) gene at a low level (B6SIL-TgN[SOD1]-G93A)1Gur”
[GIL]) were obtained from Jackson Laboratory (Bar Harbor,
ME). These mice carry 18 transgene copies because of a
reduction in the copy number compared with (B6SJL-
TgN[SOD1]-G93A)1Gur (G1H) mice, which express 25
copies (3). The GIL mice were bred and maintained as
hemizygotes by mating with wild-type B6.SJL mice. Non-
transgenic littermates were used as controls. All animals were
genotyped and handled as previously described (29). We
examined control (n = 6,292 [median, 240-296] days old) and
GIL (n = 9,256 [224-281] days old, end stage) mice. One
G1H mouse (120 days, end stage), also obtained from Jackson
Laboratory, was examined to confirm the lack of TDP-43
abnormalities reported previously (26). End stage was defined
as occurring when the mouse was so severely paralyzed that it
could hardly move or drink water. The mice were killed with
an overdose of sodium pentobarbital and perfused with PBS
followed by 4% paraformaldehyde. The lumbar enlargement
of the spinal cord was removed, immersed in 4% paraformal-
dehyde ovemnight at 4°C, and then dehydrated and embedded
in paraffin blocks. Paraffin sections, 4-pm-thick, were
prepared and stained with hematoxylin and eosin. Every fifth
section (cut at 20-pwm intervals) was obtained, and 4 sections
from each mouse were used to count the total number of
LBHIs in the sections. For immunohistochemistry, the primary
antibodies used on the serial sections were against TDP-43
(1:600, Protein Tech Group) and human SODI (0.5 wg/mL,
clone 1G2, MBL, Nagoya, Japan).

Semiquantitative Analysis of Immunoreactivity
for TDP

Because variation in the TDP immunoreactivity (TDP-
IR) was evident among GIL mice, the patterns of TDP
immunostaining were divided into normal (0) and abnormal
(1 to 4), the latter showing TDP-positive neurites and
inclusions and varying degrees of nuclear positivity. The
stages of normal or abnormal patterns were classified by
TDP-IR of the neuron nuclei as follows: normal pattemn
(Stage 0): same as in normal littermates, with immunoreac-
tivity apparent only in nuclei; abnormal pattern (Stages 1-4):
Stage 1, weak immunoreactivity in nuclei; Stage 2, weak to
moderate immunoreactivity in nuclei; Stage 3, moderate to
strong immunoreactivity in nuclei; Stage 4, strong immuno-
reactivity in nuclei.

Quantitative Analysis of LBHIs
The numbers of LBHIs with a core and halo in neurons
of the lumbar spinal cord were counted in hematoxylin and
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eosin—stained sections (100x objective) from each Gil.
mouse as previously described (29).

Statistical Analysis

Differences in the numbers of TDP-positive inclusions in
neurons and glia and in large neurons (>37 wm) between SALS
patients with a rapid course and those with a slow course were
analyzed by Wilcoxon rank sum test. The relationships among
the numbers of large neurons and TDP-positive inclusions in
neurons and glia were also analyzed using Spearman
correlation coefficient with a 95% confidence interval (Cl).
In GIL mice, the relationships among age at the end stage,
number of LBHIs, and TDP-IR were analyzed using Spearman
correlation coefficient with 95% CI. Exploratory subgroup
analyses for age at the end stage were done in the TDP-IR
weak groups (Stages 1 and 2) and the TDP-IR strong groups
(Stages 3 and 4) by Kolmogorov-Smimov test. All statistical
analyses were performed with SAS version 9.1 (SAS Institute
Inc, Cary, NC).

RESULTS
ALS Cases

In the lumbar cords of SALS patients with discase
durations less than or equal to 2.5 years (SALS r-1 to -13),

FIGURE 1. Mislocalization of TAR DNA binding protein (TDP)

mislovalization of TDP was frequently observed (Figs. 1B, C;
[abiey, this was not evident in controls (Fig. 1A). There was
a difiuse evioplasmic staining pattern, especially in large
pevrons (37 pm, Fig. 1B) and TDP-positive filamentous or
rouid melusions were evident in atrophic neurons and in glia
(Fses. 1€, D) the nuclei in the neurons and glia were
negative for TDP. In SALS patients with mild to moderate
newronal loss, there was often a diffuse TDP staining pattern
m the evtoplasm of large neurons (Table). No extracellular
THP-positive inclusions were apparent. By contrast, in SALS
patients with discase durations longer than 5 years (SALS s-1
o -5), neurons with diffuse cytoplasmic staining patterns
were not evident, and TDP-positive inclusions were only
rarely detected (Table). The TDP-IR of the nuclei of residual
neurons appeared to be preserved.

In ALST patients, diffuse cytoplasmic TDP staining of
large neurons was found only in 1 patient, i.e. ALS1-2 (126
2bp del), who had a clinical course of 2 years (Table). Some
small neurons in Patients ALS1-2 and ALSI-3 (126 2bp del)
also showed diffuse cytoplasmic TDP staining (Figs. 3A, C).
The TDP-positive inclusions were prominent in the glia and
in small neurons or their neurites in Patient ALS1-1 (C111Y),
who had no remaining large neurons. The nuclei of cells with
TDP-positive inclusions were TDP negative (Figs. 2A, E).
Colocalization of TDP and SOD1 was frequently evident as

$

in cases of sporadic amyotrophic lateral sclerosis (SALS) with

rapid clinical courses. (A) Normal control. The nuclei of large neurons are positive for TDP (arrows). Some glia (arrowheads) are
weakly stained. (B-D) SALS patients. (B) There is diffuse punctate cytoplasmic staining in the neuron on the left (arrow), and
heterogeneous staining in the middle (arrow) is observed in the cytoplasm. Nuclei of neurons on the left and in the middle are
negativefor TDP, whereas the nucleus of the neuron on therightisstained. (C) Variable appearances of cytoplasmic TDP inclusions
(arrows). The structure on the left (arrow) is rounded, whereas the one in the middle neuron is elongated and filamentous
(arrow). (D) Glial inclusions are positive for TDP (arrows). Immunohistochemistry against TDP. Scale bar = 50 um.

40 © 2008 American Association of Neuropathologists, Inc.
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FIGURE 2. Colocalization of TAR DNA binding protein (TDP) and superoxide dismutase 1 (SOD1) in neurons of an amyotrophic
lateral sclerosis 1 (C111Y) patient. (A, B) Heterogeneous cytoplasmic staining patterns for TDP (A) and for SOD1 (B). The
nucleus is TDP negative. (C-F) Neuronal inclusions are positive for TDP (C, E) and SOD1 (D, F). (G, H) The halo portion of a
Lewy body-like hyaline inclusion (LBHI) is stained strongly for TDP (G) and ubiquitin (H). The upper panels are high-
magnification views of each LBHI. Immunohistochemistry: (A, €, E, G) = TDP; (B, D, F) = SOD1; (H) = ubiquitin. (B, D, F, and H)
are adjacent serial sections of (A, C, E, and G), respectively. Scale bars = (A -F) 10 um; (G, H) 50 um; insets in (G, H) =16 um.
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