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Evaluation of SLC20A2 mutations that
cause idiopathic basal ganglia calcification

in Japan

ABSTRACT

Objective: To investigate the clinical, genetic, and neuroradiologic presentations of idiopathic
basal ganglia calcification (IBGC) in a nationwide study in Japan.

Methods: We documented clinical and neurcimaging data of a total of 69 subjects including
23 subjects from 10 families and 46 subjects in sporadic cases of IBGC in Japan. Mutational
analysis of SLC20A2 was performed.

Results: Six new mutations in SLC20A2 were found in patients with IBGC: 4 missense mutations,
1 nonsense mutation, and 1 frameshift mutation. Four of them were familial cases and 2 were
sporadic cases in our survey. The frequency of families with mutations in SLC20AZ2 in Japan was
50%, which was as high as in a previous report on other regions. The clinical features varied
widely among the patients with SLC20A2 mutations. However, 2 distinct families have the same
mutation of S637R in SLC20A2 and they have similar characteristics in the clinical course,
symptoms, neurologic findings, and neuroimaging. In our study, all the patients with SLC20A2
mutations showed calcification. In familial cases, there were symptomatic and asymptomatic
patients in the same family.

Conclusion: SLC20A2 mutations are a major cause of familial IBGC in Japan. The members in the
families with the same mutation had similar patterns of calcification in the brain and the affected
members showed similar clinical manifestations. Neurology® 2014;82:1-8

GLOSSARY

DNTC = diffuse neurofibrillary tangles with calcification; FIBGC = familial idiopathic basal ganglia calcification; IBGC =
idiopathic basal ganglia calcification; MMSE = Mini-Mental State Examination; PDGF = platelet-derived growth factor;
PDGFRB = platelet-derived growth factor receptor-g; Pi = inorganic phosphate; PiB = Pittsburgh compound B; PiT = type
I sodium-dependent phosphate transporter; PKC = paroxysmal kinesigenic choreoathetosis.

Idiopathic basal ganglia calcification (IBGC), also known as Fahr disease, is thought to be a rare
neuropsychiatric disorder characterized by symmetrical calcification in the basal ganglia and
other brain regions. Clinical manifestations range widely from asymptomatic to variable symp-
toms including headaches, psychosis, and dementia. The diagnosis of IBGC generally relies on
the visualization of bilateral calcification mainly in the basal ganglia by neuroimaging and the
absence of metabolic, infectious, toxic, or traumatic causes.>?

The mode of inheritance of familial IBGC (FIBGC) has been thought to be autosomal dom-
inant and, to date, 4 responsible chromosomal regions have been identified, namely 14q (IBGC1),
2q37 (IBGC2), 8p11.21 (IBGC3), and 5q32 (IBGC4).>" The causative gene at the IBGC3
locus was identified as SLC20A42 encoding type III sodium-dependent phosphate transporter 2
(PiT-2). Screening of a large series of patients with IBGC revealed that mutations in SLC20A2 are
a major cause of FIBGC'%; moreover, other mutations in SLC20A2 have recently been reported in
China and Brazil."'"'* The mutations of PDGFRB encoding platelet-derived growth factor

*These authors contributed equally to this work.
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(PDGF) receptor-B (PDGFRB) and PDGFB

have recently been reported to cause calcifica-

tion in the brain.'*"

We have collected clinical information of
patients with IBGC in a nationwide survey
in Japan. Here, on the basis of a mutational
analysis of SLC20A2, we aim to establish the
molecular epidemiology of IBGC3 and evalu-
ate clinically and genetically SLC2042 muta-
tions in Japan.

METHODS Subjects and samples. We collected clinical
information on patients with IBGC in a nationwide study. The cri-
teria for the selection of patients in the initial survey were as follows:
1) conspicuous calcification is observed in the basal ganglia and/or
dentate nucleus by CT scan; 2) calcification is bilateral and sym-
metrical; and 3) idiopathic {absence of biochemical abnormalities,
and an infectious, toxic, or traumatic cause).>® Neurologists
enrolled patients in the survey. They examined the medical charts
and performed the neurologic examinations again if necessary. The
survey was approved by the Ethics Committee of the Gifu Univer-
sity Graduate School of Medicine. During the survey, some pa-
tients were found to have hypoparathyroidism, Aicardi-Goutiéres
syndrome, and Cockayne syndrome, and these patients were
excluded. For the genetc study, a total of 69 subjects from 41
hospitals provided written informed consent and were enrolled in
the project. Of these patients, 46 came from families with a single
affected member, and the other 23 came from 10 families with
multiple affected members. We defined the former as sporadic
patients and the latter as familial patients. The patients’ mean
age = SD was 41.3 & 23.6 years at registration. The patients
comprised 32 males and 37 females.

Standard protocol approvals, registrations, and patient
consents. All experiments on human DNA were approved by
the Ethics Committees of both Gifu University and the Univer-
sity of Tokyo. After written informed consent was obrained,
peripheral blood samples were collected.

Mutational analysis. Genomic DNA was extracted from the
whole blood samples. SLC20A2 analysis was performed by Sanger
sequencing of all coding regions, as described in detail in e-Methods
and table e-1, A and B, on the Neurology® Web site at www.

neurology.org. The pathologic potential of the identified
variants was predicted using PolyPhen-2 (http://genetics.bwh.
harvard.edu/pph/).'¢

RESULTS Mutational analysis. We screened a total of
69 subjects including 23 subjects from 10 families in
which multiple affected subjects were observed and 46
subjects in sporadic cases, all of whom were Japanese.
Six new mutations in SLC20A2 were found: 4 missense
mutations, 1 nonsense mutation, and 1 frameshift muta-
tion (figure 1). Electropherograms showed the individual
heterozygous mutations (figure e-1). None of them were
present in an in-house exome sequencing data set (358
Japanese control subjects), dbSNP 137 (www.ncbi.nlm.
nih.gov/snp/), or the National Heart, Lung, and Blood
Institute “Grand Opportunity” Exome Sequencing
Project (ESP6500SI-V2). In silico analysis predicted
deleterious consequences, as determined from the
residuc changes in figures 1 and e-1. When confined
to the FIBGC patients, 5 of the 10 families (50.0%)
showed mutations in SLC20A2. In contrast, 2 of the 46
patients (4.3%) with sporadic IBGC carried mutations
in SLC20A2 in this study.

Clinical manifestations. The clinical manifestations are
summarized in table 1. A positive family history of
IBGC was present in 5 families. Families 1 and 2 had

the same mutation.

Familial cases. Case I (in family 1). The proband in fam-
ily 1 was a G4-year-old woman who had dysarthria and
gait disturbance for 5 years. She showed no dementia.
Her neurologic examination revealed dysarthria, small
steppage gait, rigidity at bilateral wrist joints, bradyki-
nesia, and a pyramidal sign. Her CT images revealed
severe calcification at the bilateral globus pallidus, cau-
date nuclei, thalamus, subcortical white matter, and
dentate nudlei (figure 2C). Her son’s CT showed sim-
ilar brain calcification {figure 2D), although he was
clinically asymptomatic. His DNA study revealed the

Figure 1
calcification

Exon 1 2 3 4 5

%<
| L
C.344C>T

¢.260_261delTC
c.212G>A

— . 152C>T

Schematic representation of causative mutations in SLC20A2 in idiopathic basal ganglia

f I

c.1398C>T ¢ 1808A>C

|| Untranstated region

. Coding region

Six new causative mutations in exon 2 (¢.152C>T, ¢.212 G>A, ¢.260_261delTC), exon 3 (c.344C>T), exon 8 (c.1399C>T),

and exon 11 (c.1909A>C) were found in this study.
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( Table 1 Clinical features of 6 individuals (probands) with SLC20A2 mutations

Mutation

Zygosity

Bxon |

Proband information

Family information (except the
proband)

No. of other individuals with
confirmed mutations

Other synﬁptoms {no.) in the family — -

Case 1 Case 3

Case 4

Case 5 Case 7

! Case? oo : ’ k~Ckas,e 6 !
c.1909A>C c.1909A>C  ¢.344C>T - c.212G>A ¢.1399C>T c152C>T ¢.260_261delTC
. S637R  SE37R  T1I5M R7IH  R4ETX  ABIV  LBTHfs'6
Hetero Hetero Hetero Hetero Hetero Hetero Hetero
s o 23 e
50 60 71 15 71 57
. Dvsarthrla Dementla - - Parkinédhism - PKC - ,'Dekrﬁkeh'ﬁa ; }‘Athet‘déiski -
30 2

Mental disorder {1), -
alcoholism (1)

NA

= NA

Abbreviations: MMSE = Mini-Mental State Examination; NA = not applicable; NE = not examined; PKC = paroxysmal kinesigenic choreoathetosis.
2Because there was no other family member who had any neurologic symptoms, brain CT screening of other family members was not performed.

same mutation in exon 11 that had been found in his
mother.

Case 2 (in family 2). The proband in family 2 was a
54-year-old woman who had dysarthria and gait distur-
bance for 4 years. She showed mild mental deteriora-
tion in Mini-Mental State Examination (MMSE)
score of 24 points, frontal signs, dysarthria, mild par-
kinsonism (rigidity of bilateral wrist joints and bradyki-
nesia), adiadochokinesis, spasticity, and small steppage
gait. Her CT images revealed severe calcification at the
bilateral globus pallidus, caudate nuclei, thalamus, sub-
cortical white matter, and dentate nuclei (figure 2E).
Although her son and cousin also showed calcification
in CT images, they were asymptomatic. Her DNA
analysis revealed the same mutation as that in family 1.
Is (in family 3).
The proband was a 69-year-old woman (II-1 in the

ase 3 and other s ic indivi
Case 3 and other symp 17 divid,

pedigree in figure 3). She was admitted to a hospital
at the age of 65 because of forgetfulness since the age
of 60 years. Her MMSE score was 20, which indi-
cated a possibility of dementia (MMSE score below
22). Decreased blood flow was detected in the bilat-
eral basal ganglia and thalamus and the right frontal
lobe in particular by SPECT. She had a positive fam-
ily history of brain calcification, as shown in figure
3A. The initial clinical diagnosis had been diffuse
neurofibrillary tangles with calcification (DNTC),"”

although to our knowledge familial cases of DNTC
have not been reported. Her son had psychological
disorders including violent behavior; unfortunately,
no brain CT had yet been performed on him. In
the patients in family 3, the degree of calcification
was mild compared with that observed in the other
families (figure 3, B~G). Her brother with calcifica-
tion in the brain (II-7) had a mental disorder and
another (1I-8) presented with alcoholism. The 3 other
relatives with calcification were asymptomatic (II-5,
11-9, and II1-3). The symptomatic patients (II-1, II-7,
and II-8) showed more apparent brain atrophy than
the others (figure 3, B, D, and E, respectively). The
individuals with calcification on the CT images (II-1,
1I-5, 11-7, 11-8, I1-9, and III-3) had the same mutation
in exon 3 in SLC20A2. However, the individuals with
no calcification (I1I-2, I1I-5, and IV-1) revealed no
mutation in SLC20A42. In summary, 6 patients had
calcification among the 10 individuals examined by
CT scan in family 3 and all of them carrying the
SLC20A2 mutation exhibited similar calcification
on CT images. However, persons without the muta-
tion did not show calcification.

Case 4 (in family 4). Family 4 had a mutation in exon
2. The proband developed clumsiness of her hands
and gait unsteadiness at the age of 71 years, and she
was diagnosed as having Parkinson disease. Visual

Neurology 82 February 25, 2014 3
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( Figure 2

A

CT images and family trees of families 1 and 2

(A) Family tree of family 1. (B) Family tree of family 2. The arrow indicates the index subject. Filled symbols represent patients affected by brain calcification. We
show the ages of persons under symbols in the family tree for those we could obtain. (C) CT images of proband (II-4 in pedigree of family 1, part A). (D) CT images
of the proband's son (lll-1 in pedigree of family 1, part A). (E) CT images of the proband (lI-2 in pedigree of family 2, part B). All have mutation of S637R.

hallucinations started with the initiation of medication.
She showed parkinsonism (rigidity, bradykinesia, and
postural instability), which responded to levodopa.
Her MMSE score was 16. Her brain CT images re-
vealed calcification at the globus pallidus, caudate
nuclei, and dentate nuclei, and her daughter, who
was asymptomatic, also had intracranial calcification
(figure ¢-2C). Brain CT was not performed in her
other children. Her SPECT images showed decreased
perfusion in the bilateral frontal, temporal, and parietal
regions of the brain. She died of pneumonia at the age
of 79. Neuropathologic examination revealed neuronal
loss and Lewy bodies in the substantia nigra, locus cer-
uleus, amygdala, and parahippocampal gyrus indicative
of Parkinson disease, and prominent deposition of cal-
cium in the parenchyma and the wall of arteries in the
globus pallidum and dentate nuclei compatible with
the pathologic findings of IBGC.

Case 5 (in family 5). The proband was a 24-year-old
man who had paroxysmal kinesigenic choreoathetosis
(PKC). His laboratory data were normal except for
CT findings. He presented with an attack of PKC
after exercise and his symptom responded well to car-
bamazepine. His CT images revealed calcification at

Neurology 82 February 25, 2014

the globus pallidus, thalamus, subcortical white mat-
ter, and dentate nuclei (figure e-2B [A]). We had an
opportunity to examine his parents, who had no
symptoms or signs. Mutational analysis of SLC2042
of his parents with their informed consent revealed
the same mutation in exon 8 in his mother as he had.
Brain CT scan of his mother confirmed calcification
at the globus pallidus, subcortical white matter, and
dentate nuclei.

Sporadic cases. Case 6. The patient had a mutation in
exon 2. She was a 72-year-old woman who noticed for-
getfulness at the age of 71. She had no motor deficits.
Her MMSE score was 22, and her score on the revised
Hasegawa Dementia Scale was 24. Her Frontal Assess-
ment Battery score at bedside was 5, indicating a fron-
tal lobe deficit (cutoff score, 11/12). The index scores
of the revised Wechsler Memory Scale were as follows:
attention and concentration, 86; verbal memory, 89;
general memory, 85; attention/concentration, 71;
and delayed recall, 75. Her brain CT images revealed
calcification at the globus pallidus, caudate nudlei, thal-
amus, subcortical and periventricular white matter,
and dentate nuclei (figure e-2B [B]). Her SPECT im-
ages showed decreased perfusion in the left frontal,

© 2014 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



{ Figure 3 Pedigree and CT images of family 3 ]

(A} Pedigree of family 3. The arrow indicates the index subject. Filled symbols represent pa-
tients affected by brain calcification. We show the ages of persons under symbols in the fam-
ily tree for those we could obtain. The striped symbal represents a symptomatic patient,
although his CT image and DNA sample were not available for the study. {B) CT image of
the proband (lI-1 in pedigree of family 3). (C) CT image of asymptomatic 1i-5. (D) CT image
of symptomatic II-7. (E) CT image of symptomatic 1I-8. {F) CT image of asymptomatic lI-9.
(G) CT image of asymptomatic I1{-3. All have mutation of T115M.

temporal, and parietal regions of the cerebrum and
bilateral cerebellum. ["'C] Pittsburgh compound B
(PiB) retention was not observed by ['C]PiB PET.
There were no other family members presenting with
similar neurologic symptoms. CT scan was not per-
formed for other individuals in the family.

Case 7. The patient was a 78-year-old man who had
a frameshift in exon 2. Involuntary movement of the
left thumb and index finger like “pill-rolling” began
in his sixth decade. His family first noticed memory
impairment at the age of 75. Gait disturbance ap-
peared at the age of 77 and oral dyskinesia and left
shoulder shrugging appeared at the age of 78. His
scores on the MMSE and Frontal Assessment Battery
were 22 and 10, respectively. His brain CT images
showed calcification at the globus pallidus, thalamus,

subcortical and periventricular white matter, and den-
tate nuclei (figure e-2B [C]). His SPECT images
showed decreased perfusion in the bilateral (predom-
inantly in the left) frontal and temporal regions of the
cerebrum and bilateral cerebellum. [''C]PiB reten-
tion was not observed by [''C]PiB PET, which was
performed at the age of 81. There were no other
family members presenting with similar neurologic
symptoms. CT scan was not performed for other in-
dividuals in the family.

DISCUSSION We have obtained clinical information
of 161 patients with brain calcification in a nationwide
study. We discovered that 3 patients had hypoparathy-
roidism, Aicardi-Goutiéres syndrome, and Cockayne
syndrome during the survey. CT images revealed vary-
ing degrees of calcification, from marked calcification
in the basal ganglia to patchy calcification in various
regions, suggesting diversity in the etiologies. Some
patients were incidentally found to have calcification
by CT performed for head injury caused by accidents.
Because our previous survey revealed a considerable
frequency (1%-2%) of patchy calcification in the
CT images of all patients in 2 university hospitals in
Japan,'”® more asymptomatic IBGC patents with
patchy calcification may exist than the number that
we had previously assumed to be present in the pop-
ulation in Japan. After the examination by neurolo-
gists, we collected 69 DNA samples from patients
who met the criteria for IBGC.%? Symptoms and neu-
rologic findings varied widely from asymptomatic to
variable symptoms including headaches, psychosis, and
dementia.

In this study, we investigated mutations in
SLC20A2 in 69 patients with IBGC in Japan and iden-
tified 4 new mutations in 10 familial cases (the same
mutation in 2 families) and 2 other new mutations in
46 sporadic cases. The frequency of families with mu-
tations in SLC20A2 was 50% (5 of the 10 families),
and that of sporadic patients was 4.3% (2 of the 46
patients). The frequency of the mutations in SLC2042
in FIBGC in Japan was as high as in other countries in
a previous report.'® Case 5 indicates that it is difficult to
reliably determine sporadic cases without brain CT
scans and genetic studies of all members in the family.

The mutations in our study existed in exons 2, 3,
8, and 11. One of these mutations (R467X) in exon 8
resulted in a substitution to a TGA stop codon, and
the other (c.260_261delTC) in exon 2 was a frame-
shift. None of the mutations were reported previ-
ously, indicating heterogeneities of the mutations in
SLC20A2. Taken together with other reports, causa-
tive mutations identified in SLC20A42 include 6 mu-
tations in exon 2, 1 in exon 3, 3 in exon 4, 1 in exon
5, 1 in exon 7, 10 in exon 8, 2 in exon 9, 4 in exon
10, and 4 in exon 11.°7'2 It does not seem that there
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are mutation hot spots in SLC20A2. The in silico anal-
ysis using PolyPhen-2 for the missense mutations pre-
dicted all to be likely damaging, as determined from
the residue changes. We drew the structure model of
the PiT-2 protein using the TOPO?2 software (htep://
www.sacs.ucsf.edu/TOPO/top.html). The schematic
structure of the PiT-2 protein with the mutations is
shown in figure 4.

Although the clinical features varied widely among
the families with IBGC with SLC20A2 mutations, the
patients in families 1 and 2 with the same SLC2042
mutation exhibited similar clinical manifestations
including dysarthria, mild cognitive decline, pyramidal
signs, and extrapyramidal signs as well as similar ages at
detection of calcification and onset of symptoms. Of
note, the CT images among the affected individuals
in the 2 families are similar (figure 2). In family 3,
in contrast, 3 symptomatic patients presented with
dementia, psychological disorder, and alcoholism,
accompanied with brain atrophy in CT images. None
of them showed movement disorders such as those in
families 1 and 2.

Although mutational analysis and CT scan were
not performed in other familial members of cases 6
and 7, concordance of the presence of mutations of
SLC20A2 and brain calcification were confirmed in
15 individuals, and we did not observe any individu-
als who carried the mutation and did not show brain
calcification. These observations strongly support a
high penetrance of the SLC20A42 mutations regarding
brain calcification.

Correlations of genotypes and neurologic pheno-
types, however, have been controversial. SLC20A42
mutations in patients with FIBGC have been

described to show variability in clinical manifestations
among the families. In the present study, the 2
affected individuals in families 1 and 2, who carried
the same mutation, exhibited quite similar neurologic
manifestations and clinical courses, suggesting a
genotype-phenotype correlation of the S637R muta-
tion. Of note, 2 individuals aged 56 and 61 years in
family 3 did not exhibit any neurologic manifesta-
tions despite carrying the mutation and having brain
calcification, indicating that penctrance regarding the
neurologic manifestations is incomplete.

In case 4, interestingly, the proband showed path-
ologic findings of both IBGC and Parkinson discase.
Because Parkinson disease is a common disorder in
aged people, there remains a possibility that the pres-
ence of IBGC and Parkinson disease is coincidental.

Case 5 had a mutation that leads to a premature
stop codon, making an incomplete structure of
PiT-2. His neurologic symptom was PKC controllable
by carbamazepine. Intriguingly, several patients with
IBGC have been reported to present with PKC or par-
oxysmal nonkinesigenic dyskinesia.’”?° For these cases
of PKC or paroxysmal nonkinesigenic dyskinesia,
mutational analyses of not only SLC20A42 but also
PRRT2 and MRI will be indispensable.”**

Herein, we have reported 5 cases of FIBGC and 2
cases of IBGC with SLC20A2 mutations in Japan. We
could not find any characteristic features of Japanese
patients, although we had discovered that each case has
a new mutation in SLC20A2, respectively.

The mechanisms of calcification and cell damage
remain to be clucidated. Despite that the expression
of PiT-2 encoded by SLC20A2 is distributed widely
in the human body,” mutations in SLC20A2 cause

( Figure 4 Schematic structure of PiT-2 {type lil sodium-dependent phosphate transporter) with the mutations ]
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calcification only in the brain. Mutations in SLC34A42
have been reported to cause pulmonary alveolar micro-
lichiasis.** Because Npt2b encoded by SLC34A42 is the
only phosphate transporter that is highly expressed in
the lungs,” the mutations in SLC34A2 are compatible
with the lesion of the alveolar type II cells in the
lungs.?* Because the limitation of calcification to the
brain cannot be explained by only the mutation in
SLC20A2 followed by abnormalities of inorganic phos-
phate (Pi) transport via PiT-2, there might be some
other genes responsible for calcification in the brain, or
the mutations in SLC20A2 may take some toxic gain
of function. The dysfunction of Pi transport can
explain the accumulation of various metals in regions
of the brain and the abnormal distribution of metals,
which we observed in CSF?® and hair in the patients
with IBGC.*” We have recently shown that PiT-2
immunopositivity was expressed predominantly in
neurons, astrocytes, and vascular endothelial cells in
the mouse brain.”® PDGF-B is expressed in endothelial
cells and neurons.?” PDGF-B homodimer (PDGF-BB)
enhanced the expression of PiT-1 mRNA encoded by
SLC20A1 in human aortic smooth muscle cells.*® The
hypomorph of PDGF-B in mice has recently been
revealed to cause brain calcification through pericyte
and blood-brain barrier impairment.’”® Recently, sim-
ple knockout of SLC20A2 has also been shown to lead
to calcification in the mouse brain.®' PiT-2, PDGF,
and as yet undetermined other molecules are consid-
ered to have pivotal roles in blood vessel-associated
calcification and neuronal death in patients with
IBGC. Elucidation of the molecular basis underly-
ing IBGC will contribute to the development of
therapeutic measures for patients with calcification
in the brain.
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Lower Motor Neuron Involvement in TAR DNA-Binding
Protein of 43 kDa-Related Frontotemporal Lobar
Degeneration and Amyotrophic Lateral Sclerosis

Yuichi Riku, MD; Hirohisa Watanabe, MD; Mari Yoshida, MD; Shinsui Tatsumi, MD; Maya Mimuro, MD;
Yasushi lwasaki, MD; Masahisa Katsuno, MD; Yohei Iguchi, MD; Michihito Masuda, MD; Jo Senda, MD;
Shinsuke Ishigaki, MD; Tsuyoshi Udagawa, PhD; Gen Sobue, MD

IMPORTANCE TAR DNA binding protein of 43 kDa (TDP-43) plays a major role inthe
pathogenesrs of frontotem poral lobar degeneration (FTLD) and amyotrophic lateral sclerosis :
(ALS). Although a pathological continuity between FTLD and ALS has been suggested, the
neuropathological changes of the lower motor neuron (LMN) systems have not been
assessed in TDP- 43-associated FTLD (FTLD TDP), to our knowledge.

OB}EC'{IVE To |nvest1gate a pathologlcal contmuuty between FT LD TDP and ALSby
comparmg their respectlve neuropathological changes inthe motor neuron system

DESIGN AND SETTING A retrospective clinical medical record review and a semiquantitative
neuropathological evaluation of the cranial motor nerve nuclei and Spinal cord were

conducted at autopsy. We included 43 patients with sporadic FTLD- TDP type A, B, or C, from
269 consecutlvely autopsied patients with TDP-43 protemopathy Patlents were categonzed
as havmg FTLD wrthout ALS, FTLD-ALS (onset of FTLD symptoms/srgns preceded those of
ALS), or ALS FTLD (onset of ALS symptoms/sagns preceded those of FTLD)

MAIN OUTCOMES AND MEASURES NeurOnalTDP—de pathological r:hanges and neuronal loss.

RESULTS Forty-three patlents wereincludedin thec mrca! analysrs and 29 from whom spxnal ;
cords were obtained were included in the neuropathologrcal analysis. Survival time was
significantly shorter in the FTLD-ALS and ALS-FTLD groups than in the FTLD without ALS
group (P < .001). At neuropathologica! exammation 89% of patients in the FTLD without ALS
group showed aggregations of TDP-43 inthe spinal motor neurons. The LMN loss was most
severe in ALS- FTLD; followed by FTLD-ALSand FTLD w;thout ALS. All'the patients with type

Aor C FTLD-TDP were included in the FTLD without ALS group and allthose with type B
pathologrcal changes were in the FTLD-ALS or the ALS- FTLD group. Lower motor neuron loss ,
and TDP-43- -positive skeinlike inclusions were observed in al! pathological subtypes.

CONCLUSIONS AND RELEVANCE The LMN systems of FT LD TDP frequently exhibit

neuropathologlcal changes correspondmg to ALS. Thus, a pathological contlnmty between
~FTLD-TDP and ALS is supported at the level of the LMN system

* JAMA Neurol. 2014:71(2)172-179. doi: 101001/jamaneurol 20135489
Published online December 30, 2013. 3

172

Copyright 2014 American Medical Association. All rights reserved.

vnloaded From: http://archneur.jamanetwork.com/ by a NAGOYA UNIVERSIT\AHSH on 03/18/2014

Supplemental content at

jamaneurology.com

Author Affiliations: Department of
Neurology, Nagoya University
Graduate School of Medicine,
Nagoya, Japan (Riku, Watanabe,
Katsuno, lguchi, Masuda, Senda,
ishigaki, Udagawa, Sobue); Institute
for Medical Science of Aging, Aichi
Medical University, Aichi, Japan
(Yoshida, Tatsumi, Mimuro, lwasaki).

Corresponding Author: Gen Sobue,
MD, Department of Neurology,
Nagoya University Graduate School
of Medicine, Tsurumai 65, Showa-ku,
Nagoya, Japan
(sobueg@med.nagoya-u.ac.jp).

jamaneurology.com



Motor Neurons in Frontotemporal Lobar Degeneration

* rontotemporal lobar degeneration (FTLD) is a sporadic
2 or familial neurodegenerative disease that clinically en-

compasses frontotemporal dementia, language disor-
der, and motor symptoms.' Immunohistochemical profiles
show that approximately half of patients with FTLD present
with tau-positive disease, but the other half primarily exhibit
an accumulation of TAR DNA-binding protein of 43 kDa (TDP-
43), referred to as FTLD-TDP.>> Currently, the cortical TDP-43
pathological changes in sporadic FTLD-TDP are classified into
3 subtypes: A, B, and C.¢#

TAR DNA-binding protein of 43 kDa is also a major dis-
ease protein in amyotrophic lateral sclerosis (ALS), which is
characterized by upper motor neuron and lower motor neu-
ron (LMN) involvement.® The pathological features of LMN in-
volvement in ALS include neuronal loss, gliosis, TDP-43-
positive neuronal inclusions with skeinlike or round shapes and
glial inclusions, and Bunina bodies.'®

Some patients exhibit symptoms of both ALS and FTLD,
and the cerebral cortices of patients with FTLD and ALS
almost always show type B TDP-43 changes.”***? Thus, a
pathological continuity between FTLD and ALS has been pro-
posed based on brain TDP-43 pathological findings. Studies
of the cerebral cortex, including the motor cortex, and sub-
cortical gray matter have shown common TDP-43 pathologi-
cal findings in FTLD, FTLD with ALS, and ALS.*>*47 How-
ever, the neuropathological features of LMN systems in
FTLD-TDP have not been investigated comprehensively, par-
ticularly in the spinal cord, although characterization of
these features is necessary to confirm the pathological rela-
tionship between FTLD and ALS.

In this study, we investigated LMN pathological findings
in patients with sporadic FTLD-TDP who clinically demon-
strated FTLD, FTLD with ALS, or ALS. We also investigated the
correlation between TDP-43 pathological subtypes (type A, B,
and C) and LMN involvement to further elucidate the conti-
nuity of FTLD and ALS.

pooo e e
Methods

Study Patients

We enrolled 269 consecutively autopsied patients with spo-
radic and adult-onset FTLD, FTLD with ALS, or ALS in which
pathological aggregation of TDP-43 was confirmed at the
Department of Neuropathology, Institute for Medical Science
of Aging, Aichi Medical University, from 1988 to 2012. All
patients had been clinically evaluated by neurological
experts in the affiliated hospitals of Nagoya University School
of Medicine or Aichi Medical University. Permission to per-
form an autopsy and archive the nervous system tissues for
research purposes was obtained from family members after
death. The clinical data on the included patients were
obtained from case notes made at diagnosis and at an
advanced stage of illness. We initially excluded 216 of the 269
patients because they did not present clinical FTLD symp-
toms. In 53 patients, FTLD or FTLD with ALS was diagnosed
according to the diagnostic criteria of FTLD and ALS.**®
Moreover, we subclassified FTLD with ALS into FTLD-ALS

jamaneurology.com
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(onset of FTLD symptoms/signs preceded those of ALS) and
ALS-FTLD (onset of ALS symptoms/signs preceded those of
FTLD) groups.

The enrolled patients were categorized into 3 groups:
FTLD without ALS, FTLD-ALS, and ALS-FTLD. The FTLD
symptoms were categorized into 2 groups: behavior-variant
frontotemporal dementia and language impairments.** The
LMN symptoms/signs were defined by progressive muscular
weakness, muscular atrophy, fasciculation, or electromyo-
graphic findings. We excluded patients with Alzheimer
disease-associated neurofibrillary pathological abnormalities
that were more advanced than Braak stage IV,*® those with
argyrophilic grain disease, and those with invalid clinical
data. Finally, 43 patients were included in the clinical analy-
sis (11 with FTLD without ALS, 9 with FTLD-ALS, and 23 with
ALS-FTLD). For comparison, we prepared 13 age-matched
controls (mean [SD] age at death, 68.2 [6.9] years) who had
no diagnosis of any neurodegenerative disease, dementia, or
cerebrovascular disease.

Clinical Analyses

The information regarding sex, age at onset, disease dura-
tion, and duration between onset of FTLD and ALS was col-
lected from clinical notes. Causes of death were classified as
respiratory failure due to respiratory muscle weakness, pneu-
monia, or other. The last category comprised systemic dis-
eases other than respiratory failure or pneumonia, including
cancer, ileus, infections, and renal failure. Information on the
subtypes of dementia, clinical data on motor symptoms, and
electromyographic results were also collected.

Pathological Evaluations

For the neuropathological analysis, we excluded patients who
had received a respirator/tracheotomy (n = 11) or whose spinal
cord was not available (n = 3). In total, 29 patients were
included in the neuropathological analysis and divided into 3
groups: FTLD without ALS (n = 9), FTLD-ALS (n = 8), and ALS-
FTLD (n = 12). The tissues were fixed in 20% neutral-buffered
formalin. The paraffin-embedded tissue blocks were cut at a
thickness of 4.5 pm. We evaluated sections from the spinal
cord and whole brain. The whole spinal cord was examined
at each segmental level, but only the cervical cord was avail-
able in 3 patients and the sacral cord was not available in
another 3.

For routine neuropathological examinations, the sections
were stained with hematoxylin-eosin and Kliiver-Barrera.
Immunohistochemical studies were performed using a stan-
dard polymer-based method with the EnVision Kit or anti-
goat immunoglobulin (Dako). As primary antibodies, we used
antibodies to the following: anti-ubiquitin (ubiquitin, mono-
clonal mouse, 1:250; Millipore), anti-TDP-43 (TARDBP, poly-
clonal rabbit, 1:2500; ProteinTech), anti-phosphorylated
TDP-43 (pTDP-43 ser409/410, polyclonal rabbit, 1:2500;
CosmoBio), anti-phosphorylated tau (AT-8, monoclonal mouse,
1:4000; Innogenetics), anti-B-amyloid (B-amyloid 6F/3D,
monoclonal mouse, 1:100; Dako), anti-CD68 (CD68, monoclo-
nal mouse, 1:200; Dako), anti-cystatin C (cystatin C, poly-
clonal rabbit, 1:200; Dako), p62 N-terminal (p62N, polyclonal
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guinea pig, 1:100; Progen), anti-ubiquilin 2 (UBQLN-2 5F5,
monoclonal mouse, 1:5000; Abnova), and anti-choline acet-
yltransferase (ChAT, polyclonal goat, 1:100; Millipore).
Diaminobenzidine (Wako) was used as the chromogen.

Antigens were retrieved with trypsin for anti-CD68
immunohistochemistry and with 95°C 3 mmol/L citrate buf-
fer at 95°C for 20 minutes, followed by 5-minute incubation
in 98% formic acid for anti-p62N, anti-TDP-43, anti-pTDP-43,
and anti-ChAT immunohistochemistry. To confirm the pres-
ence of TDP-43-positive inclusions within the cholinergic
motor neurons, we performed double immunohistochemis-
try using anti-pTDP-43 and anti-ChAT antibodies. Spinal cord
specimens were prepared from 3 patients with type A, 3 with
type B, and 2 with type C. Initially, the specimens were
immunostained with the anti-ChAT and anti-goat immuno-
globulin antibodies and diaminobenzidine. The anti-ChAT
antibody was inactivated in distilled water at 100°C for 20
minutes, followed by immunohistochemistry with pTDP-43
and violet pigmentation using a VIP Peroxidase Substrate Kit
(SK-4600; Vector).

For the semiquantitative neuropathological analysis, 2
investigators (Y.R. and M.Y.) observed the specimens contain-
ing the facial and hypoglossal nuclei and the anterior horn of
the spinal cord. They evaluated the severity of LMN neuro-
pathological changes that are indicative of ALS (neuronal loss,
gliosis, aggregation of macrophages, TDP-43-immunopositive
neuronal inclusions, and Bunina bodies) and graded neuronal
loss and gliosis using Kliiver-Barrera and hematoxylin-eosin
staining. The investigators also evaluated the aggregations of
macrophages rather than rod-shaped microglia using anti-
CD68 immunohistochemistry and identified Bunina bodies
using hematoxylin-eosin staining and anti-cystatin C immu-
nohistochemistry. They scored the severity of neuronal loss
and gliosis as grade 0 (none), 1 (mild), 2 (moderate), or 3 (se-
vere) (eFigure 1 in Supplement. The appearance of TDP-43-
positive inclusions was scored as grade 0 (none), grade 1 (1-5
neuronal inclusions per 5 fields; x20 objective), grade 2 (6-10
inclusions), or grade 3 (=11 inclusions) using anti-pTDP-43
immunohistochemistry.

Pathological cortical TDP-43 subtypes were identified
according to current neuropathological criteria, using speci-
mens from the frontal lobes, temporal lobes, and hippo-
campus.> For FTLD-TDP, type A was defined as the presence
of neuronal cytoplasmic inclusions predominantly in the
neocortex layer 2 and short dystrophic neurites; type B, as a
predominance of neuronal cytoplasmic inclusions in all corti-
cal layers; and type C, as a predominance of long dystrophic
neurites in layer 2 and cytoplasmic inclusions in the dentate
granular cells of the hippocampus. Our patient series did not
include type D, which is characterized by numerous short
dystrophic neurites and neuronal intranuclear inclusions in
association with valosin-containing protein gene mutations.
We also evaluated pathological changes in the upper motor
neuron systems that include the primary motor cortex and
corticospinal tract (CST). We evaluated the presence or
absence of neuronal loss and gliosis in the primary motor cor-
tex and myelin pallor, as well as the aggregation of macro-
phages in the CST.
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immunohistochemical Screening of Hexanucleotide

Repeat Expansion Sequence in Chromosome 9

Open Reading Frame 72

Our study focused on sporadic FTLD-TDP, and patients with
familial histories of FTLD or ALS, dementia, or other neuro-
degenerative diseases were excluded. However, FTLD or ALS
associated with chromosome 9 open reading frame 72
(COORF72) hexanucleotide expansion exhibits pathological
aggregation of TDP-43 and, in some cases, low penetra-
tion,2°* although these mutations are extremely rare in
Japan.? It was recently reported that the pattern of ubiquilin
abnormalities in ALS and FTLD corresponds well with the
presence of CQORF72 hexanucleotide expansion.?* The
UBQLN-2-positive, p62-positive, but TDP-43-negative thick
dystrophic neurites are abundantly present in patients with
C90RF72 hexanucleotide expansion, predominantly in the
hippocampus and cerebellum. Because the materials for a
genetic study were not available for a large proportion of our
patients, we histologically screened C9ORF72 hexanucleotide
expansion with the absence of UBQLN-2 and p62N-positive
thick dystrophic neurites in the temporal lobes and cerebella
of all patients.

Statistical Analysis

The Mann-Whitney test was applied to continuous variables
between 2 groups, and the Kruskal-Wallis test was applied to
the analysis of continuous variables among 3 groups. The x>
test was used for categorized variables among 3 groups. Spear-
man rank correlation coefficient analyses were applied to uni-
variate correlations between the clinical groups and severity
of pathological changes. Survival curves were constructed
using the Kaplan-Meier method. The end point of clinical
course was defined as death or the introduction of a respira-
tor or tracheotomy. The significance level for all comparisons
was set at P < .05. All statistical tests were 2 sided and were
conducted using the PASW 18.0 program (IBM SPSS).

Results

Clinical Analysis

Patient characteristics are summarized in the Table. The mean
(SD) time from symptom onset to death or respirator or tra-
cheotomy administration was 50.5 (58.4) months across all pa-
tients. The survival time from symptom onset did not differ
significantly between the FTLD-ALS and ALS-FTLD groups but
was significantly shorter for the FTLD without ALS group than
for the FTLD-ALS or ALS-FTLD group (Figure 1 and Table;
P < .001). The most common cause of death for the ALS-
FTLD and FTLD-ALS groups was respiratory failure, but pa-
tients with FTLD without ALS commonly died of other sys-
temic diseases (P < .001). Frequencies of dementia subtypes
did not significantly differ between the clinical groups.

With regard to motor symptoms/signs, 3 patients in the
FTLD without ALS group had hyperreflexia, 1 had the Babin-
ski sign, and 1 had spasticity, but none had a clinical diagno-
sis of progressive lateral sclerosis (PLS) according to the pub-
lished diagnostic criteria of PLS.?# Patients with FTLD-ALS or
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Table. Clinical and Demographic Patient Characteristics

. Patient Group

ALS-FTLD (n=23) PValue

Characteristic -~ FTLD Without ALS (n=11) . FTLD-ALS (n=9)
Sex, No. female/male? 8/3 | 36 10/13 . 16
Age at onset, mean (SD), y* 62.4(9.4) 582 (11.3) 61.2 (9.5) 79
Clinical duration without 84.0 (47.0-360.0) 28.0(7.0-60.0) = . 22.0(7.0-71.0) <.001
respirator or-tracheotomy, o i o e e
median (range), mo® ; ; i i
Duration between FTLD and 18.0(4.0-48.0) +19.0(0-60.0) 92
ALS, median (range), mo® i : : S
Patients with tracheotomy, 0 0 20) 40
NO. (96)& o : B : B : 5 i
Patients with respirators, S0 Sy 8 (35) 047
No. (%)a i 3 ; ’ . L : it i p
Duration with respirator or I ; 30.0 39.0(1.0-141.0)
tracheotomy, median : n
(range), mo™
Catises of death, No. (%)*
Respiratory failure : . 0 6(67) 20 (87) <.001
Preumonia = ' 37 13(33) 3(13) , 37
Other 8(73) ! 0 0 ~oox001
Subtypes of dementia, i ' ; ‘
No. (%) . , -
Behavior-variant FTD 7 (64) 7{78) .19.(83) 29
Language impairments 4 (36) 222y 4(17) b2
Motor symptoms/signs,’ : : Abbreviations: ALS, amyotrophic
No. (%) : ; lateral sclerosis; ALS-FTLD, onset of
Muscte weakness® -~ - : 20 9(100) 23 (100) <.001 ALS symptoms/signs preceding those
Muscle atrophy ; 0 7(78) 22 (96) <.001 ?: ;?)Dr;tot;mporal Iobard;egeneration
: i ; ellipses, not significant;
Fasciculation : . 0 4 (44) 15 (65) -002 FTD, frontotemporal dementia;
Hyperreflexia 3(27) 5(56) 17 (74) 009 FTLD-ALS, onset of FTLD
Babinski sign 10 4 (44) ~13(13) 08 symptoms/signs preceding those
: ALS.
Spasticity. , 1) e 0 14 co63 o szf "
- o : X2 Test.
Electromyography, No. (%
- y; graphy, No. (%) : b Kruskal-Wallis test.
Total examined 2 (18) 4(82) 21°(91) : .
Active denervation® 0 3(75) 12 (57) 054 Log ranictest.
¢ ' i : 9Mann-Whitney test.
ALS-FTLD general.ly exhibited both upper rn.ot.or neuron and Figure 1. Survival by Clinical Group
LMN symptoms/signs except for 3 who exhibited only LMN
symptoms/signs. Based on the electromyographic data, ac- B
tive denervation potentials (positive sharp waves and fibril- FTLD withow ALS
lation potentials'®) were identified in 3 patients with FTLD- 0.8 | R— FTLD-ALS
. . 0 L Ly L e
ALS and 12 with ALS-FTLD but not in any of those with FTLD & ALS-FTLD
without ALS. ERY
zo
=
v
Pathological Evaluations of the LMN System £ 4l
The results of semiquantitative pathological evaluations of Lés
the 3 clinical groups are summarized in Figure 2. In the FTLD 3 o
without ALS group, 8 of 9 patients (89%) showed pTDP-43- ’
positive neuronal inclusions. In addition, neuronal loss and
gliosis in the spinal anterior horns were observed in 5 of 11 003 o0 150 200 20 30 30 ato

patients (45%) and Bunina bodies were present in 4 (36%).
The pathological changes in LMN systems were most severe
in the ALS-FTLD group, followed by the FTLD-ALS group,
and were rather mild in the FTLD without ALS group.
Among control patients, 1 had a pTDP-43-positive glial inclu-
sion in the lumbar anterior horn, but this patient did not
show neuronal loss, gliosis, or Bunina bodies (eFigure 2 in
Supplement).

jamaneurology.com

Survival Duration, mo

Kaplan-Meier plot showing the survival rates of patients with frontotemporal
lobar degeneration (FTLD) without amyotrophic lateral sclerosis (ALS) (solid
line; n = 11), those in whom the onset of FTLD symptoms/signs preceded those
of ALS (FTLD-ALS) (dashed line; n = 9), and those in whom the onset of ALS
symptoms/signs preceded those of FTLD (ALS-FTLD) (dotted line; n = 23).
Survival times were significantly shorter in patients with FTLD without ALS than
in those with FTLD-ALS or ALS-FTLD (P < .001).
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Figure 2. Semiquantitative Evaluations of Pathological Changes by Clinical Group

P r
FTLD Without ALS FTLD-ALS ALS-FTLD Values Values
Patients 12 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
Clinical duration, mo 47 66 84 108147360 68 96 122 22 23 28 28 31 36 36 60 7 8 9 10 16 20 22 24 26 54 60 71
‘Neuronal loss ' '
Facial nuclei <01 0.730
Hypdglossal nuclei <.01 0.823
Anterior horn of Cx <01 0.804
Anterior horn of Tx <01 0.768
Anterior horn of Lx <.01 0.856
Anterior horn of Sx <01 0.880
Gliosis
Facial nuclei S I <.01 0.768
Hypoglossat nuclei ‘ <01 0.828
Anterior horn of Cx <01 0.730
Anterior horn of Tx <01 0.740
Anterior hornof Lx <0l 0878
Anterior horn of Sx <01 0.904
pTDP-43-positive neuronal inclusions
Facial nuclei <01 0.729
Hypogloséé[ nuclei .08 0.348
Anterior horn of Cx <01 0.511
Anterior hornof Tx <.05 0.403
Anterior horn of Lx <.05 0412
An <05 0.458
Aggregation of macrophages
Facial nuclei ; <.01 0.518
Hyboglossél nuclei LR - - - - - - - <.01 0634
Anterior hornof Cx ' 0.78 0.073
Anterior horn of Tx <.05 0435
Anterior horn of Lx <01 0721
Anterior horn of Sx <01 0.751

Bunina bodies
vBrvain TDP-43 disease type A

A A A A A C CC

B B B B B B B B

B B B B B B B

Findings shown include the severity of neuronal loss, gliosis, phosphorylated
TAR DNA-binding protein of 43 kDa (pTDP-43) pathological changes, and
aggregations of macrophages and the presence of Bunina bodies in the lower
motor neuron systems. The severity of each pathological change was graded as
0 (none [-, not colored]), 1(mild [+, green]), 2 (moderate [++, yellow]), or 3
(severe [+++, red]). Neuropathological changes became increasingly severe in

those in whom amyotrophic lateral sclerosis (ALS) symptoms/signs preceded
those of frontotemporal lobar degeneration (FTLD; ALS-FTLD), as well as the
FTLD-ALS (FTLD symptoms/signs preceding those of ALS) and FTLD without
ALS groups (Spearman rank order). Cx indicates cervical cord; Lx, lumbar cord;
NA, not assessed; Sx, sacral cord; TDP-43, TAR DNA-binding protein of 43 kDa;
and Tx, thoracic cord.

According to cortical TDP-43 pathological findings,® 29
patients were classified into 3 subtypes: A (n = 6), B (n = 20),
or C (n = 3). Patients with FTLD without ALS showed type A
or C disease, whereas those with FTLD-ALS or ALS-FTLD all
showed type B disease (Figure 2 and Figure 3). For all the sub-
types, the LMN system showed neuropathological changes
that were indicative of ALS, including pTDP-43-positive neu-
ronal and glial inclusions, neuronal loss, and gliosis. In
patients with type A disease (Figure 4A-H), the severity of
neuronal loss and gliosis in LMN systems ranged from none
to moderate. Five patients (83%) in this group had pTDP-43-
positive, skeinlike cytoplasmic and/or nuclear inclusions
(Figure 4B and C), and 4 (67%) had Bunina bodies (Figure 4E
and F) in the LMNs.

All 20 patients in the type B group (Figure 4I-L) showed
neuronal loss, gliosis, and pTDP-43-positive skeinlike cyto-
plasmic inclusions in the LMN systems, and 18 (90%) had
Bunina bodies. Among the 3 patients with type C disease
(Figure 4M-P), 1 (33%) had mild loss of the LMNs (Figure 4M),
and all 3 (100%) had pTDP-43-positive skeinlike cytoplasmic
inclusions in the LMNs (Figure 4N). Unlike patients with the

176 JAMA Neurology February 2014 Volume 71, Number 2

other subtypes, those with type C disease lacked Bunina
bodies. Moreover, thick dystrophic neurites were prominent
in the spinal anterior horn in patients with type A or C dis-
ease but rarely present in those with type B disease
(Figure 4G and O). These dystrophic neurites were larger in
diameter (8-12 um) than those found in the cortices. In a
double immunohistochemical analysis, pTDP-43-positive
inclusions were found within the cytoplasm of ChAT-
positive neurons in patients with type A, B, and C disease
(Figure 4H, L, and P).

Pathological Evaluations of the Upper

Motor Neuron Systemn

In the primary motor cortex, neuronal loss and gliosis were evi-
dentin 5 patients with FTLD without ALS (56%), 2 with FTLD-
ALS (25%), and 3 with ALS-FTLD (25%). Myelin pallor in the
CST was evidentin 6 patients with FTLD without ALS (67%), 1
with FTLD-ALS (12%), and 2 with ALS-FTLD (17%). Aggrega-
tions of macrophages in the CST were evident in 4 patients with
FTLD without ALS (44%), 5 with FTLD-ALS (62%), and 6 with
ALS-FTLD (50%).
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Figure 3. Semimacroscopic Appearances and Brain Pathological Findings in Patients With Type A, B, and C Pathological Changes

Findings in patients with type A (A-D) , B (E-H), and C (I-L) pathological changes.
In a patient with type A pathological change, cerebral coronal sections showed
cortical atrophy of the parasylvian region (A). Transverse section of the cervical
cord showed marked myelin pallor in the corticospinal tract (B). Microscopicatly,
the frontal cortices showed marked neuronal loss (C) and phosphorylated TAR
DNA-binding protein of 43 kDa (pTDP-43)-positive neuronal inclusions and
short dystrophic neurites (D). In a patient with type B pathological change, the
cerebral cortex showed severe temporal atrophy (E), neuronal loss (G), and
pTDP-43-positive neuronal inclusions (H). The corticospinal tract showed mild

myelin pallor (F). In a patient with type C patholgoical change, the frontal and
temporal cortices showed severe atrophy (1), marked neuronal loss (K), and
pTDP-43-positive long dystrophic neurites (L). The corticospinal tract showed
marked myelin palior (J). KlGver-Barrera staining (A, B, E, F, I, and J),
hematoxylin-eosin staining (C, G, and K), and pTDP-43 immunohistochemistry
(D, H, and L) were performed. Scale bars represent 1cm (A, E, and 1), 3mm (B, F,
and J), 100 pm (C, G, and K), and 20 pm (D, H, and L). Original magnifications
arex1(A, B, E, F,1,and J), x200 (C, G, and K), and x400 (D, H, and L).

Anti-UBQLN-2 and Anti-p62N Immunohistochemistry

No patients showed any cerebellar UBQLN-2-positive or p62N-
positive structures. In the temporal lobes, UBQLN-2-positive
structures were occasionally observed in 8 patients, but abun-
dant, thick, and aggregatelike structures, which are found in
patients with COORF72 expansions, were not observed (eFig-
ure 3 in Supplement). We presumed that our patients did not
have C9ORF72 expansions.

s
Discussion

Our study demonstrated that pTDP-43-associated pathologi-
cal changes were common in the spinal anterior horns of the
FTLD without ALS, FTLD-ALS, and ALS-FTLD groups. Neuro-
nal loss and gliosis were most severe among the ALS-FTLD
group, followed by the FTLD-ALS and then the FTLD without
ALS groups. Our results clearly demonstrated the pathologi-
cal continuum among TDP-43-associated FTLD and ALS, even
at the LMN level.

Although the FTLD without ALS group that lacked LMN
symptoms showed aloss of LMNs, the degree of neuronal loss
and TDP-43 disease were generally mild in this group. Experi-
ment data using ALS mouse models revealed that symptoms
developed when approximately 29% of spinal motor neurons
were lost.?> Further investigation will be needed to clarify
whether LMN involvement occurs in a later stage of illness or
progresses very slowly compared with cerebral involvement
in FTLD without ALS.

Our results revealed that the FTLD-TDP types A, B, and C
were associated with neuropathological changes correspond-
ing to ALS in the spinal motor neurons. The severity of neu-
ronal loss and pTDP-43 disease in the spinal motor neurons

jamaneurology.com

may differ quantitatively among these neuropathological
subtypes. Based on cortical TDP-43 pathological findings,
patients in the type B group had severe neuronal loss and dif-
fuse pTDP-43-positive neuronal inclusions, which were
entirely identical to ALS, whereas these changes were mild in
the type C group. In type A, LMN pathological findings were
diverse regardless of clinical duration; their severity and
extension may be heterogeneous among patients with type A
disease, unlike those with type B or C disease. Indeed, type A
disease has also been identified in the FTLD with ALS pheno-
type in sporadic or familial (C9ORF72 expansion or progranu-
lin gene mutations) form.?5242¢ Dystrophic neurites were
prominent in the spinal anterior horn of patients with type A
or C disease. In our patient series, Bunina bodies were
observed in most patients with type A or B disease but were
absent in those with type C disease, findings consistent with
those of previous studies.*'”

Several studies have demonstrated that some patients
with FTLD-TDP, particularly type C, showed marked CST
degeneration.>"'7:?7 We also observed a marked myelin pal-
lorin the CST in 67% of patients with FTLD without ALS, 12%
with FTLD-ALS, and 16% with ALS-FTLD (50% for type A, 15%
for type B, and 100% for type C). Some patients showed neu-
ronal loss or gliosis in the primary motor cortex to varying ex-
tents. Furthermore, patients with FTLD without ALS often ex-
hibited severe degenerative changes in broad areas of the
frontal cortices. The broad involvement of the frontal lobes
might also contribute to the CST degeneration because CST fi-
bers arise not only from the primary motor cortex but also from
the premotor cortex and supplementary motor areas.?®

Two limitations of our study is that the evaluation of
slight or very mild muscle weakness was not completed and
that there were few patients with electromyographic data in
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Figure 4. Pathological Findings of Spinal Motor Neuron in Subtypes of TAR DNA-Binding Protein

of 43 kDa (TDP-43) Pathological Changes

Patients with type A (A-H), type B
(I-L), and type C (M-P) pathological
changes. A patient with type A
pathological change showed mild
neuronal loss (A), phosphorylated
TDP-43 (pTDP-43)-positive skeinlike
cytoplasmic inclusions (B), nuclear
inclusions (C), and glial inclusions (D).
Bunina bodies (E [arrow] and F) in the
spinal anterior horn, and dystrophic
neurites (G). In a patient with type B
pathological change, neuronal loss (1),
pTDP-43-positive skeinlike
cytoplasmic inclusions (J), and
Bunina bodies (K) were markedly
observed. In a patient with type C
pathological change, the spinal
anterior horn showed mild neuronal
loss (M), pTDP-43-positive skeinlike
cytoplasmic inclusions (N), and
dystrophic neurites (O). Double
immunohistochemistry for choline
acetyltransferase (ChAT) and
pTDP-43 revealed cytoplasmic
inclusions (violet [arrows]) present
within the cytoplasm of a
ChAT-positive spinal motor neuron
(brown [asterisks]) of patients with
type A (H), B (L), or C (P) pathological
change. Hematoxylin-eosin staining
(A E, 1K, and M), pTDP-43
immunohistochemistry (B, C, D, G, J,
N, and O), cystatin-C (F), and double
immunohistochemical analysis for
pTDP-43 and ChAT (H, L, and P) were
performed. Scale bars represent 100
(A, 1,and M), 20 (G, L, and 0), and 10
(B-F, H, J, K, N, and P) ym. Original
magnifications are x100 (A, 1, and M),
x400 (G, L, and 0), and x1000 (B-F,
H, J.K,N, and P).

the FTLD without ALS group. However, our clinical data
demonstrated that patients with FTLD without ALS had sig-
nificantly longer survival times than those with FTLD-ALS or
ALS-FTLD. These prognostic data correspond well to previ-
ous results.?>3° In addition, the causes of death differed con-
siderably between the FTLD without ALS group and the
FTLD-ALS and ALS-FTLD groups. Respiratory failure was
observed in patients with FTLD-ALS or ALS-FTLD but not in
those with FTLD without ALS, and respiratory failure was

strongly associated with severity of LMN loss. These results
support the view that classification of FTLD based on the
presence of LMN involvement was applicable in this study.

In conclusion, the LMN systems of FTLD-TDP generally
show neuropathological changes that are indicative of ALS, al-
though the severity of pathological changes differs among clini-
cal phenotypes or subtypes of cortical TDP-43 disease. A patho-
logical continuity between FTLD-TDP and ALS is supported by
evidence of LMN involvement.
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Ampyotrophic lateral sclerosis (ALS) is a devastating neurological disorder characterized by the degeneration of motor neurons and typi-
cally results in death within 3-5 years from onset. Familial ALS (FALS) comprises 5%-10% of ALS cases, and the identification of genes
associated with FALS is indispensable to elucidating the molecular pathogenesis. We identified a Japanese family affected by late-onset,
autosomal-dominant ALS in which mutations in genes known to be associated with FALS were excluded. A whole- genome sequencing
and parametric linkage analysis under the assumption of an autosomal-dominant mode of inheritance with incomplete penetrance re-
vealed the mutation c¢.2780G>A (p. Arg927Gln) in ERBB4. An extensive mutational analysis revealed the same mutation in a Canadian
individual with familial ALS and a de novo mutation, ¢.3823C>T (p. Arg1275Trp), in a Japanese simplex case. These amino acid substi-
tutions involve amino acids highly conserved among species, are predicted as probably damaging, and are located within a tyrosine ki-
nase domain (p. Arg927GIn) or a C-terminal domain (p. Argl275Trp), both of which mediate essential functions of ErbB4 as a receptor
tyrosine kinase. Functional analysis revealed that these mutations led to a reduced autophosphorylation of ErbB4 upon neuregulin-1
(NRG-1) stimulation. Clinical presentations of the individuals with mutations were characterized by the involvement of both upper
and lower motor neurons, a lack of obvious cognitive dysfunction, and relatively slow progression. This study indicates that disruption
of the neuregulin-ErbB4 pathway is involved in the pathogenesis of ALS and potentially paves the way for the development of innova-
tive therapeutic strategies such using NRGs or their agonists to upregulate ErbB4 functions.

Amyotrophic - lateral sclerosis (ALS) is a devastating
neurological disorder in which the degeneration of motor

to elucidating the molecular backgrounds of both FALS
and SALS.

neurons leads to progressive weakness and wasting of
limb, bulbar, and respiratory muscles. Familial ALS
(FALS) comprises 5%-10% of ALS cases, and the
remaining cases are simplex cases of ALS (SALS). To
date, more than 20 genes have been shown to be
associated with ALS,’ and these account for 75% of
FALS and 14% of SALS cases.” Mutations that are
found in FALS-associated genes but that are also identified
in individuals with SALS are considered mutations
with reduced penetrance or de novo mutations. Further
discovery of genes associated with FALS is indispensable

Identification of genes associated with familial diseases
has been accomplished through identification of the dis-
ease loci on the chromosomes by linkage analysis of large
pedigrees and subsequent positional cloning of the genes.
The majority of the FALS pedigrees, however, are not large
and do not have multiple affected members as a result of
the poor prognosis of the disease and the late age of onset,
which makes it difficult to sufficiently narrow the candi-
date regions by linkage analyses and means that it takes a
tremendous effort to identify the genes associated with
FALS. The recent development of massively parallel
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