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Abstract
Background and purpose—The phenotype of IBMPFD [inclusion body myopathy with
Paget’s disease of the bone and frontotemporal dementia (FTD)] associated with valosin-
containing protein(VCP) mutation is described in three families.

Methods—Probands were identified based on a pathological diagnosis of frontotemporal lobar
degeneration with TDP-43-positive inclusions type IV. VCP sequencing was carried out. Clinical
data on affected family members were reviewed.

Results—Ohio family: four subjects presented muscle weakness and wasting. (One subject had
both neuropathic and myopathic findings and another subject showed only evidence of myopathy.
The etiology of weakness could not be ascertained in the remaining two subjects.) Two individuals
also showed Parkinsonism (with associated FTD in one of the two). The proband’s brain displayed
FTLD-TDP type IV and Braak stage five Parkinson’s disease (PD). A VCP R191Q mutation was
found. Pennsylvania family: 11 subjects developed IBMPFD. Parkinsonism was noted in two
mutation carriers, whilst another subject presented with primary progressive aphasia (PPA). A
novel VCP T262A mutation was found. Indiana family: three subjects developed IBMPFD. FTD
was diagnosed in two individuals and suspected in the third one who also displayed muscle
weakness. A VCP R159C mutation was found.
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Conclusions—We identified three families with IBMPFD associated with VCP mutations.
Clinical and pathological PD was documented for the first time in members of two families. A
novel T262A mutation was found. One individual had PPA: an uncommon presentation of
IBMPFD.

Keywords
frontotemporal dementia; genetic and inherited disorders; motor neuron disease; myopathies;
neurodegenerative disorders (other than dementia); neuropathology; neuropsychology;
Parkinson’s disease

Introduction
Inclusion body myopathy (IBM) with Paget’s disease of the bone (PDB) and frontotemporal
dementia (FTD) (IBMPFD, OMIM 167320) is an autosomal dominant, multisystem
degenerative disorder associated with mutations in the valosin-containing protein(VCP)
gene [1]. VCP is a molecular chaperone, a member of the AAA (ATPase associated with
diverse cellular activities) gene superfamily which is involved in multiple cellular processes
including nuclear envelope reconstruction, Golgi and endoplasmic reticulum assembly,
stress responses, programmed cell death, and protein degradation [2, 3].

The neuropathologic substrate of FTD in IBMPFD is frontotemporal lobar degeneration
(FTLD) associated with TDP-43-immunoreactive inclusions type IV (FTLD-TDP type IV).
Affected muscles display characteristic hallmarks of IBM: atrophic, angulated muscle fibers
with frequent rimmed vacuoles, and TDP-43- and/or VCP-immunoreactive sarcoplasmic
inclusions in the absence of inflammation. PDB can be suspected on the basis of
characteristic radiologic findings or otherwise unexplained elevation in serum level of
alkaline phosphatase and confirmed by the observation of typical findings of bone biopsy
[4–7].

Phenotypic heterogeneity includes IBM in about 90% of patients, PDB in half the patients,
and FTD in about one-third of cases [8]. Recently, VCP mutations have also been associated
with sporadic amyotrophic lateral sclerosis (ALS), familial ALS, or familial FTD-ALS [9–
12]. Finally, several affected individuals from IBMPFD families have been reported to
manifest symptoms of Parkinsonism/Parkinson’s disease (PD) [1, 9, 13–17] although the
pathological substrate of this association remains unclear.

We present clinicopathologic findings in three families with IBMPFD associated with VCP
mutations. PD was observed in two families. A novel T262A mutation was found in a family
in which one individual presented with primary progressive aphasia (PPA), an uncommon
clinical presentation of IBMPFD.

Materials and methods
Subjects

Probands were identified amongst cases referred to the Indiana Alzheimer Disease Center
(IADC) for neuropathologic examination of suspected FTLD and selected on the basis of a
pathological diagnosis of FTLD-TDP type IV [6]. All cases with FTLD-TDP type IV
pathology in the IADC neuropathologic series were found to be associated with a VCP gene
mutation.

Pedigrees were reconstructed by means of interviews with family members and review of
medical charts (Fig. 1). Informed consent for participation in the study was obtained from all
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subjects or next of kin according to the Internal Review Board approved protocol at the
authors’ institution.

Clinical assessment
The proband from the Ohio (O) family was examined by JQ at the University of Cincinnati
Department of Neurology. Proband and subject II.5 of the Pennsylvania (P) family were
examined at the Alzheimer’s Disease Research Center (ADRC) of the University of
Pittsburgh School of Medicine (STDeK). Subjects III.3 and III.4 were examined by MF at
the Indiana Alzheimer Disease Center (IADC). Clinical information about additional family
members who were examined elsewhere was obtained and reviewed.

A clinical diagnosis of upper motor neuron disease (MND) was given to patients who
presented muscle weakness associated with spastic hypertone and/or hyperreflexia. A
clinical diagnosis of lower MND was given to patients with evidence of muscle weakness,
waste, and/or fasciculations associated with electrophysiological evidence of active
denervation. ALS was diagnosed according to the Revised El Escorial diagnostic criteria
[18].

A diagnosis of Parkinsonism was made in the presence of bradykinesia associated with at
least one of the following: muscular rigidity, resting tremor, or postural instability not
caused by primary visual, vestibular, cerebellar, or proprioceptive dysfunction [19, 20].

Neuropathologic studies
Brain and spinal cord of the proband from each family (as well as from subjects II.4, II.5,
and III.1 from the Pennsylvania family) were available for neuropathologic examination,
with the exception of spinal cord tissue from the Indiana family proband. Skeletal muscle
tissue was available from the Ohio family proband’s autopsy. Sections were obtained from
representative brain and spinal cord regions and processed for classic histology and
immunohistochemistry (IHC) according to published protocols [21]. IHC was performed
using antibodies specific for ubiquitin, TDP-43, phosphorylated tau, [beta]-amyloid, glial
fibrillary acidic protein, a[beta] crystalline, phosphorylated neurofilament, VCP, and
[alpha]-synuclein [22] (see Data S2).

Genetic studies
DNA was extracted from a frozen sample of cerebellum from subjects O.II.1, P.II.3, P.II.4,
I.II.2, and I.III.1 using a standard protocol [23] and from blood from subjects P.II.5, P.III.1,
P.III.3, P.III.4, and P.III.5. The entire VCP coding region and flanking intronic sequences
were analyzed (see Data S2).

Results
Clinical and neuropathologic findings

Clinicopathologic findings are summarized in Table 1.

Ohio family
The proband (subject O.II.1)—At age 63, this woman started experiencing stiffness and
cramps in her arms and legs. Neurological examination revealed hypomimia, dystonic
posturing of the right arm, and the absence of deep tendon reflexes (DTRs).
Electromyography (EMG) revealed mildly enlarged motor unit action potentials (MUAPs)
at the majority of the muscles examined and fibrillation potentials in the solei. At age 64,
she had developed rigidity, reduced rapid alternating movements, and decreased arm swing
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(R>L). Weakness and wasting of dorsal and plantar flexors of the feet were noted at age 65.
Later, she developed difficulty performing house chores and job duties, managing her
medications, and remembering family events. She became socially withdrawn, incontinent,
and dependent for activities of daily living and fell repeatedly. Her language deteriorated,
and she became unable to communicate verbally. She died at age 70.

At autopsy, severe symmetric frontotemporal atrophy, thinning of frontotemporal cortical
ribbon and corpus callosum, and extensive enlargement of the lateral ventricles were noted.
The basal ganglia, brainstem, and cerebellum were grossly unremarkable. Histologically,
neuronal loss and gliosis were moderate in the frontal, cingulate, temporal, and parietal
cortices, hippocampus, basal nuclei, substantia nigra, locus coeruleus, and dentate nucleus.
There was extensive gliosis of the deep white matter of the frontal lobes. In the spinal cord,
mild loss of motor neurons and occasional axonal spheroids were seen in the anterior horns
(Fig. 2a). Numerous TDP-43-immunoreactive (IR) neuronal intranuclear inclusions (NII)
were present in the frontal and temporal cortices, and more particularly abundant in cortical
layer II. Neuronal cytoplasmic inclusions (NCI) and dystrophic neurites (DN) were also
seen, although to a much lesser extent (Fig. 2b). Sparse NII were seen in the upper cortical
layers of the parietal and occipital lobes. Occasional NII and NCI were observed in the
dentate gyrus. NII were occasionally seen in the striatum and amygdala. No TDP-43-IR
inclusions were seen in the subcortical white matter. Alpha-synuclein IHC revealed
scattered Lewy bodies in the cingulate gyrus, as well as numerous Lewy bodies and Lewy
neurites in the substantia innominata, substantia nigra, reticular formation, locus coeruleus,
raphe nuclei, and medullary intermediate reticular zone (Fig. 2c–d). Lewy neurites were
seen occasionally in the striatum. Tau-IHC revealed occasional tau-immunoreactive neurons
and neuropil threads in the orbital cortex, caudate nucleus, amygdala, hippocampus,
entorhinal cortex, locus coeruleus, and raphe nuclei. Aβ-protein IHC was negative in all
sections examined. Histology and IHC of skeletal muscle tissue revealed atrophic and
angulated muscle fibers with occasional rimmed vacuoles. VCP-IR deposits were seen in the
sarcoplasm, but TDP-43-IR deposits were absent (Fig. 2e).

Family history—Subject O.I.1 began experiencing progressive weakness in the four
extremities at age 53. Neurological examination revealed marked atrophy of the biceps,
forearms, and intrinsic muscles in the hands. DTRs were absent in the arms and diminished
in the legs. He was diagnosed with myopathy and died at age 68. Subject O.II.2 was
diagnosed with diabetes mellitus (DM) at age 44. At age 48, he started developing slowly
progressive proximal muscle weakness in all four limbs. In the 2 years that followed, he
became unable to climb stairs and also could not rise from the floor without help. He
complained of low back pain and bilateral leg pain. Neurological examination revealed
muscle wasting and weakness in the upper girdle, hip flexors, and quadriceps. DTRs were
decreased in the upper extremities and absent in the lower extremities. Sensory examination
revealed diminished pinprick, vibration, and position sensation distally in the lower
extremities. CPK levels were normal. EMG revealed both enlarged and small polyphasic
motor unit potentials in virtually all muscles as well as fibrillation potentials in half of the
examined muscles, findings that were felt consistent with myopathy. Sensory nerve
potentials were either reduced or absent. He was initially diagnosed with spinal muscular
atrophy and diabetic polyneuropathy and later with myopathy. He died at age 64. Subject
O.II.3 presented at age 51 with progressive muscle weakness in all extremities. DTRs were
either reduced or absent throughout. She was diagnosed with myopathy. Later, she
developed Parkinsonism and became unable to communicate, eat, or ambulate without
assistance. She died at age 63.
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Pennsylvania family
The proband (subject P.II.3)—At age 55, this woman presented with apathy,
withdrawal, reduced empathy, forgetfulness, emotional lability, and reduced verbal output.
She developed an increased appetite and gained considerable weight. She complained of
altered olfaction and taste, poor sleep quality, and reduced libido. At age 58, her speech was
remarkable for dysnomia, short sentences, and increasing monosyllabic (yes/no) answers.
She manifested severe deficits of attention, concentration, short memory and episodic
memory. She scored in the moderately demented range (115/144) on the Mattis Dementia
Rating Scale although she retained awareness of her cognitive and behavioral changes.
Physical examination revealed mildly generalized muscle hypertonia. At age 61, she
developed disinhibition, obsessive hair combing, cogwheel rigidity in four limbs (more
severe in the upper extremities, right>left), reduced arm swing, tremor of the upper limbs,
and bradykinesia. DTRs were increased in the right upper extremity and symmetrically
reduced in the lower extremities. Snout, glabellar, grasp, and palmomental reflexes were
present. By age 62, she had become globally aphasic, dysphagic, unable to walk, and
incontinent. She died at age 65, and an autopsy was performed.

There was severe atrophy of the frontal and temporal lobes and, to a lesser extent, parietal
and occipital lobes. The cerebral ventricles were markedly enlarged. The cerebellum was
unremarkable. Histologically, neuronal loss and gliosis were severe in the frontotemporal
and entorhinal cortices, CA1 sector of the hippocampus, and subiculum. Moderate neuronal
loss and gliosis were seen in the basal nuclei, thalami, dentate nucleus, substantia nigra,
motor dorsal nucleus of the vagus nerve, hypoglossal and inferior olivary nuclei, and
anterior horns of the spinal cord. The pons was not available for examination. Numerous
TDP-43-IR NII and neurites were observed in the upper layers of the frontal, temporal, and
entorhinal cortices. To a much lesser extent, NCI were seen in the cortex as well as in the
thalamus, where they had a Lewy-body-like appearance (Fig. 2f). A few TDP-43-IR neurites
were seen in the substantia nigra. Alpha-synuclein-IR neurites were seen in the substantia
innominata and substantia nigra, together with a few tau-IR neurons and neurites. A few tau-
IR neurons and neurofibrillary tangles were seen in the entorhinal cortex. Aβ-protein IHC
was negative in all examined sections.

Family history—Subject P.I.1, who died of a myocardial infarction at age 55, had a
history of personality changes and memory deficits. A paternal aunt had had multiple
psychiatric hospitalizations and had died of a heart attack at age 72. The proband’s mother
died demented of cardiorespiratory failure at age 76. The proband’s maternal grandmother
was described as ‘bizarre’ and withdrawn from the family. She was severely demented and
aphasic by the time she died at age 41. Amongst the proband’s siblings, three subjects
developed FTD between the ages of 48 and 53; one of them met criteria for PPA. Another
sibling was diagnosed with MND at age 48 and died demented at age 60. Amongst subjects
in the third generation, two people were diagnosed with ALS, one with FTD at age 56 and
another one with PD at age 44. Another subject was known to have shown behavioral
abnormalities in his mid-20s. Neuropathologic examination of the brain of subjects P.II.4,
P.II.5, and P. III.1 displayed findings consistent with a diagnosis of FTLD-TDP type IV. No
evidence of MND or alpha-synuclein-IR inclusions was observed (for additional
information, see Data S1).

Indiana family
The proband (subject I.II.2)—At age 73, this woman presented with a history of
forgetfulness, dysexecutive symptoms, disinhibition, and marked preference for sweet food,
leading to a 40-pound weight gain in a year. Clinical examination at age 75 revealed flat
affect, memory loss, impaired abstract reasoning, as well as reduced speech initiation,
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attention and response inhibition. Her speech became monosyllabic. She developed
agitation, delusions, and bowel and bladder incontinence. She died at age 78, and an autopsy
was carried out (see Data S1).

There was moderate atrophy of the frontal, temporal, and parietal lobes, more pronounced at
the level of the pre-frontal and superior temporal gyri. The hippocampus and
parahippocampal gyrus were severely atrophied. The head of the caudate nucleus was
flattened; the amygdala was moderately atrophic. There was marked atrophy of the centrum
semiovale and corpus callosum. The cerebral ventricles were extensively enlarged. The
cerebellum was unremarkable. The substantia nigra and locus coeruleus were moderately
depigmented.

Histologically, neuronal loss and gliosis were moderate in the frontal, temporal, insular,
cingulate, and entorhinal cortices, dentate gyrus, basal nuclei, thalamus, and dentate nucleus,
as well as mild in the substantia nigra, locus coeruleus, motor dorsal nucleus of the vagus
nerve, and hypoglossal and inferior olivary nuclei. Hippocampal sclerosis was noted.
TDP-43-IR NII were numerous in the upper layers of the frontal, temporal, insular, and
entorhinal cortices, together with a few NCI and DN. To a lesser extent, NII were also seen
in the amygdala and dentate gyrus. Alpha-synuclein IHC was negative in all the examined
sections. Tau-IR neurons were seen in the amygdala, CA2 sector of the hippocampus,
entorhinal and transentorhinal cortex, and pons. A few neurofibrillary tangles were seen in
the entorhinal cortex. A few Aβ-protein IR diffuse plaques but no neuritic plaques were seen
in the frontal, entorhinal, and calcarine cortices, amygdala, and nucleus accumbens.

Family history—The proband’s mother (subject I.I.1) developed depression at age 68,
followed by aggressiveness, paranoia, and forgetfulness. She had a slowly progressive
disease course and died at age 78. The proband’s brother (subject I.II.1) was initially
diagnosed with spinocerebellar degeneration at age 65, later revised to muscle dystrophy
along the disease course. He was demented for the last 6 years of his life and died at age 72.
A healthy son of the proband (I.III.1) died tragically at age 53 of a work-related traumatic
head injury. His brain’s autopsy revealed mechanical trauma, ischaemia, and edema but no
evidence of neurodegeneration.

Genetic results
A c.572G>A (p.R191Q) substitution was found in one allele of the Ohio family proband’s
VCP gene. A c.784A>G (p.T262A) substitution was found in one allele of the Pennsylvania
family proband’s VCP gene, as well as in subjects P.II.4, P.II.5, P.III.1, P.III.3, P.III.4, and
P.III.5. This mutation is located in the heat-enhanced ATPase domain of the VCP protein. A
c.475C>T (p.R159C) substitution was found in one allele of the Indiana family proband’s
VCP gene, as well as in subjects I.III.1, I.III.2, and I.III.3.

Discussion
We report clinicopathologic findings in individuals from three families with IBMPFD
associated with VCP mutations. In the Ohio family (R191Q), the proband presented with
muscle weakness and wasting associated with neurogenic EMG findings and Parkinsonism,
whilst dementia developed later. Muscle weakness was seen in all affected family members.
Another subject developed Parkinsonism later in the disease course. The R191Q VCP
mutation has been described in a family of German origin (family 13), in which all patients
but one, who first developed PDB, presented with myopathy [1, 15]. Stojkovic et al. [24]
reported an R191Q mutation carrier who developed PDB at age 40 and later manifested a
myopathy. Johnson et al. [9] described an IBMPFD family (ITALS#1) with an R191Q
mutation, in which a proband’s parent died at age 58 of dementia, Parkinsonism, Paget
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disease, and upper limb muscle weakness. No autopsy was carried out [9]. Finally, Shi et al.
[25] reported an R191Q mutation in a subject with myopathy.

Frontotemporal dementia was the presenting sign in six subjects from the Pennsylvania
family (T262A) (I.1, II.1, II.3, II.4, II.5, and III.1). Subject II.1’s clinical history was
compatible with a diagnosis of PPA. Subject III.3 was diagnosed with ALS at age 39.
Another individual (III.4) was diagnosed with PD at age 44. His mother (subject II.3)
developed Parkinsonism in the late disease stage, and her autopsy revealed Lewy neurites in
the substantia nigra. The T262A mutation, not previously reported, is located in the heat-
enhanced ATPase domain of the protein. It has been suggested that mutations in this domain
may be associated with a more severe clinical phenotype [1].

Two subjects from the Indiana family (R159C) presented with FTD, whilst another subject
presented with muscle weakness. Another mutation carrier from this family (III.1) was
asymptomatic when he died at age 53. Autopsy showed neither FTLD nor TDP-43-IR
pathology. The R159C mutation has been described in an individual from an Italian family
who presented with myopathy at age 50 and subsequently developed FTD at age 68 [26].

An interesting finding of this report is the observation of Parkinsonism in two siblings from
the Ohio family (O.II.1 and O.II.3) and two subjects (P.II.3 and P.III.4) from the
Pennsylvania family. Parkinsonism was the presenting sign of disease in subject O.II.1, who
had neuropathologic evidence of Braak stage 5 PD, as well as in subject P.III.4 [27]. Alpha-
synuclein-IR inclusions were found in the brain of subject P.II.3. Parkinsonism has been
described in one subject (I.2) from Family 7, as well as in three subjects (II.6, III.6, and III.
8) from Family 16 with IBMPFD associated with the R155H mutation [1, 15].
Neuropathologic examination of III.6 did not reveal Lewy bodies [15]. Forman et al. [28]
described alpha-synuclein-IR Lewy bodies and neurites in neocortex, limbic regions,
nucleus basalis, and brainstem of a subject from an IBMPFD family, who died at age 52
after an 11-year disease course of myopathy, without evidence of PDB, dementia, or
Parkinsonism. Pirici et al. [16] and van der Zee et al. [17] reported a Belgian family (DR7)
with IBMPFD associated with the R159H mutation. Three subjects in this family had
Parkinsonism (II.3, II.4, and II.3). Another subject (III.4), who did not show signs of
Parkinsonism, was found to have rare alpha-synuclein-negative Lewy-body-like inclusions
in the thalamus and medullary reticular formation, similar to the ones described in this report
in the Pennsylvania family proband [16, 17]. Chan et al. [14] reported a family with
IBMPFD associated with the R159C mutation in which a mutation carrier presented PD at
age 44 and later developed biopsy-proven IBM. Finally, Palmio et al. [29] reported a subject
(III.7) from a large Finnish IBMPFD family who presented with PD associated with the
P137L mutation.

To our knowledge, our study is the first to demonstrate the association between clinical and
neuropathologic findings of PD in subjects with VCP mutation. The significance of this
association is unclear. Whilst a common pathogenetic mechanism centered on a defective
mechanism of protein degradation has been proposed, the molecular biology of this
interaction remains unknown [30]. A recent VCP mutational screening in a large cohort of
PD cases failed to identify proven pathogenic variants [31].

Johnson et al. [9] reported the association between familial ALS and VCP mutations and
provided clinicopathologic evidence of ALS in an obligated carrier of the R155H mutation
who developed hand weakness at age 53, died 39 months later, and had no neuropathologic
findings of IBMPFD at autopsy. All of the other affected family members had clinical,
electrophysiological, and/or pathological findings of slowly progressive myopathy with
protracted clinical course of up to 30 years [9]. The authors also described a family
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(ITALS#1) in which at least four affected members and a distantly related individual from a
different pedigree (Coriell#1) presented clinical signs of rapidly progressive upper and lower
MND, consistent with a diagnosis of ALS. An R191Q VCP mutation was found in four of
these subjects who underwent genetic testing. No CNS pathologic data were available for
these subjects at the time of publication [9]. These findings differ in part from those seen in
the Ohio family described in this report. The Ohio carriers of the R191Q mutation did not
meet clinical criteria for ALS, and no TDP-43-IR inclusions were seen in the brainstem and
spinal cord of the proband despite EMG findings suggestive of a neurogenic pattern of
disease. However, neuronal loss and axonal spheroids were noted in her cervical cord at
autopsy. Neurogenic, myopathic, mixed neurogenic/myopathic, and more complex or
inconclusive EMG patterns have been described in association with VCP mutations [15, 32,
33]. These findings may represent different stages in the evolution of disease-related
biologic changes in muscles and/or motor neurons. Consequently, we propose that EMG
findings should cautiously be considered as a supportive sign in internationally validated
criteria when making the clinical diagnosis of ALS in subjects with VCP mutation [34].
More recently, an R159H VCP mutation has been found in a subject with pathologically
confirmed ALS and history of familial FTD [11], whilst an I151V VCP mutation has been
found in a subject with sporadic ALS [12].

The absence of a systematic radiologic survey and alkaline phosphatase level screening
prevented us from assessing the prevalence of PDB in the three families and reflects the
limits of the retrospective nature of our study. It is possible that low back pain and bilateral
leg pain in subject O.I.1 may have been an expression of PDB.

Finally, subject II.1 from the Pennsylvania family presented with PPA. Kovach et al.
described a carrier of the R155H mutation (family 1, V-23) who presented with dysnomia,
decreased comprehension, paraphasic errors, and fluent speech devoid of content words 6
years prior to the onset of myopathy [1, 35]. More recently, Kim et al. [36] reported an
Asian family in which three members, carriers of an R155C mutation, presented with
semantic dementia, which in one case (subject P3) was the presenting sign of disease.

In conclusion, we report clinicopathologic findings in three families with IBMPFD
associated with VCP mutations. A novel T262A mutation was found in the Pennsylvania
family, in which one individual had PPA, an uncommon presentation of IBMPFD.
Clinicopathologic evidence of coexistent PD was documented for the first time in members
of two families. Four subjects had a clinical diagnosis of MND: two of them met diagnostic
criteria for ALS. The biologic base of the association between PD or MND and VCP
mutations remains to be elucidated. If confirmed, it may prompt a reconsideration of the
nomenclature used to designate this syndrome. In this sense, the term ‘VCP disease’ may be
better suited to comprehend the multiple phenotypic expressions of this syndrome, beyond
the ones originally described and summarized by the acronym ‘IBMPFD’.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Pedigree of the Ohio, Pennsylvania, and Indiana families. The diagnosis of myopathy in
subjects O.I.1, O.II.3, P.II.2, and I.II.1 indicated above is solely based on the clinical
description of the examining clinicians, in patients with evidence of weakness and muscle
wasting that did not meet established criteria for motor neuron disease. No neurophysiologic
or pathological data are available for these subjects.
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Figure 2.
(a) Neuronal loss and a rare axonal spheroid (arrow) in the anterior horn of the cervical cord
(hematoxylin and eosin). (b) TDP-43-immunoreactive (IR) neuronal intranuclear inclusion
in the frontal cortex (stars). (c) Alpha-synuclein-IR Lewy bodies (open arrowhead) and
Lewy neuritis (open arrow) (d) in the substantia nigra. (e) Sarcoplasmic vacuoles (solid
arrowhead) and VCP-IR deposits in the muscle. (f) TDP-43-IR Lewy-body-like inclusions
in the thalamus (solid arrows). (a)–(e) Ohio family’s proband. (f) Pennsylvania family’s
proband. Bars: 10 μm.
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