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might be impaired in the neurodegenerative process of
ALS, Among the genes relared vo transeripronal regu-
lation, the number of signiticantdy iawnwguhue&
genes was twofold greater tirm thae of the upregulaced
ones in ALS motor neurons, These downregulared
transcr aptmnwmlmd genes were not restricted to genes
regulating neuronal differentiarion as neumwsmc’xm
cellular properties, bur also included genes such as
RNA polymerase and transeription factors, which reg-
ulate general cellular functions. These observations sug-
gest that downregulation of transcriptional activity may
be the reflection of motor newron dysfunction because
of a wide range of impairments of cellular maintenance
systems.

Inmfﬁstingh’ the expression of dymct‘in 1, which re-
cently has been identified as @ causative gene for hu-
man motor neuron disease,™ was reduced in ALS mo-
tor neurons. Some other motor proteins inclading the
kinesin family responsible for antegrade axonal trans-
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port and dyneins for revrogiade axonal vansport were
Tt dw}g‘,cd significantly; but the expression levels of
MAPs 1A, 4, a:xd tau were decreased, shown by their
classification in SOM1 and SOMO6. The impairment of
axonal transport is thought 1 be an early event of mo-
{OF neuron dz:v:fnemtmn, and especially the protein lev-
els of MAPs | A and tan have been repmtad to decrease
early before the onser of symproms in munang SODY
eransgenic mice™ * The upregulation of ubiquitin-
specific protease 11 (USP11), listed in Tables 2 and 3,
also may be related o microrubule abnormality be-
cause the RanGTPassociated protein RanBPM, which
is required for correct nucleation of microtubules, is
the enzymatic substrate for USP11.%¢ The present re-
sules imply that retrograde axonal transport, especially
that associated with dynactin, might be affected even at
the terminal stage of ALS and be crucial for motor
peurons, although cyroskeletal proteins are the major
funcrional group in the downregulared genes,
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As for the death signals and inflammatory factors,
we previously have reported that these genes were sig-
nificantly upregulated in the spinal cord of mutant
SOD1 transgenic mice,">"” suggesting that these in-
flammatory and apoptotic death signals play a crucial
role in concert with motor neuron degeneration and
inflammatory cellular reactions, including microglial
activation.”*” However, in sporadic ALS spinal cords,
the expression profiles of inflammation- and death sig-
nal-related genes are somewhat different from those in
the Tg mouse model. Death receptor 5 (TNF recepror
10b, TNFR10b), TNF receptor—associated factor 6
(TRAF 6), interleukin-1 receptor antagonist, and eph-
rin Al were overexpressed in ALS motor neurons,
whereas the expression levels of the respective ligands
or inducers, TNF-a, TNF superfamily member 10
(TRAIL) and IL-18, were not markedly changed in ei-
ther motor neurons or ventral horn homogenates. Be-
cause TNF-a was prominently upregulated in the Tg
mouse spinal cords,'” its almost unchanged expression
level in sporadic ALS was a surprising observation.
Many other inflammation-related genes were also not
significantly upregulated in human ALS spinal cords,
in contrast with the findings in animal models. Far less
invasion and activation of microglia, a major source of
TNF-a, IL-18, and many other inflammatory factors,
were seen in human ALS spinal cords at the terminal
autopsy stage as compared with those of Tg mice,*®
which could explain these differences.

Genes related to apoptotic pathways, caspase-1, -3,
-9, caspase, and RIP adaptor with death domain

(CRADD), were upregulated in ALS motor neurons in

SOM analysis (SOM24 and SOM25), and an anti-
apoptotic factor, NF-kB, was markedly upregulated.
Although Bax, a proapoptotic Bcl-2 family member,
has been reported to increase in ALS motor neu-
rons,”*® and another member, Bak, was underex-
pressed in this study, the expression of Bcl-2 and Bcl-
xL, antiapoptotic Bcl-2 family members was not
significantly altered in motor neurons, possibly suggest-
ing that Bcl-2 family members are not primarily in-
volved in motor neuron degeneration in sporadic ALS.
Cyclin Al and C were upregulated (SOM25) and cy-
clin E was downregulated (SOM1) in ALS motor neu-
rons. These cell cycle regulators are specific to G1/S
phase transition, and upregulation of these cyclins en-
hances arrest in G1/S phase, preventing entry into S
phase. Our finding on cyclin expression support the
recently reported view that G1/S phase is aberrantly
activated in ALS motor neurons, eventually inducing
motor neuron death.”’ The subcellular localization of
cyclin C in the nucleus may trigger cell death signaling
mechanisms. These factors related to the cell death sig-
naling pathway, TNFR, TRAF6, CRADD, caspases,
cyclins, Bak, and NF-kB may be involved in the motor
neuron degeneration process in sporadic ALS, although

-97-

we cannot simply state that an apoptotic process is
present in ALS motor neurons, as has been suggested
by many histological analyses.® Becausse neuronal cell
degeneration and the eventual neuronal cell death pro-
cess are the results of interactions of complex pathways
involving many factors and signaling molecules, we
need to further elucidate the pathophysiological signif-
icance of these factors with altered expression levels in
ALS motor neurons.

Microarray analysis on the laser-captured motor neu-
rons provided us with significant information about
motor neuron degeneration and dysfunction in spo-
radic ALS patients. Such information cannot be ob-
tained by whole spinal cord tissue microarray assay,’”
as discussed above. Although this study was performed
on postmortem patients’ tissues, the remaining individ-
ual motor neurons would express ongoing or even early
molecular events in the neurodegeneration process, be-
cause motor neurons in the remaining motor neuron
population randomly enter into the degeneration pro-
cess among up to the terminal stage in ALS.>® We
need to study larger numbers of ALS patients, and to
understand the pathophysiological roles of candidate
genes identified by the combined methodology of
DNA microarray analysis and LCM, compared with
other neurodegeneration processes. This methodology
provides crucial clues about candidate genes whose re-

lated products might hamper the disease process of
ALS.

This work was supported by a Center of Excellence grant from the
Ministry of Education, Culture, Sports, Science and Technology of
Japan, and grants from the Ministry of Health, Labor and Welfare
of Japan.
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Summary

Spinal and bulbar muscular atrophy (SBMA) is an
inherited adult onset motor neuron disease caused by
the expansion of a polyglutamine (polyQ) tract within the
androgen receptor (AR), affecting only males. The char-
acteristic pathological finding is nuclear inclusions (NIs)
consisting of mutant AR with an expanded polyQ in
residual motor neurons, and in certain visceral organs.
We immunohistochemically examined 11 SBMA patients
at autopsy with 1C2, an antibody that specifically recog-
nizes expanded polyQ. Our study demonstrated that
diffuse nuclear accumulation of mutant AR was far more
frequent and extensive than NIs being distributed in a
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wide array of CNS nuclei, and in more visceral organs
than thus far believed. Mutant AR accumulation was also
present in the cytoplasm, particularly in the Golgi appar-
atus; nuclear or cytoplasmic predominance of accumula-
tion was tissue specific. Furthermore, the extent of diffuse
nuclear accumulation of mutant AR in motor and sensory
neurons of the spinal cord was closely related to CAG
repeat length. Thus, diffuse nuclear accumulation of
mutant AR apparently is a cardinal pathogenetic process
underlying neurological manifestations, as in SBMA
transgenic mice, while cytoplasmic accumulation may
also contribute to SBMA pathophysiology.

Keywords: polyglutamine; spinal and bulbar muscular atrophy; diffuse nuclear accumulation; nuclear inclusion,

cytoplasmic accumulation

Abbreviations: polyQ = polyglutamine; SBMA = spinal and bulbar muscular atrophy; AR = androgen receptor;
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Introduction

Polyglutamine (polyQ) diseases are inherited neurodegenera-
tive disorders caused by expansion of a trinucleotide CAG
repeat in the causative genes. To date, nine polyQ diseases
have been identified (Ross, 2002). Spinal and bulbar muscular
atrophy (SBMA) is a polyQ disease involving mainly spinal
and brainstem motor neurons (Kennedy et al., 1968; Sobue
etal., 1989). In SBMA, a polymorphic CAG repeat ordinarily
consisting of 14-32 CAGs is expanded to 40-62 CAGs in the
first exon of the androgen receptor (AR) gene (La Spada et al.,
1991; Tanaka et al., 1996), and shows somatic mosaicism
(Tanaka er al., 1999). An inverse correlation exists between
CAG repeat size and age at onset as well as disease severity in
SBMA (Doyuetal., 1992; Igarashi et al., 1992; La Spada et al.,

1992). SBMA patients develop premature muscular exhaus-
tion, and subsequently slowly progressive muscular weakness,
atrophy and fasciculations in bulbar and limb muscles
(Kennedy et al., 1968; Sobue et al., 1989; Sperfeld et al.,
2002). SBMA patients may also have mild sensory impairment,
which usually remains subclinical (Sobue et al., 1989; Liet al.,
1995; Mariotti et al., 2000). Besides these symptoms of neu-
ronal degeneration, androgen insensitivity symptoms such as
gynaecomastia, testicular atrophy and reduced fertility are
common (Arbizu er al., 1983). Elevated serum creatine kinase
concentrations, impaired glucose tolerance, hepatic dysfunc-
tion and hyperlipidaemia are frequent (Sobue et al., 1989;
Li et al., 1995). These findings show that involvement of

© The Author (2005). Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved. For Permissions, please email: journals.permissions@oupjournals.org
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SBMA is not restricted to motor neurons, but extends to several
visceral organs.

The cardinal pathological findings of SBMA are motor
neuron loss in the spinal cord and brainstem (Sobue et al.,
1989) and the presence of the nuclear inclusions (NIs),
representing mutant AR, in residual motor neurons in brain-
stem motor nuclei, in spinal motor neurons (Li et al., 1998a)
and in certain visceral organs (Li et al., 1998b). However,
diffuse nuclear accumulation of the mutant protein has been
detected in a more widespread distribution than NIs in a
transgenic mouse model of SBMA (Katsuno et al., 2002,
2003; Adachi er al., 2003) and in models of other polyQ
diseases (Schilling ez al., 1999; Yvert et al., 2000; Lin et al.,
2001). Such accumulation has been found to be relevant
to neuronal dysfunction and eventual symptom appearance.
Indeed, in dentatorubral-pallidoluysian atrophy (DRPLA),
tissue distribution of diffuse nuclear accumulation of the
responsible mutant protein was more widespread and more
relevant to the disease severity and symptoms than that of NIs
(Yamada et al., 2001a, b).

Recently we demonstrated in our transgenic mouse model
that diffuse nuclear mutant AR accumulation can be prevented
by reduction of circulating testosterone with castration or
with an anti-androgenic agent such as leuprolerin; in treated
animals, motor function and survival rate were dramatically
improved (Katsuno et al., 2002, 2003), suggesting that disease
manifestation. in SBMA is highly testosterone dependent
(Lieberman et al., 2002; Walcott and Merry, 2002a;
Chevalier-Larsen er al., 2004). Indeed, a female carrier of
SBMA, even if homozygous, does not express disease
phenotypes (Sobue et al., 1993; Schmidt et al., 2002), pre-
sumably because circulating testosterone concentrations are
low. These observations indicate that nuclear translocation
and nuclear accumulation of mutant AR, detected as diffuse
nuclear accumulation, is closely linked to the phenotypic
expressions and that diffuse nuclear mutant AR accumulation
is of major pathogenetic importance in neuronal dysfunction
(Katsuno et al., 2002, 2003).

Table 1 Clinical features of 11 SBMA patients

In this study, to understand better the pathophysiology
of SBMA, we examined neural and non-neural tissue distri-
butions of mutant AR accumulation in 11 SBMA patients at
autopsy, using 1C2, an antibody specific for the expanded
polyQ tract, as well as antibodies against AR. First, diffuse
nuclear accumulation of mutant AR was far more extensive
than that of NIs. Secondly, mutant AR accumulation was also
present in cytoplasm, specifically in the Golgi apparatus, with
predominance of nuclear or cytoplasmic accumulation being
tissue specific. Thirdly, the extent of diffuse nuclear accumu-
lation was closely related to CAG repeat length. Our present
results strongly suggested that diffuse nuclear accumulation
of mutant AR is of critical pathogenetic importance for motor
symptoms as in the SBMA transgenic mouse model, although
cytoplasmic accumulation may also contribute to the patho-
physiology of SBMA.

Subjects and methods
Patients

Eleven patients with clinicopathologically and genetically confirmed
SBMA (age at death, 51-84 years; mean, 66) were examined in this
study (Table 1). These patients had been hospitalized and followed-
up at Nagoya University Hospital and its affiliated hospitals during
the past 25 years. Age at onset ranged between 20 and 75 years,
and muscle weakness and bulbar symptoms had progressed for
6-53 years. Elevated serum creatine kinase and glucose was observed
in many patients. Causes of death included respiratory failure related
to pneumonia in seven patients, lung cancer and colon cancer in one
patient each, and tuberculosis and suffocation in one patient each.
At autopsy, the brain, spinal cord, dorsal root ganglia, thoracic sym-
pathetic ganglia and various visceral organs were removed and fixed
in 10% buffered formalin solution. CAG repeat length in the AR gene
ranged between 40 and 50. Five other subjects (age 60-74 years,
mean 67.3) who died of non-neurological diseases served as controls.

Tissue preparation and immunohistochemistry

We prepared 5 pm thick, formalin-fixed, paraffin-embedded sec-
tions of various portions of the cerebrum, brainstem, cerebellum,

Patient Age at Onset of limb CK Glucose (mg/dl) (CAQG), Cause of death
death (years) weakness (years) (normal range)
1 74 20 455 (57-197) 84% 48 Pneumonia
2 60 27 477 (36-203) 276 50 Pneumonia
3 71 50 995 (53-288) 141 48 Pneumonia
4 60 40 191 (32-197) 134 44 Lung cancer
.5 78 25 411 (30-170) 362 42 Pneumonia
6 84 75 75 (<110) 100 40 Tuberculosis, silicosis
7 51 41 712 (30-170) 96* 47 Pneumonia
8 66 41 471 (<120) 163 48 Pneumonia
9 72 39 45 (<25) 101* 43 Colon cancer
10 59 53 301 (8-80) 105% ND Suffocation
11 51 27 173 (20-100) 101 ND Pneumonia

CK = serum creatine kinase; (CAG), = number of expanded CAG repeats in the AR allele. (CAG), was determined on the DNA from blood
samples (patients 1-7) or from stored tissue samples (patients 8 and 9, liver). *Impaired glucose tolerance assessed with 75 g oral glucose

tolerance test. ND = not determined.
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spinal cord, dorsal root ganglia, sympathetic ganglia, pituitary gland,
peripheral nerve, muscle and non-neural visceral organs from
SBMA and control subjects. Sections then were deparaffinized
and rehydrated through a graded series of alcohol-water solutions.
For the mutant AR immunohistochemical study, sections were
pre-treated with immersion in 98% formic acid for 5 min and
then with microwave oven heating for 10 min in 10 mM citrate
buffer at pH 6.0. Sections were blocked with normal serum from
the animal species in which each second antibody was raised (1 : 20),
and then incubated with a mouse anti-expanded polyQ antibody
(Trottier et al., 1995) (1C2; Chemicon, Temecula, CA; 1:10 000);
a mouse anti-Golgi 58K protein antibody (Sigma, St. Louis, MO;
1: 100); rabbit polyclonal antibody N-20 (Santa Cruz Biotechnology,
Santa Cruz, CA; 1:200); rabbit polyclonal antibody PG-21 (Affinity
BioReagents, Golden, CO; 1:200); rabbit polyclonal antibody
H-280 (Santa Cruz; 1:200); rabbit polyclonal antibody C-19
(Santa Cruz; 1:200); or a mouse monoclonal antibody (Ab-1;
Neomarkers, Fremont, CA; ready-to-use) against human AR protein.
Then the sections were incubated with biotinylated IgG raised
against the species used for each primary antibody (Vector Labor-
atories, Burlingame, CA). Immune complexes were visualized using
streptavidin-horseradish peroxidase (Dako, Glostrup, Denmark)
and 3,3'-diaminobenzidine (Dojindo, Kumamoto, Japan) substrate.
Sections were counterstained with methyl green or Mayer’s haemato-
xylin. As a negative control, primary antibodies were replaced with
normal rabbit or mouse serum. The population of labelled neurons
was analysed semi-quantitatively in all 11 SBMA patients, and non-
neural visceral organs in nine patients (patients 1-8, and 11) by
counting the positive and negative cells for labelling in the region
of interest and graded as — to +++.

To assess the co-localization of cytoplasmic mutant AR accumula-
tion and cell organelles, five selected SBMA patients (patients 1, 2, 6,
8 and 10) were analysed by double immunofluorescence staining.
The sections were blocked with 5% normal serum and then sequen-
tially incubated at 4°C overnight with any antibody to lysosomal
markers, anti-cathepsin B antibody (Ab-3; Oncogene, Cambridge,
MA; 1:20), anti-cathepsin D antibody (Ab-2; Oncogene; 1:20),
anti-cathepsin K antibody (N-20; Santa Cruz Biotechnology;
1:50), anti-cathepsin L antibody (S-20; Santa Cruz Biotechnology;
1:50), antibody to Golgi apparatus, anti-human TGN46 antibody
(Serotec, Oxford, UK; 1:1000), antibody to endoplasmic reticulum
marker, anti-GRP78 antibody (N-20; Santa Cruz; 1 : 200), or antibody
to mitochondria, anti-mitochondria antibody (Chemicon; 1 : 50), and
1C2 antibody (Chemicon; 1: 10 000). Sections were incubated with
Alexa 488-conjugated anti-mouse IgG (Molecular Probes, Leiden,
The Netherlands; 1:1300) and Alexa 568-conjugated IgG raised
against the species used for each primary antibody (Molecular
Probes; 1:1000). For double immunofluorescence staining using
anti-human TGN46 antibody, sections were incubated with bio-
tinylated anti-sheep IgG (Vector Laboratories; 1 : 400) for 8 h at 4°C,
the sections were incubated with Alexa 568-conjugated streptavidin
(Molecular Probes; 1:1000) and Alexa 488-conjugated anti-mouse
IgG (Molecular Probes; 1:1300) for 2 h at 4°C. Sections then were
examined and photographed using a confocal laser scanning micro-
scope (MRC 1024; Bio-Rad Laboratories, Hercules, CA).

For electron microscopic immunohistochemistry, buffered
formalin-fixed, paraffin-embedded tissue sections were deparaffi-
nized, rehydrated, immunostained with 1C2 antibody (Chemicon,
1:10 000), and then incubated with biotinylated anti-mouse IgG
(Vector Laboratories; 1: 1300). Immunoreactivity in tissue sections
was visualized using streptavidin—horseradish peroxidase (Dako)

Mutant AR accumulation in SBMA 661

and 3,3-diaminobenzidine substrate (Dojindo), fixed with 2%
osmium tetroxide in 0.1 mol/l phosphate buffer at pH 7.4, dehydrated
in graded alcohol-water solutions, and embedded in epoxy resin.
Ultrathin sections then were cut for observation under an electron
microscope (H-7100; Hitachi High-Technologies Corporation,
Tokyo, Japan).

Quantification of diffuse nuclear- and

Nl-positive cell populations

For quantitative assessment, we prepared at least 100 transverse
sections each from the cervical, thoracic and lumbar spinal cord for

> staining with 1C2 antibody as above. The numbers of 1C2-positive

and -negative cells in the ventral and dorsal horn on both right and
left sides were counted on every 10th section under the light micro-
scope with a computer-assisted image analyser (Luzex FS; Nikon,
Tokyo, Japan). For the purposes of counting, a cell was defined by the
presence of its nucleus in a given 5 um thick section. Diffuse nuclear
staining and NI-positive neurons were assessed separately. Neurons
showing both diffuse nuclear staining and NIs were counted in both
categories. The area of the ventral and dorsal horn of each spinal
cord section was determined as described previously (Terao et al.,
1996; Adachi et al., 2001). Populations of 1C2-positive cells were
expressed as percentages of the total neuronal count. For statistical
analysis, mean values of these percentages in sections examined
from each of the cervical, thoracic and lumbar spinal segments
for each patient were obtained.

Statistical analysis

We analysed the data by Pearson’s correlation coefficient and
Spearman’s rank correlation as appropriate using Statview software
(version 5; Hulinks, Tokyo, Japan), considering P values <0.05 to
be indicative of significance.

Results
Immunohistochemical localization of mutant
androgen receptor in the neural tissues

In all 11 patients with SBMA, NIs were visualized clearly
with 1C2 (Fig. 1). In addition to NIs, diffusely distributed
staining with 1C2 was observed in neuronal nuclei (Fig. 1).
Among nuclei with diffuse staining, some showed punctate,
granular or web-like patterns, while others showed intense
diffuse staining (Fig. 1). In some neurons, NIs and diffuse
nuclear staining co-existed (Fig. 1). Moreover, occasional
neurons showed granular or punctate 1C2-positive accumula-
tion in the cytoplasm (Fig. 1). As reported previously
(Li et al., 1998a, b), NIs were observed frequently in lower
motor neurons, which are known to be affected in this disease.
However, we found that neuronal nuclear and cytoplasmic
accumulations extended to various regions of the nervous
system previously reported to be spared (Li et al., 19984, b),
including the striatum, caudate nucleus, mammillary body,
thalamus, hypothalamus, reticular formation, red nucleus,
substantia nigra, locus coerulus, nucleus raphe pontis, pontine
nuclei, cuneate nucleus, nucleus ambiguus, gracile nucleus,
supraspinal nucleus, cerebellar dentate nucleus, Clarke’s
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diffuse nuclear staining is present in neuronal nuclel of various regions vsing 102 antibody (A, B, ¥, G, Jand L), Diffess immunostsining
like pattern in nocled of anterior horn nouromns (A, Diffuse nuclear stalning is.also

of mutant androgen receptor (AR) i prostat in o web-l
observed in posierior hora neurons (B, substanta nigra (F), spinal dorsal root gaaglia (433, peraveriebral sympathetic gangha () and
hypothalams (13, Some nuclel appear packed with mutam AR, Small or luge nuclear inclusions are also stained fntermsely vsing 102
antthody 1o anterior hory nevrons (B-15), posterior horn seorons (B), the substantis aigra (F) and the hypothalamus (L), Most of the dadk
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granular stroctures immunoresctive for ant-Golgl 38K protein antibody in the cytoplasm in SBMA (P} and a conwol case (0. Scale
bars = 20w for A, DV F. G M and O and 1 pmfor B, CE H L LE LN Pad Q.

<
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nucleus, posterior horn and intermediolateral nucleus of
the spinal cord, dorsal root ganglia and sympathetic ganglia
(Fig. 1, Table 2). Cytoplasmic inclusions were prominent in
the dorsal root ganglia neurons, and some neurons in the
mammillary body, hypothalamus and facial motor nucleus
and anterior and posterior horns of the spinal cord showed
a slight degree of cytoplasmic accumulation (Table 2). We
detected both nuclear and cytoplasmic accumulations in some

Table 2 Immunohistochemical distribution of mutant AR
in the neural tissues of patients with SBMA

Region Nuclear accumulation  Cytoplasmic
accumulation
Diffuse nuclear NI
accumulation
Cerebrum
Cerebral cortex — — _
Striatum + + —_
Caudate nucleus + + —
Mammillary body — - +
Thalamic nuclei + + _
Hypothalamus + to ++ + +
Midbrain
Superior colliculus - — —
Periaqueductal grey + + -
Oculomotor nucleus — — —
Reticular formation + + -
of midbrain
Red nucleus + + _
Substantia nigra + + —
Pons
Locus coerulus + + —
Trigeminal motor + to ++ + —
nucleus
Reticular formation + + _
of pons
Facial motor nucleus + t0 +++ + +
Nucleus raphe pontis + + —
Pontine nuclei + + —
Medulla
Cuneate nucleus + + _
Hypoglossal nucleus + to ++ + —
Nucleus ambiguus + 10 ++ + —
Gracile nucleus + + —
Supraspinal nucleus +to ++ + —
Accessory nucleus + + —
Cerebellum
Purkinje cell — — —
Granule cell — — -
Cerebellar dentate + + —
nucleus
Spinal cord
Anterior horn + to +++ + to ++ +
motor neurons
Intermediate zone + + _
Clarke’s nucleus + — _
Posterior horn neurons  + to ++ — to + +
.~ Intermediolateral nucleus + +
Dorsal root ganglia + + 4+ to +++

Sympathetic ganglia + + —

Frequency of neurons expressing polyglutamine
immunoreactivity: —, 0%; +, 0-4%; ++, 4-8%; +++, 8%.
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neurons (Fig. 1D). No significant difference in staining pattern
was evident between regions previously reported to be
affected and unaffected. Diffuse nuclear staining was seen
more frequently than NIs in most regions (Table 2). Relative
numbers of stained neurons varied between patients, but
no staining was detected in cerebral cortex, hippocampus
or cerebellar cortex. In contrast to neurons, NIs and diffuse
nuclear staining were very rare in glial cells. NIs stained
strongly with anti-ubiquitin antibody, while cytoplasmic
accumulations did not (data not shown). Anti-human AR
antibodies also recognized NIs (Fig. IN), and occasionally
stained diffuse nuclear accumulations (Fig. 10). However,
cytoplasmic accumulations were not seen with anti-AR
antibodies.

Electron microscopic immunohistochemistry for 1C2
demonstrated granular dense aggregates without a limiting
membrane corresponding to NIs and cytoplasmic accumula-
tions, whereas amorphous aggregates corresponded to diffuse
nuclear staining in neurons (Fig. 2). No filamentous structures
such as those reported in Huntington’s disease, DRPL A and
Machado-Joseph disease were seen. Neural tissues from five
control cases were also examined in the same manner as that
for SBMA cases; in these, NIs, diffuse nuclear staining and
cytoplasmic accumulations were not seen, indicating that
the immunohistochemical procedure with the highly diluted
condition of 1C2 applied in this study did not recognize the
TATA-binding protein, a transcription factor containing a
stretch of polyQ residues (Trottier et al., 1995), as prev1ous1y
demonstrated (Yamada et al., 2001a, 2002a).

Although we did not quantitatively examine neuronal
populations in this study, the motor neurons in the spinal
cord and brainstem showed the most conspicuous depletion,
as expected. Neurons in the posterior horn of the spinal cord,
where diffuse nuclear accumulations and NIs were present
in relatively high frequency, also appeared to be depleted
to some extent. Quantitative assessment of neuronal cell
populations in regions newly showing mutant AR accurnula-
tion will be needed.

Co-localization of cytoplasmic organelles
with mutant AR

We performed immunofiuorescence with double staining
using primary antibodies to recognize specifically various
cytoplasmic cell organelles together with 1C2 in the dorsal
root ganglia, where cytoplasmic mutant AR accumulation was
most prominent (Table 2). TGN46 and 1C2 were co-localized
(Fig. 3), indicating that mutant AR exists in the Golgi appar-
atus. Spinal dorsal root ganglia neurons exhibit some
granular structures immunoreactive for another Golgi appar-
atus marker anti-Golgi 58K protein antibody in the cytoplasm
(Fig. 1P and Q). Other organelle markers, including anti-
bodies for lysosomes, endoplasmic reticulum and mitochon-
dria, did not show co-localization with 1C2 (Fig. 3), indicating
that expanded polyQ sequences were not detected in these
organelles.
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Fig. 2 Electron microscopic immunohistochemical study of nuclear inclusions in motor neurons, and of diffuse nuclear staining and
cytoplasmic inclusions in sensory neurons. Electron microscopic immunohistochemistry using 1C2 demonstrated amorphous aggregates
corresponding to diffuse nuclear staining in the spinal dorsal root ganglia (A and B), and granular dense aggregates without fibrous
configurations corresponding to nuclear and cytoplasmic inclusions in the spinal anterior neuron (C and D) and spinal dorsal root
ganglia (E and F). Scale bars = 2 pm for A, C and E; and 200 nm for B, D and F.

Correlation of diffuse nuclear accumulation
and NIs with degree of CAG repeat expansion

We examined the correlation of diffuse nuclear accumulation
and NIs with the degree of CAG repeat expansion in anterior
and posterior horn spinal cord neurons. Averaged frequencies
of diffuse nuclear accumulations and NIs in cervical, thoracic
and lumbar spinal segments were evaluated for correlation
with numbers of CAG repeats in the AR gene. The frequency
of diffuse nuclear accumulation in anterior and posterior horn
neurons correlated well with the degree of CAG repeat
expansion (Fig. 4; r = 0.78, P < 0.05 and r = 0.69, P < 0.05,
respectively). However, the frequency of NIs in motor
neurons and posterior horn neurons did not show a significant

correlation with number of CAG repeats (Fig. 4; r = 0.05,
" P=NSand r=—0.14, P = NS, respectively). These observa-
tions strongly suggest that diffuse nuclear accumulation of
the mutant AR protein is more important pathogenetically
than NIs.

Immunohistochemical localization of
mutant AR in non-neural tissues

As in neural tissues, diffuse nuclear accumulations, NIs or
cytoplasmic accumulations of mutant AR were observed
in certain visceral organs and skin (Fig. 5, Table 3). Diffuse
nuclear accumulations and NIs were detected in the liver,
proximal tubules of the kidney, testis, prostate gland,
and scrotal and other skin (Fig. 5, Table 3). Cytoplasmic

accumulations were detected in the liver, pancreatic islets
of Langerhans, testis and prostate gland (Fig. 5, Table 3).
Nuclear labelling and cytoplasmic accumulation both were
absent in the pituitary gland, heart, lung, intestine, spleen,
thyroid, adrenal gland and skeletal muscles. Pancreatic
islet cells showed exclusively cytoplasmic accumulations
without detectable nuclear accumulations, suggesting that
the impaired glucose tolerance frequently observed in our
patients (Table 1) could be attributed to cytoplasmic mutant
AR accumulation. Ubiquitin staining detected only NIs and,
as observed in neural tissues, anti-human AR antibodies
occasionally showed diffuse nuclear accumulation without
cytoplasmic staining (Fig. 5J). The five control cases did
not show any 1C2 immunoreactivity in viscera or skin.

Discussion

The present study clearly demonstrated that diffuse nuclear
accumulation of mutant AR, detected by the antibody 1C2
which specifically recognizes the expanded polyQ tract,
occurred more frequently than NIs in neural and non-
neural tissues in SBMA patients. In neural tissues, diffuse
nuclear mutant AR accumulation occurred in the basal
ganglia, thalamus, hypothalamus, various midbrain, pontine
and medullary nuclei, posterior horn, intermediolateral
and Clarke’s nuclei of the spinal cord and in sensory and
sympathetic ganglion neurons, as well as brainstem and spinal
cord motor neurons. NIs detected by 1C2 were similar
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in diswibution fo diffuse agclear accumulation, hat the
frequency of I8 in each tssue was far less than for diffuse
muclear accumulaton. We previously demonstrated that
diffuse nuclear mutant AR prolein accumulation was more
exiensive than Misin meale SBMA tansgenic mice {Ratsuno
et al., 2002, 200533, Furthermiore, expression and severity of
motor dysfunction, and abatement of sbnormalities when the

mice were castrated or given lenprolerin, paralicled the extent

of diffuse nuclear mutant AR accomulation rather than that
of MNix {Katsuno of ol 2002, 2003, Accordingly, nearonal
dystunction appeuared to be closely related to diffuse nuclear
mutant AR accomudation. The key observation in the present
study-was a significant close correlation betwesn frequency of
diffuse nuclear mutant AR accumulation and length of CAG

repeut expansion, while asimilar covrelation was not observed

between freqirency of Nl and CAG repeats. Diffuse nuclear
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Fig. 4 The relationship of the number of CAG repeats to the frequency of diffuse nuclear accumulation and nuclear inclusions.
Diffuse nuclear staining correlates significantly with the number of CAG repeats in anterior horn neurons (A) and posterior horn
neurons (C). On the other hand, nuclear inclusions do not correlate significantly with the number of CAG repeats in the anterior horn

neurons (B) or posterior horn neurons (D).

mutant protein accumulation also has been demonstrated
in the neural tissues affected by DRPLA (Yamada et al.,
20014, 2002a), Huntington’s disease (Sapp et al., 1997) and
Machado-Joseph disease (Yamada et al., 2001b) as well
as corresponding transgenic mouse models (Schilling et al.,
1999; Yvert et al., 2000; Lin et al., 2001); and, here too,
diffuse nuclear mutant protein accumulation was more wide-
spread and extensive than NIs in DRPLA patients. These
observations are in good agreement with our present obser-
vation in SBMA patients; together, they suggest that diffuse
nuclear accumulation of mutant proteins with an expanded
polyQ tract is an early event prior to NI formation that is
closely related to manifestation of neuronal dysfunction
(Yamada et al., 2001a; Garden et al., 2002; Katsuno et al.,
2002, 2003; Watase et al., 2002; Yoo et al., 2003). However,
the molecular pathogenetic process by which diffuse nuclear
mutant AR accumulation induces neuronal dysfunction still
is unclear. Although considerable controversy recently sur-
rounds the importance of NIs in the pathophysiology in polyQ
diseases (Simeoni et al., 2000; Walcott and Merry, 2002b;
Bates, 2003; Michalik and Van Broeckhoven, 2003; Ross
et al., 2003), our data showed that diffuse mutant AR accu-
mulation in nuclei could have potent cytotoxic effects
inducing neuronal dysfunction through an active epitope of
the expanded polyQ tract.

Anti-AR antibodies showed the ability to detect NIs, and
some of them (H280, N-20 and Ab-1) occasionally stained
diffuse nuclear accumulations. Diffuse nuclear accumulation
had the appearance of amorphous aggregates of mutant AR
as observed by electron microscopic immunohistochemistry

using 1C2 (Fig. 2) (Katsuno et al., 2002). These observations
suggest that the polyQ tract epitope can be detected by 1C2,
while other AR protein epitopes may be protected by struc-
tural features of the aggregate state of the mutant AR. This
view is supported by observations made by small-angle X-ray
scattering and infrared spectroscopy carried out with myo-
globin protein containing an inserted highly expanded polyQ
tract, localizing the polyQ tract to the surface of aggregates,
while other epitopes were sequestered within aggregates
(Tanaka ez al., 2001, 2003). These observations suggest that
1C2 can detect the amorphous aggregate state of mutant AR
protein, making 1C2 a more sensitive histological and patho-
physiological marker than anti-AR protein antibodies. On
the other hand, cytoplasmic accumulations were not seen
with anti-AR antibodies. This cytoplasmic mutant AR was
not ubiquitinated, in contrast to nuclear accumulated
mutant AR, particularly the heavily ubiquitinated NIs, sug-
gesting that protein modification varies between the nucleus
and cytoplasm. Different protein modification might mask
other AR protein epitopes directly or through structural altera-
tions of the aggregate state of the mutant AR in the cytoplasm.

Another important observation in our study was the occur-
rence of cytoplasmic mutant AR accumulation in neural and
non-neural tissues. In neural tissues, cytoplasmic accumula-
tion was restricted to certain neuronal populations such
as dorsal root ganglia neurons, mammillary body, hypothal-
amus, facial motor nucleus, and anterior and posterior horn
neurons. In non-neural tissues, cytoplasmic accumulation
also occurred in certain organs. Cytoplasmic mutant AR
accumulation co-localized with a Golgi apparatus marker.
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Co-lovalization of a polyQ-expanded mutant protein with the
Galgh apparatus has also been reported for ataxin-2 (Huvnh
et al., 2003y, although the significance of this lecalization
remaing unclear. Bxpression of polyQ-expanded mutant
ataxin=2 disrupted the normal morphology of the Golgl com-
plex and increased cell death (Huyoh er af, 20031 On the
oiher hand, the hysosomal cccurrence of other mutant proteing
with s expanded poly() tact has been reporied in DRPLA
{(Yamada ef ¢, 20025) and Huntington’s disease {Sapp es al.,
1997). The lysosomal localization of polyQeexpanded mutant

sing 102 amtibody. In the non-neural tssues, diffuse

in (B, proximal tubnles of the kideey (O}, hepatocyies
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proteins sugeests a lysosomal autophagic degradation procesy
acting independently of the shiguitin-proteasome pathway
in the polw() diseases (Sapp e @l 1997 Additonally,
the reason why neural tissues dweiop more. nuclear than
evtoplasmic gccumulation while most involved visgeml
organs show equal or predominantly cytoplasmic accummia-
tion is unknown, Differences o the predominant degradation
pathway dedling with the rmaant AR ¢ould influence the intra-
cellular site of accomulation and eventual cell toxicity.
One important gquestion is whether evtoplasmic mutant AR
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Table 3 Immunohistochemical distribution of mutant AR
in the non-neural tissues of patients with SBMA

Region Nuclear accumulation Cytoplasmic
accumulation

Diffuse nuclear NI
accumulation

Pituitary gland - - -

Heart — — —

Lung - - -

Liver + + +

Kidney + to ++ + -

Pancreas — — + to ++

Intestine — — —

Spleen - - -

Thyroid — - -

Adrenal gland - - -

Testis + to ++ + + to ++

Prostate gland + to +++ + to ++ + 10 +++

Skeletal muscle — - -

Scrotal skin + to +++ + —

Skin + to ++ + —

Frequency of cells expressing polyglutamine
immunoreactivity: —, 0%; +, 0-3%; ++, 3-6%; +++, 6%.

accumulation exerts cytotoxicity in neural and non-neural
tissues. Cytoplasmic mutant AR accumulation (Taylor et al.,
2003) as well as other mutant protein accumulations (Kegel
et al., 2000; Ravikumar et al., 2002; Huynh et al., 2003)
involving an expanded polyQ tract in Golgi apparatus and
lysosomes indeed has been found to induce cytotoxicity.
Accumulation of mutant protein with expanded polyQ in
the Golgi apparatus or lysosomes increases death of cultured
cells through activation of apoptosis-related effectors such as
caspase-3 (Ishisaka et al., 1998; Kegel et al., 2000; Huynh
et al., 2003). One should note that histologically or immuno-
histochemically evident mutant protein accumulation is not
necessarily cytotoxic, while microaggregates at the molecular
level that are histologically undetectable can also exert
cytotoxicity. Indeed, excessive accumulation of mutant AR
in aggresomes was found to protect cells from a cytotoxic
form of mutant AR (Taylor ez al., 2003). However, our present
study strongly suggests that these cytoplasmic mutant AR
accumulations may be related to mutant AR-mediated cyto-
toxicity and eventual symptom manifestation. For instance,
the pancreas showed only cytoplasmic mutant AR accumu-
lation without obvious nuclear accumulation. Elevated serum
glucose and impaired glucose tolerance were present in
most of our patients, suggesting islet cell dysfunction in the
pancreas. The frequency of cytoplasmic accumulations of
mutant AR in pancreatic islet cells did not show a significant
correlation with fasting blood glucose levels in the examined
SBMA patients (data not shown), while certain symptoms and
signs of SBMA apparently can be induced by cytoplasmic
accumulation of mutant AR protein. Although further study
of the significance of cytoplasmic mutant AR accumulation
is needed, nuclear accumulation of the mutant AR protein

appears to cause motor neuron dysfunction while cytoplasmic
accumulation may underlie some visceral and possibly some
neuronal dysfunction in SBMA. The pathological process is
likely to differ between tissues, being more prominent in
motor neuron nuclei, but mainly cytoplasmic in certain neur-
onal populations and visceral organs. We also need to clarify
further which degradation process affecting mutant AR is most
active in a given tissue, e.g. lysosomal in certain viscera
versus via ubiquitination pathway in most neural tissues.

An important question here is why diffuse nuclear and
possibly cytoplasmic accumulation of the mutant AR in the
neuronal tissues beyond the major affected spinal and brain-
stem motor neurons has no apparent symptomatic involve-
ment. First, the causative lesions for sensory impairment and
essential-type tremor in SBMA patients have not yet been
clearly substantiated. The novel lesion distribution of SBMA
neurons shown in the present study, such as the posterior horn
of the spinal cord, dorsal root ganglia, thalamus and cerebel-
lum, might provide some explanations for these clinicopatho-
logical problems that have not been resolved. Since the
cerebellothalamocortical pathway seems to be responsible
for essential-type tremor (Pinto et al., 2003), these lesions
might contribute to mostly subclinical but definite sensory
impairment and essential-type tremor in SBMA. Secondly,
the occurrence of neuronal nuclear and cytoplasmic abnor-
malities in both clinically affected and non-affected neural
regions in SBMA suggests that this alteration does not always
induce neuronal cell dysfunction or death. The selective
neuronal loss and dysfunction in neural lesions that are
characteristic of SBMA might depend on additiona) factors
that are specific to neurons in these systems. Recent studies
have demonstrated that CREB-binding protein (CBP) is
sequestered in AR-positive NIs, resulting in a decrease in
CBP-dependent transcription (McCampbell et al., 2000),
and further histone acetylation is reduced in affected cells
(McCampbell et al., 2001; Steffan ez al., 2001; Minamiyama
et al., 2004). These reports suggest that CBP-dependent
transcriptional dysregulations may cause symptomatic neu-
ronal dysfunction. Since CBP-dependent transcriptional
control differs among neurons, this difference may show the
lack of their symptomatic involvement in certain polyQ-
containing neurons. Alternatively, the population of neurons
with nuclear accumulation of mutant AR in the regions
beyond the commonly affected lesions may not be simply
enough to manifest the responsible symptoms. A precise
neuronal cell count assay combined with assessment of
nuclear mutant AR accumulation will be needed to clarify
these clinicopathological problems.

Clearly, motor neuron impairment with nuclear accumula-
tion of mutant AR is the major problem in SBMA. Thus, for
a therapeutic strategy against motor neuron dysfunction in
SBMA, nuclear accumulation of mutant AR should be the
main target, as we demonstrated in transgenic mice treated
with leuprolerin. Cytoplasmic accumulation of mutant AR,
on the other hand, should be considered a therapeutic target
with respect to certain symptoms in SBMA patients.
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Neuronal intranuclear hyaline inclusion
disease showing motor-sensory and
autonomic neuropathy

dJ. Sone, MD*; N. Hishikawa, MD*; H. Koike, MD; N. Hattori, MD; M. Hirayama, MD; M. Nagamatsu, MD;
M. Yamamoto, MD; F. Tanaka, MD; M. Yoshida, MD; Y. Hashizume, MD; H. Imamura, MD;
E. Yamada, MD; and G. Sobue, MD

Abstract—Background: Neuronal intranuclear hyaline inclusion disease (NIHID), a rare neurodegenerative disease in
which eosinophilic intranuclear inclusions develop mainly in neurons, has not yet been described to present as hereditary
motor-sensory and autonomic neuropathy. Methods: Patients in two NIHID families showing peripheral neuropathy were
evaluated clinically, electrophysiologically, and histopathologically. Results: In both families, patients had severe muscle
atrophy and weakness in limbs, limb girdle, and face; sensory impairment in the distal limbs; dysphagia, episodic
intestinal pseudoobstruction with vomiting attacks; and urinary and fecal incontinence. No patients developed symptoms
suggesting CNS involvement. Electrophysiologic study showed the reduced motor and sensory nerve conduction velocities
and amplitudes, and also extensive denervation potentials. In sural nerve specimens, numbers of myelinated and unmy-
elinated fibers were decreased. In two autopsy cases, eosinophilic intranuclear inclusions were widespread, particularly in
sympathetic and myenteric ganglion neurons, dorsal root ganglion neurons, and spinal motor neurons. These neurons also
were decreased in number. Conclusion: Patients with neuronal intranuclear hyaline inclusion disease (NIHID) can
manifest symptoms limited to those of peripheral neuropathy. NIHID therefore is part of the differential diagnosis of
hereditary motor-sensory neuropathy associated with autonomic symptoms. Intranuclear hyaline inclusions in Schwann

cells and in the myenteric plexus may permit antemortem diagnosis of NIHID.

NEUROLOGY 2005;65:1538-1543

[

Neuronal intranuclear hyaline inclusion disease (NI-
HID) is a rare neurodegenerative disease character-
ized by eosinophilic hyaline intranuclear inclusions
in neurons of the central and peripheral nervous sys-
tems, associated with varying degrees of neuronal
loss.t?” Etiology and pathogenesis remain unknown;
a few patients show familial occurrence with mostly
autosomal dominant inheritance.236151923.2¢ Clinical
manifestations of NIHID are highly variable, and
can include cerebellar ataxia, dementia or mental
retardation, pyramidal and extrapyramidal symp-
toms, generalized convulsion, and autonomic dys-
function. As a result, NIHID has been diagnosed as
juvenile parkinsonism,2321 Friedreich ataxia vari-
ant,34%° multiple system atrophy,® and intestinal
pseudoobstruction.2916.:24

Peripheral neuropathy symptoms rarely have
been described except for certain forms of autonomic
dysfunction such as gastrointestinal obstruc-
tion.2%152¢ Muscle weakness and atrophy have been
described only anecdotally in a few case reports as
concomitant symptoms.3919.27

Here we report two families affected by NIHID

*Both authors contributed equally to this study.

showing a similar peripheral neuropathy character-
ized by severe muscle atrophy in the limbs, limb
girdles, and face; dysphagia; sensory impairment;
and severe autonomic derangement, particularly
gastrointestinal pseudoobstruction and bladder dys-
function. In affected patients of both families, the
clinical diagnosis was hereditary motor and sensory
neuropathy with autonomic failure.

Case reports. Family 1. Patient II-1. The proband was a 67-
year-old man referred to our hospital because of gait disturbance.
His brothers, sister, son, nephews, and niece also had gait distur-
bance (figure 1). When the patient was 32 years old, a gastric
ulcer was treated with partial gastrectomy. Three years later, he
was treated for appendicitis. At 65 years, he was found to have
bilateral cataracts and corneal calcification.

Lower limb weakness, first noted at 30 years, had progressed
gradually. The patient developed dysphagia and anorexia at 50
years old, associated with progressive weight loss; walking un-
aided was becoming difficult. He lost consciousness while bathing,
and he noted difficulty in urination and subsequent incontinence.
He had had an episode of hiccups, vomiting, and abdominal pain
that continued for a few days after a car ride. Similar hiccups and
vomiting recurred in association with urinary tract infection.

On neurologic examination, severe widespread muscle atrophy
was evident in the face, upper and lower limbs, limb girdles, and
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trunk (table 1). Fasciculations were not seen. Bilateral facial mus-
cle weakness was observed in frontalis, orbicularis oculi, and or-
bicularis oris muscles. Weakness of the limbs was diffuse, and
deep tendon reflexes were extensively diminished. Sensory im-
pairment demonstrated in all modalities was seen predominantly
in the distal limbs. No pathologic reflexes were observed. Foot
deformity like pes cavus and hammer toe was not present. Labo-
ratory results were normal, including serum creatine kinase and
thyroid hormone concentrations. The CSF protein concentration
was 65 mg/dL, without pleocytosis. The brain MRI showed mild
brain atrophy. Leukoencephalopathy was absent. Nerve conduc-
tion study showed reduction of both motor and sensory nerve
conduction velocity and amplitude, and prolongation of distal la-
tency (table 2). Conduction block and temporal dispersion of com-
pound muscle action potentials were not observed. On EMG, high
amplitude potentials, positive sharp waves, and decreased inter-
ference patterns were widely spread. A cystometrogram showed
an abdominal pressure pattern, indicating neurogenic bladder of
atonic type. Orthostatic hypotension was not seen in a head-up tilt
test, while a noradrenaline infusion test using a 3-pg dose raised
the systolic blood pressure by 27 mm Hg, indicating supersensitiv-
ity to noradrenaline resulting from peripheral sympathetic nerve
damage.

Sural nerve bxopsy was performed, and pathologic assessment
of the specimen was carried out as described previously?# (figure
24A, table 3). Reduction of myelinated fiber density affected both
small myelinated fibers and large myelinated fibers, especially the
former. Thinly myelinated fibers, assessed as sheath thickness

Table 1 Clinical manifestations in patients from two families

2 3 4 5 6

Figure 1. Pedigrees for the reported

families with peripheral nervous sys-

tem symptoms caused by neuronal in-

tranuclear hyaline inclusion disease.
g 10 1

relative to axonal diameter, were abundant. Axonal sprouting was
not conspicuous. Onion-bulb formation was not apparent. Unmy-
elinated fibers showed more severe reduction in number than
myelinated fibers. Segmental remyelination, indicating fibers
with relatively thin myelin sheaths, were frequent in teased-fiber
preparations. Axonal degeneration was only slight. Intranuclear
hyaline inclusions were found in Schwann cell.

No mutation was observed in PMP22, PO, Cx-32, transthyretin,
SCA 1, SCA 2, SCA 3, SCA 6, and DRPLA genes. The patient died
of suffocation when he was 70 years old, and autopsy was
performed.

Other patients in Family 1. Clinical manifestations in other
patients in Family 1 are summarized in table 1. Some patients
had a past history of gastrointestinal disease such as gastritis or
appendicitis (Patients II-4 and II-5). Age at symptom onset ranged
from the first to third decade. The first symptom was gait distur-
bance or lower limb weakness. Muscle weakness and atrophy pro-
gressed and extended to involve the upper limbs, trunk, and face.
The most severely affected patient (Patient II-4) showed nearly
complete flaccid paralysis. Fasciculations could be seen in some
patients (Patients I1-4, I1I-1, and III-5). No one showed foot defor-
mity. In most patients, autonomic dysfunction such as dysuria,
constipation, and fecal incontinence was the next most prominent
symptom. Episodes of vomiting occurred in Patients II-1, 1I-4, II-5,
and II-6, including attacks that continued for several days after a
car ride. In Patient II-6, electrogastrography showed an arrhyth-
mic pattern of gastric motility after oral food intake. Frequency of
gastric motility was much greater than the basic rhythm of three

Motor
Muscle atrooh Autonomic
uscle atrophy Sensor

Family, Age, 3/ Onost, — e d ar Bladder Bioer
patient sex y L LG F Fasciculation Superficial Deep Paresthesia paralysis Vomiting Constipation dysfunction OH dysphagia
Family 1

1I-1 67/ 30 4+ ++ o+ - + + - -~ - + ~

1I-4 59/M 16 ++ ++ ++ + ++ ++ - + + + + -

11-6 53/F 30 + + + - - + + + + - -

-1 37/Mm 20 + 4+ - + + - - - - + - -

I11-4  36/F 30 + + - - - - - - - - _ _ _

-5  34/M 26 + + - + - - - - - - - - _
Family 2

.7 48/F 26 + +-+ + + + + + + - + + - +

19 41/M ND + + - ND ND ND ND ND ND ND ND ND ND
‘For motor and sensory impairments, — = not impaired; + = moderately impaired; ++ = severely impaired.
For autonomic dysfunction and bulbar signs, — = not impaired; + = impaired.

L = limbs; LG = limb girdle; F = facial muscles; GI = gastrointestinal; OH = orthostatic hypotension; ND = not determined.
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FTabde 2 Electrophvsiologie findings

Nerve conduction

Motor Bensory
Pilsdal Madian Bural Hesdle EMG

Family,
paiient MOV, mfex Tanw Aoop, mV MOV, més DL,omz  Amp, ¥V B0V, mbe Amp, oV 8OV, m/fs Amp, p¥ HA PE I0
Fanily 1

111 pit 4.8 4.1 26 &4 4.2 at .t a4 + + §

T4 NE NE NE WE NE W HE ND KD WD

ILa 44 4.0 1.8 a6 5.9 33 47 2.3 NE NIy N OND

1111 41 NI ND ND WD Np 44 WD D NIt ND ND
Family 2

117 428 N ND 1.3 D BD 45.5 ®D B4.1 NI O s
Clontrods B ET 34404 1072385 4683385 45508 109 248 878247 235+ 84 510+ 5.1 115 4.7

{mean = $iH

Covdrol values Dmean & 8107 are based on & previously published veport forn =

MOV = motor nerve conduction velosity; Dl = distal Intency; Amp = amplitede; S0V = g

farde; ?Q = pogitive sharp waves; DY = Cderrensed interforence pattern; X

vonrbractionsfminute; smplitude alse wag increased. Mild distal
sensory impaivment was demwonstrated in the Hmbs; some pziixeutb
were upaware of any sensary deficil %abm’afmy sxamiy '
ahawed mild elevation of servm sreatine kinase in some pati its
{298 101,408 LML), Nerve condustion study indieated the presence

f;f moter dominant motor-sensary polyneuropathy (see table 23

Family 2. Patient II-7.  The 48vear-nld formale proband had
10 past medical “histary. Feumily history indieated that her father,
brother, sisters, and son wers dffected (8ee Hgure 11

At 26 years of age, she noted fatigue during 5 walk and diff-
culty standing on tiptos. Four years Inter, she was unable o walk
for more than & minutes beca of leg musde weakness, She
game to notice dersal numbne fecting both feet snd weakness
of both hands, sz well as Tastionlations in the thigh and arm,
When she waz 85 years old, musele wenbness and munbness had
extended to the upper Hmbs. Diffieulty wes noted in cdimbing up
stabie and riding a bicyele. Bobssquently, she could not sguat and
rxfoe mms»ﬁed AA i%afs g csi 44 VRS, icst:mi weakness and nasal voice
gd to ey,

gm nse;zwiggs{: ﬁk«mzsmmm a,a B 454 arw:m muscle weaknoss
wag obzerved In the neck }s}m{xidu girdle, arms, and fingsrs,
pelvie givdle, legs, snd feet {see table 1% Muscle atropby wag
diffuse but most prominent in the shoulder gldle aidd ;;eimo gir-
dle. Bhe could not walk or stand by herself Faclal nnuscle atyophy
and weskness was acoorapanied by Tascleulations, Nasality of the
veiss, dysarthode, and desphagia were observed, Desy tendsn re-
flexes were {hﬁ%ei} absent. All sensor v modalitios %lﬁ(}‘v‘i«’&t(}. distur-
bance that was most prominent in the distal Bobs, M seduction
of both motor and sensory nerve eonduction veiacuy was demon-
strated slestrophysiclogically, as were prowinent pusitive gharp
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x‘

1I93mediand, v = 121 (iblall and n = 183 urell®

cnsery nerve conduction ve A = high sorphi

Bnddings,

i MDD = ot determined; +

waves and glant motor units (see table 21 Conduction blnck and

tumporal dsperdion of compound mimcle action petentinle were

not observed. Pes vavos and hanuner foe was not sesn. She ;n* “
zented o atowde Wadder:

A sural nerve biopsy spm‘mm revealed predondnantly small-
fiber toss, us had been found In Case 1. Thinly myelinated fibers
algn were present, although these weve less consplounas then in
Cage 1. Tenseddiber preparations revealed inereased frequency of
fihers showing segmental remyelination {see figurs 3B, table &
Intranvclesy indugions were demonstrated n %}m arm sells {see
figre 20

The patient died of sepsin af age 48 yosrs, Antopsy was
performed.

Other putients in Family 2. Ths proband’ father {Patient 11
wok smadated and showed weakness of fhe lowsre Bmbs, Hay
sisters (Patients 11 and 121 bad musde strophy and sltimately
coudd not walk before they died, Her brother (Patient T1-9) was
smasiated, and bigh-amplitude motor urdts wers observed hy
EMG. Her son (Patdent 11071 81 and tred eauily. Both the pro-
band’s fath&r {Patient 1-1) sud son (Patient 117} were congidered
w be g

Fing w;x? az GHtapay. Braing and apinal wrds agpmz ed mag
cuscopially sormal in both patients (’_F};&mi‘i; 1, 131 and Pamily 2,
1171 except that spinal roots were atrophie in Patient 111 (Pamily
1. Micressopically, eesinophille intrannclear inctusions wers
widely present in nevvons ag well as glial sells (igure 3, 8 and Bl
Trowurons tizé Intramuclear inclusions usually were vound. or oval,
ranging in dimester from 3 1o 10 s Some inclusions ware sur-
rounded by a pale halo. Qeeaglonally two or maore inchusions wers
present in one nucleus. Immunchistochmmionl investigation was

Figure 2. (A, B) Tronsverse section of o
surel nerve blopsy speetmen from Po-
tient -1 (Family 1, A and from Pa-
tent I-¥ (Family 2, Bl Myelinuted
fibers; espevially iimse af small dicme-
ter fibers, are decreased fecole bor = 80
pand (01 Ubiguitin-immunorenctive in-
tranuclenr nclusiong in Schwann colis
of sural nerve (Patient 117, Famiby 23
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Table 3 Sural nerve histopathologic findings

Family 1, Family 2, Controls,
Pathology Patient 11-1 Patient I1-7 n=9
Myelinated fiber
density, n/mm?
Total 3,569 3,550 8,190 = 511
Large fiber 2,173 1,601 3,068 + 294
Small fiber 1,396 1,949 5,122 + 438
Unmyelinated fiber 9,082 11,404 29,913 * 3457
density, n/mm?
Sprouting, n/mm? 55 70 -
Teased fiber, %
Segmental de/ 49.2 311 9.5 = 8.8
remyelination
Axonal degeneration 3.0 5.4 1.7+14
Schwann cell intranuclear — ++ + -
inclusions

Control values (imean * SD) are based on previously published
reports.?80

performed using a standard avidin-biotin-peroxidase complex
method as previously described.®* Most of the neuronal intranu-
clear inclusions were immunoreactive with anti-ubiquitin anti-
body (polyclonal, DAKOQO, 1:400), particularly along their
peripheral rim (figure 3C). The inclusions showed no Congo-red
staining and no immunostaining for a-synuclein (polyclonal,
Santa Cruz, 1:400), phosphorylated tau (AT-8; monoclonal, Inno-
genetics, 1:1000), neurofilaments (monoclonal, DAKO, 1:200), ex-
panded polyglutamine tract (1C2; monoclonal, Chemicon, 1:1000),
or heat shock protein 70 (Hsp70; monoclonal, Stressgen, 1:100).
Intranuclear inclusions also were present in glial cells. These glial
inclusions usually were smaller than the neuronal inclusions,
while showing similar staining features. By electron microscopic
examination, the inclusion bodies consisted of haphazard mesh-
work of fine, straight filaments ranging from 12 to 16 nm in
diameter (figure 3, G and H).

Tissue distribution and frequency of intranuclear inclusions
were assessed by ubiquitin immunostaining, showing a similar
distribution pattern in both patients. These were present not only
in neural but also non-neural visceral tissues (figure 3, A through
C, E, F). In neural tissues these inclusions were present in both
the central and peripheral nervous system. In both patients inclu-
sions were particularly common in sympathetic, sensory, and my-
enteric ganglion neurons, at a frequency of 70% in Patient II-7
(Family 1) and 41% in Patient II-1 (Family 2) in sympathetic
ganglion neurons, 62% in sensory neurons in Patient II-7 (Family
2), and 70% or more in myenteric ganglion neurons in both pa-
tients (see figure 3E). Inclusions also were frequent in spinal
motor neurons, the thalamus, putamen, locus ceruleus, brainstem
cranial nerve nuclei, and Clarke’s column; less frequently, these
were present in the cerebral cortex, cerebellar cortex, and under-
lying white matter. Inclusions frequently were seen in peripheral
nerve Schwann cell nuclei in both patients (see figure 2C). In
. contrast to widespread occurrence of neuronal and glial nuclear
inclusions, neuronal loss and gliosis were restricted to sympa-
thetic and sensory ganglion neurons, as well as spinal and brain-
stem motor neurons in both patients. There was no apparent
neuronal loss in the cerebral cortex, thalamus, hypothalamus,
caudate nucleus, putamen, Purkinje cells, dentate nucleus, sub-
stantia nigra, inferior olives, dorsal vagal nucleus, and other cra-
nial nerve nucleus. The posterior column of the spinal cord
showed loss of axons, with corresponding pallor upon myelin
staining (see figure 3D).

We also found widespread but regionally selective occurrence
of intranuclear inclusions in non-neural visceral tissues. Inclu-
sions were present in parenchymal cells of the gut (see figure 3F),
cardiac muscle, adrenal grand, lung, kidney, bladder, ovary, and
other organs fo a variable extent but not in skeletal muscles.

Discussion. Clinical abnormalities in patients of
both families reported here were characterized as
muscle atrophy and weakness in the proximal and
distal limb muscles and limb girdies, associated with
fasciculations, facial muscle atrophy, and dysphagia;
sensory impairment affecting superficial and deep
modalities, mainly in the distal portions of limbs;
episodic intestinal pseudoobstruction symptoms with
vomiting attacks; and urinary and fecal inconti-
nence. While these fully developed symptoms were
seen in advanced patients of both families, only mus-
cle atrophy and weakness, and occasionally sensory
symptoms, were observed in patients in the early
phase of disease. Thus, motor and sensory symptoms
apparently were the initial manifestations in these two
families. No patients developed convulsions, personal-
ity change, dementia, cerebellar ataxia, or involuntary
movements that would suggest CNS involvement.
These features were similar among the patients of both
families. Accordingly affected patients in both families
were diagnosed with hereditary motor and sensory
neuropathy including autonomic failure. Advanced pa-
tients presented a clinical picture somewhat similar to
that seen in familial amyloid polyneuropathy. EMG
and nerve conduction studies, as well as findings in
sural nerve specimens, confirmed peripheral nerve in-
volvement in these patients.

While previous reports of patients with NIHID
have not described conspicuous peripheral neuropa-
thy symptoms as in our present two families, several
reports have noted the presence of peripheral nerve
damage, mostly evident as needle EMG findings in-
cluding chronic denervation potentials and nerve
conduction findings of slowing.2410.12-161921,2427 Hoy-
ever, nerve conduction was relatively well preserved
in most patients in spite of EMG evidence of chronic
denervation57142427; this suggested axonal impair-
ment predominating over demyelination. Muscle at-
rophy and hyporeflexia also have been reported
previously in some patients.2+%!%?’ Sensory symp-
toms have attracted attention less frequently, al-
though varying degrees of dorsal column fiber loss in
the spinal cord have been observed in many autopsy
cases.?3469.1L12 The pathologic evidence suggests that
peripheral sensory involvement probably is typical
despite a paucity of sensory symptoms in most re-
ported patients.

NIHID previously has been described as a disease
involving the central rather than peripheral nervous
system, since most patients reported so far have
shown mainly CNS symptoms except for intestinal
pseudoobstruction and some other autonomic mani-
festations.2%152427 Tgking into account reported elec-
trophysiologic and pathologic findings suggesting
peripheral nerve involvement, peripheral nerve dam-
age may be more widely present in NIHID than so
far believed.

Among autonomic symptoms, urinary and fecal in-
continence as well as gastrointestinal dysfunction
presenting as intestinal pseudoobstruction have
been described in NIHID 215172427 Rectal biopsy spec-
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