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Promyelocytic Leukemia Protein Is Redistributed during the Formation of Intranuclear Inclusions
Independent of Polyglutamine Expansion: An Immunohistochemical Study on Marinesco Bodies

SATOKO KUMADA, MD, PuD, TosHikl UCHIHARA, MD, PHD, MASAHARU HavasHl, MD, PHD, AYAKO NAKAMURA,

ETsuko KixucHi, TosHio MizuTani, MD, PuD, aND Masaya Opa, MD, PHD

Abstract. Marinesco bodies (MBs) are ubiquitinated intranuclear inclusions observed in nigral pigmented neurons. They
increase in number during aging, and their formation is considered to represent a cellular reaction to stress, but is not always
associated with neuronal degeneration. We conducted immunohistochemical studies on MBs abundant in myotonic dystrophy
brains and compared their nature with that of neuronal intranuclear inclusions (NIIs} in polyglutamine diseases. First, we
examined the relationship between MBs and polyglutamine proteins and demonstrated that one of the polyglutamine proteins,
ataxin-3, as well as a 198 proteasomal protein, was preferentially recruited into MBs even in the absence of expanded
polyglutamine. This indicates that an alternative mechanism during the formation of MBs that is not related to polyglutamine
expansion or neuronal degeneration may recruit ataxin-3 into nuclear inclusions in a protein-specific manner. Secondly, we
investigated the relationship between MRBs and promyelocytic leukemia protein (PML), a nuclear matrix-associated protein
that is normally localized to intranuclear punctate structures (PML nuclear bodies) and is known to reorganize itself in
association with polyglutamine aggregation. In nigral pigmented neurons in myotonic dystrophy, spherical, hemispherical or
rod-like PML-immunoreactive structures, in addition to punctate structures, were observed in their nuclei. Similar PML
redistribution was also observed in nigral pigmented neurons in aged controls and cases of hepatic encephalopathy, 2 other
conditions in which abundant MBs are formed. Double immunofluorescence study revealed that these PML-positive structures
underge morphological changes in association with ubiquitin accumulation during MB formation. It is therefore indicated that
PML reorganization does not represent a specific nuclear event involved in the pathogenesis of polyglutamine diseases, but
may commenly occur during the formation of intranuclear inclusions as a reaction against various stresses that involve the

ubiquitin-proteasome pathway.
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INTRODUCTION

A cytopathological hallmark of polyglutamine diseases
is the presence of neuronal intranuclear inclusions (NIIs)
harboring disease-related proteins containing abnormally
expanded polyglutamines (1). Since the artificial over-
expression of truncated proteins containing expanded po-
Iyglutarmines in some cellular or animal models results in
the formation of intranuclear aggregates and causes cell
death (2-6), it has been speculated that the NII formation
plays a key role in the pathogenesis of polyglutamine
diseases. Recently, several studies indicated that a nuclear
matrix-associated protein, promyelocytic leukemia pro-
tein (PML), is redistributed during the formation of NIIs
(2, 7-10). PML is a major component of nuclear sub-
domains, namely PML nuclear bodies, which appear nor-
mally as punctate structures scattered in the nuclei (11).
In cells transfected with mutant ataxin-1 (2) or mutant
ataxin-3 (7), PML altered its normal distribution and was

From the Department of Pediatrics (SK), Metropolitan Fuchu Medical
Center for Severe Motor and Intellectual Disabilities, Tokyo, Japan;
Department of Neurcpathology (TU, AN) and Department of Clinical
Neuropathology (MH, EK}, Tokyo Metropolitan Institute for Neurosci-
ence, Tokyo, Japan; Department of Patholegy (TM, MO}, Tokyo Met-
ropolitan Neurological Hospital, Tokyo, Japan.

Comrespondence to: Dr. Satoko Kumada, Department of Pediatrics,
Metropolitan Fuchu Medical Center for Severe Motor and Intellectual
Disabilities, 2-9-2, Musashidai, Fuchu-shi, Tokyo, 183-0042, Japan.

Ataxin-3; Hepatic encephalopathy; Marinesco body; Myotonic dystrophy; Neuronal intranuclear inclusions;

colocalized to nuclear aggregates formed by mutant pro-
teins. A similar reorganization of PML nuclear bodies
around NIIs was also observed in human brains with den-
tatorubral-pallidoluysian atrophy (DRPLA), Machade-Jo-
seph disease (MJD)/spinocerebellar ataxia type 3 (SCA3)
(8, 9), and SCA7 (10). Because PML mediates multiple
apoptotic pathways (12, 13) and the disruption of PML
nuclear bodies plays a fundamental role in the oncogenic
mechanism of acute promyelocytic leukemia (14), it was
speculated that a critical step in polyglutamine pathogen-
esis also involves the alternation of this subnuclear do-
main (2, 9, 15). One of the gquestions to be addressed is,
therefore, how PML is involved in the formation of NIIs
and neurodegeneration.

In this study, we focused on another example of ubi-
quitinated intranuclear inclusions in the pigmented neu-
rons of the substantia nigra, Marinesco bodies (MBs),
which are formed abundantly in the absence of expanded
polyglutamine. Because their abundance in several con-
ditions (e.g. aging [16, 17], hepatic encephalopathy [18],
or myotonic dystrophy [19]) is not necessarily associated
with degenerative changes in the nigral pigmented
neurons (18), this study provides us with an opportunity
to observe the formation process of nuclear inclusions
not related to polyglutamine expansion or cell degener-
ation. We previously reported that MBs of aged controls
and those of patients with hepatic encephalopathy contain
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Fig. 1. Immunohistochemical studies of nigral pigmented neurons in myotonic dystrophy. a: MBs were immunopositive for
anti-ubiquitin antibody (arrow), which were distinct from nucleoli counterstained by hematoxylin (arrowhead). b: Double im-
munochistochemical staining with antibodies against ataxin-2 and ubiquitin revealed that ataxin-2 was immunoreactive in the
nucleoplasm, but not in the nucleoli (arrowhead) or MBs (arrows). c: Ataxin-3 immunolabeling was manifested as intranuclear
inclusions.

Fig. 2. Double immunofluorescence staining of MB in myotonic dystrophy. a: Ubiquitin immunoreactivity. b: Ataxin-3 im-
munoreactivity. ¢: Merged image of (a) and (b). Ataxin-3 is localized in the core of MBs, surrounded by ubiquitin. These images
of the same neuron were obtained by confocal microscopy.

Fig. 3. Immunohistochemical studies of nigral pigmented neurons in myotonic dystrophy (a—d). a: Immunoreactivity of MSS1,
a subunit of ATPase of 198 proteasome, was manifested as intranuclear inclusions (arrows), distinct from nucleoli (arrowhead).
b: PML labeling was present in nuclei as a granular pattern in about half of the nigral pigmented neurons. However, other neurons
showed larger sized spherical (c) or rod-like (d) PML-immunoreactive structures. Immunohistochemical studies of nigral pig-
mented neurons in cases of hepatic encephalopathy (e and f) and aged controls (g and h). Spherical (e and g) or rod-like (f and
h) PML-positive structures were observed in both conditions. Immunohistochemical studies of thalamic neurons (i) and Purkinje
cells (3} in myotonic dystrophy. PML-like immunoreactivity appeared only as a fine granular pattern.
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TABLE
Proportion of Nigral Pigmented Neurons Harboring
Marinesco Bodies (MBs)*

Case Agelsex Disease % of MBs
Myotonic dystrophy cases
1 35/F Myotonic dystrophy 18.8
2 46/F Myotonic dystrophy 395
3 52/F Mpyotonic dystrophy 154
4 54/M Myotonic dystrophy 17.1
5 57/M Myotonic dystrophy 225
6 59/M Myotonic dystrophy 203
7 65/F Myotonic dystrophy 324
Hepatic encephalopathy cases
8 55/M Hepatic encephalopathy 16.7
9 58/F Hepatic encephalopathy 431
10 79/M Hepatic encephalopathy 321
Aged controls
11 52/M Lung cancer 20.6
12 55/M Leukemia 16.7
13 63/M Thyroid cancer 18
14 70/M Bladder cancer 29.5
15 76/F Malignant lymphoma 256
Young controls
16 22/M Sepsis ]
17 29/F Guillain-Barré syndrome 0

* The percentage (%) of MBs is the percentage of nigral
pigmented neurons harboring MBs.

a polyglutamine protein, ataxin-3, in the absence of ex-
panded polyglutamine (20, 21). As ubiquitin and ataxin-
3 are commonly recruited into NIIs of polyglutamine dis-
eases (22), MBs share the immunohistochemical
characteristics of NIIs seen in polyglutamine diseases. In
this study, these immunohistochemical characteristics of
MBs were confirmed in cases of myotonic dystrophy. In
addition, we demonstrated for the first time that the re-
organization of PML nuclear bodies occurs during MB
formation, independent of polyglutamine expansion.

MATERIALS AND METHODS

Immunohistochemical Examination of Nigral Pigmented
Neurons in Myotonic Dystrophy

The clinical subjects comprised 7 cases of myotonic dystro-
phy (Table). The diagnosis was made on the basis of charac-
teristic clinical features, such as frontal baldness, cataracts, car-
diac conduction abnormalities, testicular atrophy, and endocrine
abnormalities, in addition to the presence of clinical and elec-
trical myotonia and distal-dominant myopathy (23). Each case
showed the neuropathological features of myotonic dystrophy,
including abundant thalamic inclusions (19), neurofibrillary tan-
gles unaccompanied by senile plagues in the parahippocampal
gyrus (24), and myelin loss of the white matter in the anterior
temporal lobes (25, 26), as confirmed by TM, MO, SK, and
MH.
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The examination of patient tissues was conducted after writ-
ten consent was provided by the next of kin and with the ap-
proval of the institutional committee. Formalin-fixed paraffin-
embedded blocks of the midbrain were examined.
Four-um-thick sections were immunohistochemically stained
by standard avidin-biotin-peroxidase complex {ABC) methods.
The following antibodies were used: anti-ubiquitin (dilution 1:
10,600, mouse monoclonal, Chemicon, Temecula, CA), anti-
polyglutamine 1C2 (dilution 1:10,000, mouse monoclonal,
Chemicon), anti-ataxin-2 15F6 (dilution 1:100, mouse mono-
clonal, IgM class, Imochem, Christchurch, New Zealand), anti-
ataxin-3 A3C-1 (dilution 1:1,000, rabbit polyclonal) (20), anti-
PML (dilution 1:3,000, rabbit polyclonal, MBL, Nagoya, Japan)
(27), and anti-ATPase subunit MSS1 of 19S proteasome (dilu-
tion 1:10,000, rabbit polyclonal, Affiniti, Exeter, UK). To ex-
pose the antigenic epitopes, sections were treated as follows:
immersed in 99% formic acid for 5 min for anti-ubiquitin, au-
toclaved in 10 mM citrate buffer (PH 6.0) for 20 min for 1C2,
15F6, anti-PML, and anti-MSS1, or irradiated in a microwave
oven for 5 min X 3 times in 0.01 M citrate buffer (PH 6.0) for
A3C-1, The sections were incubated with one of the primary
antibodies for 48 hours (h) at 4°C. After incubation with an
appropriate biotinylated secondary antibody, color was devel-
oped using ABC (ABC Elite, Vector, Burlingame, CA) with
diaminobenzidine as the chromogen. If necessary, nickel am-
monium chloride was added to enhance immunolabeling (28).

The relationship between the ubiquitin epitope and either the
ataxin-3 or PML epitope was examined by double immunofiu-
orescence labeling. After being autoclaved in the citrate buffer
as above, sections were incubated for 48 h with a mixture of
anti-ubiquitin {1:10,000) and either A3C—1 (1:50} or anti-PML
(1:300) antibodies. These sections were then incubated for 2 h
with a mixture of anti-mouse IgG antibody coupled with Rho-
damine red (1:200, emission peak 590 nm, Jackson Immuno
Research, West Grove, PA) and anti-rabbit IgG antibody cou-
pled with FITC (1:200, emission peak 518 nm, Cappel, Dur-
ham, NC). Other sections were incubated with a mixture of anti-
mouse IgG antibody coupled with FITC (1:200, emission peak
518 nm, Cappel) and anti-rabbit IgG antibody coupled with
Texas red (1:200, emission peak 596 nm, ICN, Aurora, Ohio)
for comparison, giving essentially the same results. Confocal
images were obtained through a Leica TCS-SP laser confocal
microscope (Heidelberg, Germany).

Immunohistochemical Examination of the Extranigral
Regions in Myotonic Dystrophy and the Substantia
Nigra in Hepatic Encephalopathy, Aged
and Young Controls

Sections of the thalamus, cerebellum, temporal lobe includ-
ing hippocampus, and spinal cord were examined in all 7 cases
of myotonic dystrophy. In addition, sections of the midbrain
were examined in 3 cases of hepatic encephalopathy, 5 aged
controls, and 2 young controls. The latter two showed no mor-
phological abnormalities in the central nervous system (Table).

Measurement of the PML-Positive and/or
Ubiquitin-Positive Intranuclear Structures
The areas of the PML-positive and/or ubiquitin-positive in-

tranuclear structures were measured in 62 and 70 nigral pig-
mented neurons in the cases of myotonic dystrophy and young
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controls, respectively, on confocal images at the optical plane
showing the maximum cross-sectional areas, using the NIH im-
age.

RESULTS

In all the cases examined there was neither apparent
neuronal loss nor gliosis in the substantia nigra. MBs,
ubiquitin-positive intranuclear inclusions (Fig. 1a), were
abundantly observed in nigral pigmented neurons in the
cases of myotonic dystrophy, hepatic encephalopathy,
and aged controls, but not in the young controls (Table).
Immunohistochemical studies for polyglutamine proteins
were conducted on nigral pigmented neurons in myotonic
dystrophy. Immunoreactivity for 1C2 was not detected in
the nuclei. Immunoreactivity for ataxin-2, the protein en-
coded by the SCA2 gene, was observed in the nucleo-
plasm of pigmented neurons, but not nucleoli or MBs
(Fig. 1b). In contrast, MBs were immunopositive for
ataxin-3, the protein encoded by the MID/SCA3 gene
(Fig. 1c), and the double immunofluorescence study dem-
onstrated that ataxin-3 and ubiquitin epitopes were col-
ocalized in the inclusions, with the former always accu-
mulating in the center, surrounded by the latter (Fig. 2a—
c). :
MBs were immunopositive for MSS1, a subunit of
ATPase of 19S8 proteasome, which is involved in the
ubiquitin-proteasome pathway for protein degradation
{Fig. 3a). In about half of the nigral pigmented neurons
in myotonic dystrophy, PML-like immunoreactivity was
seen as intranuclear fine granules, as described in the lit-
erature (PML nuclear bodies) (11) (Fig. 3b). However, in
other pigmented neurons, PML-like immunoreactivity
was seen as larger-sized spherical, hemispherical, or rod-
like structures (Fig. 3c, d). Similar PML redistribution
was also observed in nigral pigmented neurons in cases
of hepatic encephalopathy (Fig. 3e, f) and aged controls
(Fig. 3g, h), in which abundant MBs were seen. In con-
trast, in neurons in the thalamus, cerebellum, temporal
lobe, and spinal cord in myotonic dystrophy, where no
intranuclear inclusions were observed, PML-like immu-
noreactivity was present only as a finely granular pattern
(Fig. 3i, j). The double immunofluorescence study with
anti-ubiguitin and anti-PML antibodies was conducted in
the young controls and cases of myotonic dystrophy to
examine the relationship between MBs and PML. In ni-
gral pigmented neurons in the young controls in which
no MBs were seen, 5 to 10 PML-positive fine granules
were observed in the nuclei, whereas no ubiquitin-posi-
tive structures were demonstrated (Fig. 4a). On the other
hand, in myotonic dystrophy, several kinds of PML and/
or ubiquitin positive intranuclear structures were seen in
nigral pigmented neurons. They were classified as fol-
lows: group 1, several PML-positive fine granules not
colocalized to ubiquitin epitope, which were similar to
those observed in the young controls (Fig. 4b); group 2,
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larger PML-positive spherical or hemispherical structures
containing the ubiquitin epitope (Fig. 4¢), coexisting with
a few PML-positive fine granules; group 3, hemispheri-
cal, spherical, or rod-like PML-positive structures con-
taining the ubiquitin epitope, which were adjacent to
much larger ubiquitin-positive spheres (Fig. 44, e); group
4, large ubiquitin-positive spheres. These spheres were
flanked by PML-positive microparticles that were smaller
than the PML-positive granules observed in group 1 (Fig.
4f). The PML-positive granules seen in group 1 were
rarely observed in the neurons of groups 3 and 4. The
PML redistribution shown in groups 2 to 4 was always
associated with ubiquitin accumulation. We measured the
areas of the PML- and/or ubiquitin-positive structures on
confocal images showing the maximum cross-sectional
areas. In myotonic dystrophy, the larger areas occupied
by either PML.-positive or ubiquitin-positive structures
were compared among each group. They were smallest
in group 1, medium-sized in group 2, and largest in
groups 3 and 4 (Fig. 5a). Non-parametric analysis using
the Kruskal-Wallis test revealed that their size difference
among the 3 groups was statistically significant (p <
0.0001). We also measured the areas of the PML-positive
granules in the young controls (Fig. 5b) and they were
as small as those in group 1 myotonic dystrophy, verified
by non-parametric analysis using the Mann-Whitney U-
test.

DISCUSSION

MBs are the eosinophilic intranuclear inclusions ob-
served in pigmented neurons in the substantia nigra. Al-
though their pathogenesis remains to be elucidated, it is
speculated that their formation may represent a cellular
reaction to a certain kind of stress, because they increase
in number during aging (16, 17) and under pathological
conditions related to metabolic errors, such as hepatic
encephalopathy (18). This hypothesis is further supported
by the fact that MBs contain ubiquitin (29), which plays
a crucial role in the removal of damaged proteins (30).
We have previously demonstrated that one of the poly-
glutamine proteins, ataxin-3, is recruited into MBs in the
brains of aged people and patients with hepatic enceph-
alopathy (20, 21). In this study, the recruitment of ataxin-
3 into MBs was also confirmed in myotonic dystrophy,
another condition known to show numerous MBs (19).
These observations indicate that ataxin-3 is a common
component of MBs, regardless of their pathological ori-
gin. In polyglutamine diseases, wild-type polyglutamine
proteins are recruited into NIIs formed in the presence of
pathologically-expanded polyglutamine, which leads to
the hypothesis that an interaction between expanded and
non-expanded polyglutamines is a prerequisite for the nu-
clear translocation of wild-type polyglutamine proteins
(22, 31). In our studies, however, wild-type ataxin-3 was
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Fig. 4. Double immunofluorescence stainings with anti-PML and anti-ubiquitin antibodies of nigral pigmented neurons.in
young controls (a) and myotonic dystrophy (b-f). a: In the young controls, 5 to 10 PML-positive fine granules were observed in
the nuclei, whereas no ubiquitin-positive structures were demonstrated. In myotonic dystrophy, several kinds of PML- and/or
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Fig. 5. The areas of the ubiquitin- and/or PML-positive in-
tranuclear structures in 62 neurons in myotenic dystrophy (a)
and in 70 neurons in young controls (b). These were measured
on the confocal images of double immunofluorescence staining.
u = areas of ubiquitin-positive structures; p = areas of PML-
positive structures.

recruited into MBs in the absence of expanded polyglu-
tamine. It is therefore suggested that ataxin-3 may be
recruited into nuclear inclusions in a protein-specific
manner, independent of polyglutamine-polyglutamine in-
teraction. Interestingly, ataxin-3 was always concentrated
in the center of MBs surrounded by the ubiquitin epitope
in myotonic dystrophy, as shown in aged controls and
cases of hepatic encephalopathy (20, 21). Furthermore,
this characteristic morphological feature is also shared
with N1Is of MJD/SCA3 brains (20). Although the phys-
iological and pathological roles of ataxin-3 have not yet
been clarified, these observations suggest that ataxin-3,
like ubiquitin, may be involved in cellular reactions to
stress, and is commonly recruited into intranuclear inclu-
sions even before ubiquitin accumulation.

Another intriguing feature revealed by this study is the
morphological changes of PML nuclear bodies in nigral
pigmented neurons. These alternations were commonly
observed in myotonic dystrophy, hepatic encephalopathy
(Fig. 3e, ), and aging (Fig. 3g, h), in which abundant
MBs were formed, while they were not demonstrated in
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the young controls in whom MBs were absent. Further-
more, this alteration of PML was not found in the ex-
tranigral areas {thalamus, cerebellum, temporal lobe, and
spinal cord) in myotonic dystrophy brains. It is therefore
likely that the morphological changes of PML nuclear
bodies are not specific to myotonic dystrophy, but are
linked to the formation of MBs in general, regardless of
their underlying condition. The double immunofinores-
cence study revealed that some PML-containing struc-
tures were intermingled with ubiquitin-positive struc-
tures, which probably represent the intermediate phases
of MB formation. Our morphometric approach further
clarified that progressive ubiquitin accumulation was as-
sociated with a gradual increase in the size of these struc-
tures. These observations suggest the following hypoth-
esis for the process of MB formation: Ubiquitin, which
initially accumulates within PML nuclear bodies (group
2), may undergo subsequent modification through pro-
gressive enlargement (group 3), finally leading to the for-
mation of large intranuclear structures, MBs, in which
PML nuclear bodies are disrupted (group 4).

Although the association of PML with intranuclear ag-
gregates has been described in DRPLA, MID/SCA3 (8,
9), and SCA7 (10) brains, this is the first study that dem-
onstrated how ubiquitin and PML interrelate during the
formation of intranuclear inclusions in human brains.
More importantly, our study demonstrated that PML in-
volvement in the formation of intranuclear inclusions was
not restricted to the pathological processes triggered by
polyglutamine expansion, but was also shared with other
pathological states. The function of PML nuclear bodies
is not fully understood. Since they are involved in apo-
ptosis (12, 13), it has been hypothesized that theijr alter-
nation may be closely linked to neuronal degeneration in
polyglutamine diseases (2, 15). However, because MB
formation is not always associated with neuronal deple-
tion, as shown in this study, the reorganization of PML
nuclear bodies is not necessarily linked to neuronal death.
It was recently demonstrated that mutated forms of the
influenza virus nucleoprotein, which are misfolded and
are therefore usually rapidly degraded by proteasomes,
accumulated within PML nuclear bodies when protea-
somes were inhibited. Their accumulation in PML nucle-
ar bodies was followed by the recruitment of proteasomes
and molecular chaperones (32). It is therefore suggested
that PML nuclear bodies serve as an intranuclear center
for the ubiquitin-proteasomal degradation, where mis-
folded proteins are accumulated (32). Interestingly, recent

-

ubiquitin-positive intranuclear structures were seen. b: PML-positive fine granules in the absence of ubiquitin-positive structures.
¢: Larger PML-positive hemispherical structure containing the ubiquitin epitope. Spherical (d) or rod-like {¢) PML-positive
structures containing the ubiquitin epitope, which were adjacent to much larger ubiquitin-positive spheres. f: Large ubiquitin-

positive spheres, flanked by PML-positive microparticles,
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studies on SCA1 (33) and MJD/SCA3 (7) have revealed
that proteasomes and molecular chaperones were also re-
cruited into nuclear aggregates of mutant proteins formed
in association with PML, both in human brains and in
transfected cells. In our study also, one of the proteaso-
mal proteins, MSS1, was recruited into MBs. In addition,
the PML redistribution in nigral pigmented neurons was
always associated with ubiquitin accumulation, and nei-
ther occurred individually. It is therefore suggested that
activation of the ubiqutin-proteasomal pathway to de-
grade misfolded proteins (similar to that observed in viral
experiments) occurs in both the nuclear aggregates of
polyglutamine diseases and MBs. These observations in-
dicate that the reorganization of PML nuclear bodies does
not represent a specific nuclear event in the neurodegen-
eration of polyglutamine diseases, but may occur as a
common cellular reaction against an overload of misfold-
ed proteins, triggered by either viral infection, polyglu-
tamine expansion, or cellular stress.

In summary, in this study of MBs we have clarified
that at least 2 cellular events, the translocation of ataxin-
3 into the nucleus and the redistribution of PML nuclear
bodies (which have previously been considered to be spe-
cifically related to polyglutamine pathology) can cccur
independently of polyglutamine expansion. These events
may rather occur as a cellular reaction against various
stresses, which finally leads to the formation of intranu-
clear inclusions, such as MBs. Furthermore, the occur-
rence of these events in neurons without any evidence of
degeneration, as shown in our study, indicates that cell
death is not a necessary accompaniment to the formation
of nuclear inclusions. Further investigations into the path-
omechanism of MBs and their possible relation to cell
death may be useful to elucidate the pathological rele-
vance of intranuclear inclusions in various disorders, in-
cluding polyglutamine diseases.
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Nuclear aggregates (NAs) and neurodegeneration in
brains from patients with Machado—Joseph disease
(MJD) are both triggered by pathological expansion of
CAG/polyglutamine repeat in ataxin-3, but it remains
to be clarified whether NA formation is associated
with accelerated neurodegeneration. In an attempt to
clarify a possible influence of NAs on neurons in hu-
man brains, we quantified the size and deformity of
neuronal nuclei (those with or without NAs, sepa-
rately) cross-sectioned on pontine preparations of au-
topsied brains from four patients with MJD and five
controls. Nuclear shrinkage and deformity were more
marked in MJD brains than in controls, and these
changes were attenuated in neurons harboring NAs.
NAs of MJD are presumably linked to a mechanism
that attenuates rather than accelerates nuclear
shrinkage and deformity. This finding leads us to con-
sider that NAs are not necessarily toxic to neurons in
diseased human brains. o 2002 Elsevier Science (USA)

Key Words: intranuclear inclusions; neurodegenera-
tion; ubiquitin; nuclear size; morphometry.

INTRODUCTION

Because nuclear aggregates (NAs), found in brains
with most CAG/polyglutamine expansion disorders,
contain pathologically expanded polyglutamine and
ubiquitin (23), it is now considered that these disorders
share a mechanism underlying NA formation and neu-

,rodegeneration, both triggered by an expansion of
CAG/polyglutamine. One of the pivotal questions, yet
to be proved, is how NA formation is linked to neuro-
.degeneration (17). If an expansion of CAG/polyglu-
tamine leads to neurodegeneration and NA formation,
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morphological features of an individual neuron may be
altered once it harbors NA. It is therefore essential to
identify possible morphological changes in neurons
and their relationship to NA in autopsied human
brains. This is the first morphometric study on
Machado—Joseph disease (MJD) which clarifies an in-
fiuence of NA on nuclear size and deformity in the
human brain,

MATERIALS AND METHODS

We examined autopsied brains from four unrelated
Japanese cases of MJD and five controls without neu-
rological disorders. As summarized previously (7), clin-
ical and pathological features of these MJD cases were
compatible with MJD, which was also confirmed by
genetic analysis. Six-micrometer-thick formalin-fixed,
paraffin-embedded sections were obtained from the
mid-pons. Pontine nuclei were chosen because the size
and appearance of the neurons are relatively homoge-
neous. This homogeneity made it easier to quantify and
interpret their morphological changes. Moreover, the
high frequency of NA in pontine neurons of MJD brains
is another advantage in estimating its possible influ-
ence. Deparaffinized sections from the MJD cases were
immunostained with an anti-ubiquitin antibody (rab-
bit polyclonal, 1:1000 Dako, Glostrup, Denmark) with
diaminobenzidine as a chromogen and then stained
lightly with hematoxylin. Ten rectangular microscopic
fields (400x250 pm = 0.1 mm?), chosen at random,
were captured by a digital camera (D1, Nikon, Tokyo,
Japan) connected to a microscope (BX-50, Olympus,
Tokyo, Japan). Large cells harboring Nissl substances
and a nucleus containing an identifiable nucleolus or
ubiqutin-immunecpositive NAs were identified as neu-
rons. Although the correlation between nuclear size
and cell size was apparent (6, 12} as shown in Fig. 1, we
concentrated on nuclear morphology because changes
mIn nuclear morphology (indentation or undulation of
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FIG. 1. Pontine neurons from a eontrol case (A: hematoxlin—
eosin stain) and an MJD ease (B: ubiquitin immunostain counter-
stained with hematoxylin). The contour of the nucleus of each neuron
ig traced in black {(in A and neurons with nuclear aggregates in B) or
in white (neurons without nuclear apgregates in B). Undulations of
the nuclear membrane were conspicuous (arrowheads in B) in MJD
neurons with or without nuclear aggregates. Ubiquitin-immunopo-
sitive nuclear aggregates are indicated as white spots in B, (bar = 50
pm for A and B at the same magnification).

the nuclear membrane) have been reported to be char-
acteristic of CAG repeat disorders (1, 18). The contour
of the nuclear membrane and that of NAs, if present, of
each neuron were traced on a digitizer coupled with a
liquid crystal display (PL-400, Wacom, Saitama, Ja-
pan), as shown in Fig. 1. The “nuclear area” (cross-
sectional area), “perimeter,” “long axis,” and “short
axis” of the traced nuclear contours and “NA area”
(cross-sectional area) of the traced NA contours were
measured with NIH Image software (Version 1.62).
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Because an increase in nuclear size is partly attribut-
able to the presence of NAs, the cross-sectional area of
the nucleus not -occupied by NA (nuclear area — NA
area) was also calculated and analyzed. Nuclear defor-
mity was assessed with long axis/short axis, the ratio of
the two axes, and the “circularity index” (CI), defined
by the ratio of two diameters, one of which was calcu-
lated from the perimeter (perimeter/2#) and the other
from the area (the square root of (area/n)). Cl is equal
to 1 if the traced nuclear contour is a perfect circle.
Both ratio and CI are expected to be increased with
increasing severity of nuclear deformities, such as
elongation, distortion, or undulations of the nuclear
membrane. Differences in these parameters between
the groups; nuclei with NA (NA+ group), those without
NA (NA- group), both from MJD cases (MJD total
group, including both NA+ and NA— groups) and con-
trols, were estimated with ANOVA or Student’s ¢ test.

RESULTS

Table 1 shows the demographic data for the patients
and the neuronal count for each case. Although the
mean of the neuronal counts (representing the mean of
“packing density”) of the MJD group (135.5/mm?) was
smaller than that of the controls (160.2/mm?), this
difference did not reach statistical significance (P > 0.1
after the Mann—Whitney U test). Morphological data
assembled from each group are shown in Table 2. The
nuclear area, perimeter, long axis, and short axis were
significantly smaller in the MJD total group (e.g., the
mean of the nuclear area, 60.9 um?) than in the con-
trols (e.g., the mean nuclear area, :90.5 pm? P <
0.0001 by Student’s ¢ test). Inverted histograms in Fig.
2 show that the size distribution of the cross-sectional
area of the nucleus (nuclear area) of the MJD total
group (filled bars) is smaller than that of the controls

TABLE 1

Neuronal Counts (/mm?) with or without Nuclear Aggregates

Age at onzet/

Case death (years) Sex + - Total
MJD caze 1 25/42 F 41 76 117
MJD case 2 27740 F 43 87 130
MJD case 3 37/51 F 83 108 191
MJID case 4 42/64 F 55 49 104

Mean (MJD) 135.5*
Control 25 M 0 140 140
Control /25 F 0 174 174
Control 140 F 0 154 154
Control /44 M 0 157 157
Control /45 F 0 176 176

Mean (normal) 160.2

Note. +, Number of neurons with nuclear aggregates (NAs); —, number of neurons without NAs; total, sum of — and +; MJD,

Machado—Joseph disease; F, female; M, male,

* Not significantly smaller than the control group (P > 0.1, after Mann-Whitney U test).
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TABLE 2

Morphometric Parameters of Pontine Neurons of Controls and Machado—Joseph Disease Cases

MJD (4)

Group (n) Controls (5) Total(MJD) NA (+) NA (=)
Number of neurons 801 543 222 321
Nuclear area {gm?) 90.5 £ 0.7 60.9 * 0.8% 71.3 = 1.1%* 53.8 & Q.9%**
(Nuclear area - NA area (um?) (59.1 % 0.7* 66.7 = 1.1*¥)
Perimeter (um) 363 0.1 30.2 = 0.2* 32.4 + 0.2%* 28.7 = 0.2%%%
Long axis (um} 12.00 = 0.05 10.23 £ 0.07* 10,86 * 0.08** 9.80 £ 0.09%**
Short axis (um) 9.54 + 0.04 7.47 + 0.07* 8.30 = 0.09** 6.89 = 0.08%%*
Long axis/short axis 1.27 = 0.01 141 + 0.01* 1.34 = 0.02** 1.46 = 0.02%**
Circularity index 1.085 £ 0.001 1.110 * 0,002* 1.093 + 0.003%* 1.119 % 0.003%%*

Note. Expressed as the mean + SE; MJD; Machado—Joseph disease; 7, number of cases; total, all neurons from MJD cases; NA(+), neurons
with nuclear aggregates (NA) from MJD cases; NA(—), neurons without nuclear aggregates from MJD cases; * P < 0.0001 compared with
pormal group (Student’s ¢ test); ** P < 0.001 when compared with normal; *** P < 0.0001 when compared with inclusion(+) (by ANOVA,

Fisher's PLSD at 1% probability).

(unfilled bars). Nuclear size (estimated with nuclear
area, perimeter, long axis, and short axis) was smaller
in the NA— group than in the NA+ group. In other
words, neuronal nuclei of the NA+ group were less
atrophic than those of the NA— group (P < 0.0001 by
ANOVA, Fisher’s at 1% probability). The upper histo-
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FIG.2. Size distribution of the nucleus of the pontine neurons of
MJD and normal control cases. Cross-sectional area of each nucleus
estimated as the “nuclear area” in square micrometers is expressed
on the abscissa. The ordinate represents the relative frequency of
each size expressed as density per square millimeter. The lower
inverted histograms represent controls (unfilled bars with a black
line) and the MJD group as a whole (MJD total group, bars filled
with gray). The upper histograms indicate the MJD group with
nuclear aggregates (NA+ group, unfilled bars with a black line) or
without nuclear aggregates (NA— group, bars filled with gray).

grams in Fig. 2 demonstrate this difference between
the NA+ group (unfilled bars) and the NA— group
(filled bars) in nuclear area. The difference between
NA+ (mean = 71.3 pm?) and NA— (mean = 53.8 pm?)
groups in the cross-sectional area of the nucleus re-
mained significant even when the NA area was sub-
tracted from the nuclear area to yield by calculation
the nuclear area — NA area (mean = 66.7 um®, NA+
group), which represented the cross-sectional area of
the nucleus not cccupied by NA. Although both param-
eterg for nuclear deformity (ratic and CI) were in-
creased in the MJD group, nuclear deformity was more
marked in the NA— group (Table 2 Fig. 3).

DISCUSSION

After identification of the pathological expansion of
CAG/polyglutamine tracts linked to several forms of
hereditary ataxias including MJD, these genetic ab-
normalities have been considered respensible for both
neurodegeneration and NA formation, one of the
pathological hallmarks for most of these CAG/polyglu-
tamine repeat disorders. It is, however, still a matter of
considerable debate how NA is related to neurodegen-
eration. Because degenerative processes evolve slowly
and usually take several years or even decades, pro-
gressive decrease in cell size (cellular atrophy), consid-
ered to represent a stage preceding cell death, is a
principal feature of neurodegeneration regardless of
etiology. In the present study we confirmed that this
atrophic feature is also shared with pontine neurons in
MJD cases. Sorting the neurons into two groups, those
with (NA+ group) or without (NA— group) NA, how-
ever, unexpectedly clarified that neurons harboring
NA exhibited less shrinkage than those not harboring
NA.

In vitro, as well as in vivo, studies have provided
conflicting evidence regarding possible roles of NA for-
mation and its relationship to neurodegeneration. Al-

[
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Fig. 3. Relationship between nuclear size {nuclear area on the
ordinate in square micrometers) and the deformity of the each nu-
cleus (circularity index (CI) on the abscissa). CI is equal to 1 if the
nucleus is a perfect circle and increases if the nucleus is deformed by
elongation or undulation, Gray dots, normal group; black dots, NA-
group; open circles, NA+ group. Mean values for each group are
plotted as N, normal group; —, NA— group; and +, NA+ group in the
scattergram.

though both neurodegeneration and NA formation in
transgenic models for Huntington’s disease (HD) are
inducible by sustained expression of the huntingtin
fragment carrying expanded polyglutamine (22), or
possibly suppressed by inhibition of caspase-1 (13),
these two features could be discrepant (8, 9, 14, 21) or
even inversely related in cultured cells transfected
with the huntingtin gene carrying an expanded CAG
repeat (16). Postmortem observation of human brains
with HD (11) or neuronal intranuclear hyaline inclu-
sion disease (NIHID) (20) demonstrated a similar dis-
crepancy between neuronal depletion and NA forma-
tion. Moreover, we recently confirmed the absence of
NAs in cerebellar Purkinje cells in an autopsy series of
hereditary ataxias (spinocerebellar ataxia type-1, -2,
and -3 and dentatorubral pallidoluysian atrophy
(DRPLA)) (10). At least two interpretations, absolutely
conflicting with each other, have been proposed to ex-
plain these data. Neurons harboring NAs may be more
susceptible to the atrophic process, preferentially leav-
ing those not containing NAs relatively unaffected.
One may, then, expect that neurons with NAs, prefer-
entially involved in neurodegeneration, are more atro-
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phic. The other possibility is that neurons containing
NAs may be relatively more resistant (14). If this is the
case, it should be neurons not harboring NAs that are
more susceptible and their atrophic process is expected
to be more exaggerated. The latter possibility is now
shown to be more plausible in pontine neurons of MJD
brains because the present study demonstrated that
neuronal nuclei harboring NA were larger than those
not harboring NA, whereas pontine neurons of MJD
brains, regardless of the presence of NAs, are more
atrophic than those of controls. This larger size of
neuronal nuclei in the NA+ group relative to the NA—
group remained significant even when the NA area was
subtracted from the nuclear area. This means that an
insertion of NA is not enough to wholly explain this
difference, and other mechanisms linked to NAs may
underlie this relative increase in nuclear size, linked to
NAs.

Nuclear deformity of pontine neurons in MJD brains,
quantified as an increase in ratio and CI, is potentially
linked to its shrinkage. The present study demon-
strated that the severity of nuclear deformity was more
apparent in the NA— group, whereas nuclear defor-
mity seen in the NA+ group was as attenuated as its
nuclear shrinkage was. Apparent indentation of the
nuclear membrane has been observed even in normal
neurons (15) and its pathological increase has been
described in human brains with DRPLA (18), HD (1),
and its animal model (4). Although our observation
based on light microscopy failed to identify deep inden-
tations in the nuclear membrane, an increase in ratio
and CI observed in MJD neurons may represent simi-
lar pathological processes, which are shared with these
neurological disorders linked to pathological expansion
of CAG/polyglutamine repeat disorders.

Although the cellular mechanism, which may link
NA formation and neurodegeneration, remains to be
clarified, downregulation of the ubiquitin—proteasome
pathway has been found to suppress NA formation and
accelerate cell death in vitro in parallel (3). This in-
verse relationship between cell death and NA forma-
tion through the ubiquitin-proteasome pathway sug-
gests that NA formation is linked to a possible intrinsic
neuroprotective mechanism mediated by ubiquitin.
Our previous studies demonstrated that ubiquitin was
localized to the periphery of each NA in MJD (5) and in
NIHID (19) brains. These findings are explained if NA
formation, mediated by ubiquitin, is associated with a
mechanism counteracting neuronal shrinkage in MJD,
as was reported in SCA1 transgenic mice (3). A recent
morphometric study on DRPLA brains demonstrated
that cerebellar granule cells containing NAs were
larger than those not containing NAs (18). It is proba-
ble that this anti-atrophic influence of NA is common to
MJD and DRPLA brains. This implies that neurons are
inherently equipped with machinery that counteracts
shrinkage, triggered simultaneously during NA forma-
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tion. It is essential to clarify whether this anti-atrophic
influence of NA is to be extrapolated to other disorders
with ubiquitin-immunopositive NAs in human brains.
It is more important to clarify the molecular mecha-
nism that governs NA formation or neuronal atrophy
together or separately. This will give a rational basis
for treatment that may retard or even reverse neuro-
degeneration by activating or modulating this machin-

ery.
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Abstract In looking for a possible influence of nuclear
inclusions (NIs) on neurodegeneration in human brains,
we quantified morphological features of pontine neurons
of three unrelated cases of neuronal intranuclear inclusion
disease (NIID} and five control cases. Cross-sectional
area of each neuronal nucleus and the indices for its de-
formity (long axis/short axis and circularity index defined
as deviation from the perfect circle) were measured on
pontine sections and their relation to NIs was statistically
analyzed. Cross-sectional area of neuronal nuclei harbor-
ing ubiquitin-immunopositive NIs was significantly larger
(110.6£1.6 pm?, mean + SE), while that of nuclei not har-
boring NIs was smaller (77.84£1.5 pm?) than that in con-
trols (90.5+0.7 um?). This difference remained significant
even when the cross-sectional area occupied by NIs was
subtracted from that of the nucleus harboring the NI
(97.4+1.5 pm?). This could hardly be explained if nuclear
shrinkage is accelerated in the presence of NI On the con-
trary, NI formation in pontine neurons of NIID might be
linked, either directly or indirectly, to a mechanism, which
counteracts rather than accelerates nuclear shrinkage. Be-
cause nuclear deformity was apparent even in neurons
with NIs, whose nuclei were significantly larger than con-
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trols, the nuclear deformity is not secondary to its shrink-
age and represents another aspect of neurodegeneration
independent of nuclear shrinkage. Association of NIs to
neurons of larger nuclear size in NIID brain indicates that
NIs are not necessarily toxic to neurons.

Keywords Neuronal intranuclear inclusion disease -
Intranuclear inclusions - Ubiquitin - Morphometry -
Neurodegeneration

Introduction

Neuronal intranuclear inclusion disease (NIID) represents
a group of neurodegenerative disorders characterized by
the presence of ubiquitin-immunopositive nuclear inclu-
sions (NIs) possibly related to neurodegeneration. Be-
cause ubiquitin-immunopositive NIs are also found in
brains from patients with most of CAG/polyglutamine ex-
pansion disorders [36], it is likely that these disorders
share, at least partly, a mechanism of neurodegeneration
linked to NI formation [5]. One of the principal questions,
yet to be addressed, is whether the presence of NI is
linked to accelerated neurodegeneration or not [24]. We
previously examined brains obtained at autopsy from
three unrelated Japanese patients with NIID and found
that a high frequency of NIs was inversely correlated with
the severity of tissue damage {28, 29]. This inverse corre-
lation is hardly explained if the presence of NI is directly
linked to accelerated neurodegeneration {28]. Because
conventional interpretation of histological sections deals
with accumulated sequel after a long period of degenera-
tion, it is difficult to specify how a particular NI exerts its
influence on the neuron actually harboring the NI at a
given time, for example, at autopsy. The present study is
an extension of the previous one [29] and focuses on mor-
phological changes of cach neuron. Given that a cellular
mechanism leading to neuronal death is influenced by NI
formation, one may expect that morphological aspects
during this degenerative process (usually atrophy) of an
individual neuron may be altered once it harbors NIs. To
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Table 1 Density (n/mm?) of

neurons with or without NIs Qgeghat( onset)/ FH Sex + - Total
(FH family history, N negative, eath (years
P positive, NI intranuclear in- NIID cases
clusion, + number of neurons
with NIs, — number of neurons 1 (28] 12/25 N F 138 65 203
without NIs, foral: sum of — 2[16] 11726 N M 126 65 191
and +, NIID neuronal intranu- 3[29] 25/41 P M 73 85 158
clear inclusion disease) Mean (NIID) 184.0%S
Diagnosis of the control cases
AIDS 25 M 0 140 140
Myelodysplastic syndrome 25 F 0 174 174
Cervical carcinoma jAQ F 0 154 154
NSNo significant difference in - Phyllodes tumor /44 M 0 157 157
total number of neurons be- Myeloma /45 F 0 176 176

tween NIID and normal groups
(P>0.1, Mann-Whitney U test)

Mean (control) 160.2N3

address this question, we quantified morphological as-
pects (the nuclear size and deformity} of each pontine
neuron in the three autopsy cases of NIID and of five con-
trol cases. Possible influences of NIs on these morpholog-
ical parameters provided an insight into this degenerative
process characterized by Nls. This is the first morphome-
tric study based on human brains with NIID, and has pro-
vided cellular evidence that NI formation is linked to an
increase in nuclear size rather than shrinkage.

Materials and methods
Patients and controls

Three unrelated Japanese cases of NIID [8, 28, 29] were enrolled
in this study. Clinical pictures of these cases were surnmarized pre-
viously (29]. Although NIs of these three cases were immunopos-
itive for ataxin-2, ataxin-3 and TATA box-binding protein as re-
ported [15, 29, 31], they were not associated with pathological ex-
pansion of CAG repeat in any of these or other known genes
linked to hereditary ataxias, as we confirmed previously [29]. The
ultrastructure of NIs of these cases was described previously and
was indistinguishable from those described in the literature [29].
Although their clinical features were variable, regional distribution
and prevalence of NIs were found to be inversely correlated with
the severity of tissue damage as estimated semiguantitatively [29].
Some of the glial cells also contained aggregates in their nuclei
[29]. Five normal control cases of the same age range (age at death
25-45 years) without neurological disorders were examined for
comparison (Table 1}.

Histological sections, staining, data acquisition and analysis

Paraffin-embedded formalin-fixed sections, & pm thick, were ob-
tained from the mid-pons. Pontine nuclei were chosen because the
size and appearance of the neurons are relatively homogeneous.
This homogeneity made it easier to quantify and interpret their
morphological changes. Moreover, the high frequency of Nls in
pontine neurons of NIID brains is another advantage in estimating
its possible influence. Deparaffinized sections from the NIID cases
were immunostained with an anti-ubiquitin antibody (rabbit poly-
clonal, 1:1,000 DAKO, Glostrup, Denmark) with diaminobenzi-
dine as a chromogen and were then stained lightly with hema-
toxylin. Ten rectangle microscopic fields (400x250 um=0.1 mm?2),
chosen at random, were captured by a digital camera (D1, Nikon,
Tokyo, Japan) connected to a microscope (BX-50, Olympus,
Tokyo, Japan). Large cells harboring Nissl substances and a nu-
cleus harboring an identifiable nucleolus were identified as neu-

rons. Although the correlation between nuclear size and cell size
was apparent [9, 17] as shown in Fig. 1, we concentrated on the nu-
cleus of neurons because changes in its morphology (indentation
or undulation of the nuclear membrane) have been reported to be
characteristic of CAG repeat disorders [1, 27] with NIs. The con-
tour of the nuclear membrane and that of NIs, if present, of each
neuron were traced on a digitizer coupled with a liquid crystal dis-
play (PL-400, Wacom, Sajtama, Japan), as shown in Fig.1. The
nuclear area (cross-sectional area), perimeter, long axis and short
axis of each traced nuclear contour and NI area (cross-sectional
area) of each traced NI contour were measured with the software,
NiH-Image (Version 1.62). Because an increase in nuclear size is

Fig.1 Pontine neurons from a normal control case (A hema-
toxylin-eosin staining) and a NIID case (B ubiquitin immunostain-
ing counterstained with hematoxylin). The contour of the nucleus
of each neuron is traced in black (in A and neurons with NIs, as in-
dicated by asterisks in B) or in whire (neurons without Nls in B).
The contours of NIs are traced in white (neurons indicated by as-
terisks in B). Undulations of the nuclear membrane are most con-
spicuous {arrow in B) in NIID neurons without Nls. Although
some of the neurons of the normal control cases exhibited a simi-
lar but slighter deformity (small arrowhead in A), these changes
were readily detectable even in neurons harboring NIs without at-
rophy (arrowheads in B) (NIID neuronal intranuclear inclusion
disease, NI nuclear inclusion). Bar 50 pm



Table 2 Morphometric parameters of pontine neurons of the nor-
mal and NIID cases. Expressed as mean + SE (# number of cases,
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from NIID cases, inclusion— neurons without NI from NIID cases,
Nuclear area—NI area nuclear area not oceupied by NI, €7 circu-

total all neurons from NIID cases, inclusion+ neurons with NI larity index)

Normal (#=5) NIID (n=3)

Total Inclusion+ Inclusion—

No. of neurons 801 513 298 215
Nuclear area (um?} 90.5+0.7 06.8+£1.3* 110.641.6%* T7.811.5%*
Nuclear area-NT area (m?) 89.2+1.2N8 97.4+1.5%* 77.811.5%*
Perimeter (LLm) 36.340.1 38.2+0.3* 40.5+0.3%* 35.040.3%*
Long axis (um) 12.00£0.05 12.85+0.08* 13.5520.10%* 11.87+0.11(*)
Short axis (m) 9.54+0.04 9.44:+0.09N8 10.3010.10%* 8.26+0.11%*
Long axis/short axis 1.2740.01 1.40£0.01* 1.3540.01%* 1.49£0.02**
Cl 1.085+0.001 1.111£0.003* 1.09510.002* 1.13240.005%*

*P<0.0001 compared with the normal group (Student’s #-test),
**P<0.0001 when compared with the normal group, (*)P<0.0001
compared with inclusion+ group, but not significantly different

partly attributable to the presence of Nls, the cross-sectional area
of the nucleus not occupied by NI (nuclear area—NI area) was also
calculated and analyzed. Nuclear defermity was assessed with
long axis/short axis, the ratio of the twe axes, and the circularity
index (CI) defined by the ratio of two diameters, one of which was
calculated from the perimeter (perimeter/2n) and the other from
the area [the square root of (area/m)]. CI is equal to 1 if the traced
nuclear contour is a perfect circle. Both ratio and CI are expected
to increase with increasing severity of nuclear deformity, such as
elongation, distortion or undulations of the nuclear membrane.
Differences in these parameters between the groups, ie., nuclei
harboring NIs (Inclusion+ group), those not harboring NI (Inclu-
sion— group), both from NIID cases {NIID total group, which in-
cludes both Inclusion+ and Inclusion- groups) and controls, were
estimated with ANOVA or Student’s ¢-test.

Results

Packing density of pontine neurons

Table 1 shows the demographic data of the patients and
neuronal counts of each case. Although the mean of neu-
ronal counts (representing the mean of “packing density™)
of NIID group (184.0/mm?) was greater than that of nor-
mal group (160.2/mm?), non-parametric comparison of
neuronal counts between NIID and normal groups failed
to reveal significant difference between the groups (P>0.1
after Mann-Whitney U test).

Nuclear size of pontine neurons

Morphological data assembled from each group are
shown in Table 2, Nuclear area, perimeter and long axis
were significantly larger in NIID as a whole (mean of nu-
clear area 96.8 um?, NIID total group in Table 2) than in
normal group (mean of nuclear area 90.5 um?2, P<0.0001
by Student’s-t test). This difference was due to larger
cross-sectional area of nucleus of Inclusion+ group (mean
of nuclear area 110.6 um?), whereas that of Inclusion—
group was significantly smaller (mean of nuclear area

from the normal group, M: not significant when compared with the
normal group, *P=0.0008 when compared with the normal group
(by ANOVA, PLSD of Fisher at 1% probability)

density(/mm?)
15,
104 r
5- Ar
’E
O 5,:0
107 N
i %
20-

Fig,2 Distribution of the nuclear cross-sectional area of the pon-
tine neurons of NIID and normal control cases, Nuclear size esti-
mated as nuclear area in pm? is expressed along the abscissa, The
relative frequency of each size range is expressed along the ordi-
nate as density/mm?, The lower inverted histograms represent the
normal control group (unfilled bars with black lines) and NIID
group as a whole (NIID total group, filled bars with gray
columns), which exhibits bimodal peaks. The upper histograms
represent NIID group with NIs (Inclusion+ group, unfilled bars
with black lines), and without NIs (Inclusion— group, filled bars
with gray columns). Note the upper peak in the Inclusion— group
{arrowhead), which may represent some of the neurons harboring
NIs not included in the sectioned plane

77.8 pm?) than that of normal group. This increase in nu-
clear cross-sectional area of Inclusion+ group relative to
normal group remained significant even when nuclear area
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was replaced by nuclear area—NI area (mean 97.4 pm?),
representing nuclear cross-sectional area not occupied
by NIs. The size distribution of nuclear area is shown in
Fig.2. Although the normal group (Figs. 1A, 2) exhibited
a normal distribution with a single peak, the distribution
of NIID total group was bimodal. Its upper peak corre-
sponded to Inclusion+ group (Fig. 1B) and its lower peak
corresponded to Inclusion- group, which exhibited bi-
modat distribution with two lower peaks around 70 and
90 um? (mean 77.8 um?). There was no correlation be-
tween nuclear area and NI area (R?=().159),

Nuclear deformity and its relation to nuclear size

Although the long axis of Inclusion— group was not statis-
tically different from that of the normal group, the short
axis was significantly smaller in Inclusion~ group. This
accounts for a significant increase in the ratio (long
axisfshort axis, Table 2) in Inclusion— group (Fig.1B),
also seen in Inclusion+ group (Fig. 1B), indicating that the
shape of neuronal nuclei of NIID is more or less elongated
or distorted (Fig. 1B) irrespective of the presence of Nls
or nuclear size. Although undulations of the nuclear mem-
brane were most conspicuous in Inclusion— group (Fig. 1B),
similar nuclear deformity was detectable even in normal
group (Fig. 1A). Nuclear deformity was also evaluated as
an increase in CI and its relation to nuclear area is shown
as a scattergram (Fig. 3). Because a significant fraction of

area(p?)

200

100

14 15
CI

Fig.3 Relation between nuclear size (nuclear area along the ordi-
nate in pm?) and deformity of the nucleus (CI along the abscissa).
CI is equal to 1 if the contour of a nucleus is a perfect circle and is
expected to be increased if the nucleus is deformed. Gray dots:
Normal group, black dots: Inclusion~ group, open circles: Inclu-
sion+ group. Mean values of each group are indicated as N, — and
+ in the scattergram, respectively (C/ circularity index)

neurons of Inclusion+ group exhibited these deformities
(Figs. 1B, 3), even the Inclusion+ group was associated
with a significant increase in CI, and ratio (long axis/short
axis) compared with the normal group (Table 2). This nu-
clear deformity was, however, more marked in Inclusion—
group. Compared with the normal group, neurens in the
Inclusion+ group clustered in the upper zone (larger nu-
clear area), while those of Inclusion— group clustered in
the lower zone (smaller nuclear area) (Fig. 3). Both Inclu-
sion+ and Inclusion— groups, however, clustered in the
area with increased CI (right side} compared with the nor-
mal group.

Discussion

Previous reports on NIID suggested that the presence of
NIs was not necessarily linked to neuronal loss, because
numerous NIs were found even in areas without dis-
cemnible neurodegeneration [8, 16, 18, 23, 25, 26, 30, 34].
The lack of a significant decrease in the packing density
of pontine neurons of NIID, which we demonstrated in
the present study, confirmed these observations. In our
previous report on the same three Japanese cases of NIID,
we semiquantitatively evaluated the severity of tissue
damage, which was found inversely correlated with the
frequency of NIs. At least two interpretations, absolutely
conflicting with each other, are possible to explain this in-
verse relationship. Neurons harboring NIs may be more
susceptible to degeneration by way of atrophy, leaving af-
ter some period those not harboring NIs. One may, then,
expect that the nuclear size of neurons harboring NIs, if
preferentially involved in this process, would be smaller.
However, this is contrary to the findings of the present
study. The opposite interpretation is that neurons harbor-
ing NIs may be relatively more resistant. Neurons not har-
boring Nls, therefore, are more susceptible and more se-
verely involved in the atrophic process. Our previous
study [29], which estimated the severity of tissue damage
by a conventional method, however, was not sufficient to
settle this argument between these opposing interpreta-
tions. The more precise and sophisticated morphometric
approach used in the present study showed that the latter
possibility is more plausible since the cross-sectional area
of neurons harboring NIs was found to be larger than that
of neurons not harboring NIs. Because this difference re-
mained significant even when NI area was subtracted
from nuclear area, as the inserted NI could only account
for part of this increase. This means that mechanisms
other than simple insertion of NI may underlie the in-
crease in nuclear size, which is also linked to the presence
of NL

Observation on a single histological plane, however,
does not assure the absence of NIs in the neuron under ex-
amination, because neurons classified into Inclusion—
group might contain NIs elsewhere not included in the
section. If neuronal nuclei harboring NIs were smaller
than those not harboring Nls, this possible fajlure to iden-
tify NIs not included in the two-dimensional plane might



have led to an underestimation of the nuclear size of neu-
rons in Inclusion— group, which might have obscured the
interpretation. However, since the present study indicated
the opposite direction, by showing that neuronal nuclei of
Inclusion+ group were larger than those of Inclusion—
group, it is justified to conclude from this two-dimen-
sional study that nuclear size of neurons harboring NIs is
larger than that of neurons not harboring NIs. It is, there-
fore, reasonable to assume that the upper peak (Fig.2) of
the histogram for Inclusion—- group represents a group of
neurons which harbor NIs in reality but was classified as
Inclusion- group, because the NIs were not included in
the section. If NI formation is accompanied by a gradual
increase in nuclear size, or disappearance of NI is accom-
panied by a gradual decrease in nuclear size, this upper
peak might represent a fraction of neurons under transi-
tion between Inclusion— and Inclusion+ groups. The lack
of a similar additional peak in the size distribution his-
togram for Inclusion+ group, however, does not support
this interpretation. What is surprising is that this increase
in nuclear size linked to NI formation (Inclusion+ group)
was significant even when compared with the normal
group. If NIs appeared in a certain phase during neurode-
generation usually characterized by reduction (atrophy) in
cellular and nuclear size, it should have been observed in
less atrophic nuclei rather than in hypertrophic ones. Even
if this hypertrophic process represents an early phase of
neurodegeneration before atrophy, its association with NIs
implies that NI formation is linked, either directly or indi-
rectly, to a mechanism that counteracts atrophy at least
temporarily. Although an uneven shrinkage of a nucleus is
potentially linked to its deformity, quantified as an in-
crease in ratio and CI, this increase was not only restricted
to Inclusion— group, but was also significant in Inclusion+
group with increased nuclear size. More evident indenta-
tion of the nuclear membrane has been observed even in
normal neurons [21] and its pathological increase has
been described in human brains with dentatorubral-palli-
doluysian atrophy (DRPLA) [27], Huntington's disease
(HD) [1] and its animal model [4]. Although our observa-
tion based on light microscopy failed to identify deep in-
dentations of nuclear membrane, the increase in CI ob-
served in NIID neurons either with or without NIs may
represent another aspect of neurodegeneration, which is
not necessarily linked to nuclear shrinkage.

Evidence and hypotheses are still conflicting on possi-
ble influence of NIs seen in brains with CAG/polygluta-
mine repeat disorders. Although both neurodegeneration
and NI formation in transgenic models for HD are in-
duced by a continued expression of the huntingtin frag-
ment carrying expanded polyglutamine [35], or are sup-
pressed by inhibition of caspase-1 [19], these two features
are reportedly discrepant [10, 11, 20, 33] or even in-
versely related in cultured cells transfected with genes
carrying expanded CAG repeat [22]. Similar discrepancy
at tissue level has also been reported in human brains with
HD [13]. This is also in agreement with our recent obser-
vation that cerebellar Purkinje cells of CAG/polygluta-
mine expansion disorders are more or less affected, but
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never exhibit NI [12]. The present work is the first mor-
phometric study on human brains, which demonstrated an
influence of NI of NIID on morphological aspects of each
individual neuron with special attention to nucleus. Al-
though it remains to be clarified how NI formation is re-
lated to neurodegeneration, suppression of NI formation
by down-regulating ubiquitin-proteasome pathway has
been reported to enhance cell death in vitro [3]. This
mechanistic link between cell death and NI formation
through ubiquitin-proteasome pathway implies that NI
formation is inherently linked to a neuroprotective phe-
nomenon mediated by ubiquitin. Our previous studies
demonstrated that ubiquitin was localized to the periphery
of NIs in both NIID [28] and SCA3 [6] brains. Similar or-
ganization of ubiquitin is also shared by another intranu-
clear inclusions, named Marinesco bodies, which arise in
reaction to cellular stress, independently of expanded poly-
glutamine (7, 14]. Taken together, these findings are ex-
plained if NI formation mediated by ubiquitin is linked to
a mechanism counteracting neuronal shrinkage in NIID,
as reported in SCA1 [2]. Our recent morphometric study
on brains with Machado-Joseph disecase (MID) demon-
strated that nuclei of pontine neurons harboring NIs were
larger than those not harboring NI [32]. A similar ten-
dency was observed in cerebellar granule cells of DRPLA
brains [27]. It is, therefore, very likely that such an influ-
ence of NI formation on nuclear size is shared among
MID, DRPLA and NIID. This implies that neurons are in-
herently equipped with machinery that counteracts shrink-
age, triggered simultaneously during NI formation. It is
essential to know whether this anti-atrophic influence of
NI can be extrapolated to other disorders with ubiquitin-
positive NIs in human brains. It is important to specify the
molecular mechanism that regulates NI formation or neu-
ronal degeneration together or separately. This will pro-
vide a rational background for reasonable treatment that
may retard or even reverse neurodegeneration by activat-
ing or modulating this machinery.
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Abstract

We report here a combination of rare neurological manifestations of primary Sjégren syndrome (SS), such as motor-dominant motor
weakness of peripheral origin, cerebellar ataxia and depression, in a Japanese female patient. An autoantibody in her serum and cerebrospinal
fluid immunolabelled spinal motor neurons and cerebellar Purkinje cells. On Western blot, this antibody reacted with a protein of 34 kDa
from the extract of spinal cord, dorsal root ganglion, or cerebellar cortex, which might correspond to motor weakness and cerebellar ataxia,
respectively. The absence of its reactivity to the liver tissue indicates that this autoantibody targets an antigen represented exclusively in the
neural tissues. Although it remains to be proved how autoantibodies, sometimes associated with SS, are involved in the development of
clinical pictures, some of them are present in the cerebrospinal fluid and exhibit an exclusive affinity to neural tissues, which indicates its
plausible link to neurological manifestations. Recognition of these antineuronal antibodies in SS will potentially provide a chance to treat

these patients by removing or inactivating the antibody. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Primary Sjdgren syndrome (SS) is a systematic auto-
immune disorder characterized by keratoconjunctivitis and
xerostomia. SS is known to accompany various kinds of
neurological manifestations, most frequently, sensory-dom-
inant peripheral neuropathy. Although the central nervous
system is involved less frequently [1], psychiatric symptoms
in SS have been also described [1-3). Inflammatory cellular
reactions into blood vessel (vasculitis) or dorsal root gan-
glion (ganglionitis) have been considered to represent a part
of pathogenic processes leading to neurological manifesta-
tions of SS. On the other hand, humoral factor has recently
been attracting increasing attention as one of the possible
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mediators of neurological manifestations {4—6]. We report
here a Japanese female patient with SS, who manifested
severe motor weakness, severe depressive state and cere-
bellar ataxia. In her serum and cerebrospinal fluid, we
identified an autoantibody reacting with homogenized rat
spinal cord, cerebrum, dorsal root ganglia (DRG) cerebel-
lum. This autoantibody immunolabelled spinal motor neu-
rons, cerebellar Purkinje cells and neurons in the cerebral
cortex, which topographically corresponded to her neuro-
logical symptoms. The role of this autoantibody in the
development of neurological symptoms will be discussed.

2. Case report

This 55-year-old Japanese female had been well until the
age of 45 years, when she developed arthralgia in the
extremities, low-grade fever and erythema, which subsided
spontaneously. At age 50, she was admitted to a psychiatry
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