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Human Brain With Cerebral Infarction
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Background and Purpose—Cellular origin of apolipoprotein E (ApoE) in the human brain and its roles in physiological

and pathological conditions remain to be clarified.

Methods—Immunolocalization of ApoE was investigated in a series of autopsied human brains with or without infarction.
ApoE expression was also estimated on immunoblot on protein extracts from autopsied brains and a cultured
neuroblastoma cell line of human origin (GOTO) subjected to an oxidative stress induced by exposure to hydrogen

peroxide (0.2 mmol/L).

Results—In addition to astrocytes and microglia, neurons and degenerated axons in and around the ischemic foci contained
ApoE-like immunoreactivity, which was more intense in recent ischemic foct. Immunoblot demonstrated an increase in
expression of ApoE in brain extracts from ischemic lesion, and this increase was also pronounced in the cultured

neuroblastoma cell line after the stress.

Conclusions—Accumulation of ApoE in neurons in and around ischemic foci of the human brain is related to an increase
in ApoE synthesis in neurons, as seen in cultured neuronal cells after oxidative stress. Intrinsic regenerative activity of
neuron in reaction to external insults may be related to this increase in ApoE of neuronal origin. (Stroke. 2003;34:875-

880.)
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polipoprotein E (ApoE) is synthesized in various or-
gans, including liver, spleen, kidney, and brain, and is
supposed to play multiple roles. There is accumulating
evidence that ApoE in the central nervous system is involved
not only in stable physiclogical conditions but also in more
dynamic situations such as development, remodeling, degen-
" eration, and regeneration.'-5 Moreover, the cellular source of
ApoE in the central nervous system, initially considered to be
restricted to astrocytes,”® is currently considered to be more
variable according to conditions.®-14
In this study we attempted to examine the manner in which
ApoE is expressed in human brain with ischemic foci to
clarify how an insult to the central nervous system modifies
the expression of ApoE, which has been reported to play
certain roles in repair of the central nervous system.’-#5-17 A
paralle} in vitro study on a cultured cell line corroborated
these in vivo findings.'s.1*

Methods

Autopsied brains from 9 patients with cerebral infarction, 6 patients
with Alzheimer disease (AD), and 8 patients without neurological

disorders were enrolled in this study. Clinical data of the patients are
summarized in the Table. The time from the onset of the ischemic
attack to death was between 8 days and 10 months, determined from
the clinical records.

Immunohistochemistry

Formalin-fixed, paraffin-embedded blocks, including both the area
of ischemic necrosis and the surrounding nomnecrotic area, were
obtained at 10-pm thickness. Sections were deparaffinized and
treated with a microwave oven in citrate buffer 3 tirnes for 5 minutes,
treated with 1% hydrogen peroxide for 30 minutes, then incubated
for 3 days at 4°C with either ApoEC (1:2000; anti-human ApoE
polyclonal antibody raised against a synthetic peptide
EKVQAAVGTSAAPVPSDNH equivalent to the C-terminal amino
acid sequence 299 to 317 of human apolipoprotein E; IBL) or
ApoEAB9472¢ (1:2000; anti-human recombinant ApoE; Chemicon)
diluted with PBS containing 0.03% Triton-X 100 and the corre-
sponding blocking serum. The sections were then incubated for 2
hours with a biotinylated secondary antibody (1:1000; Vector),
followed by avidin-biotin-peroxidase complex (1:1000; ABC Elite,
Vector). The peroxidase labeling was visualized with diaminoben-
zidine as chromogen, which yielded a brown reaction product after
approximately 40 minutes, and then the stained sections were
counterstained with hematoxylin.

Received November 8, 2001, final revision received November 11, 2002; accepted November 13, 2002,

From the Department of Neuropathology, Tokye Metropolitan Institute for Neuroscience (K.A., T.U.,, N.5., AN.}, Tokyo; Department of Neurology,
Fujigacka Hospital of Showa University (K.A., Y.W.), Yokchama; Department of Neurology, Saitama Rehabilitation Center (N.S.), Saitama; Department
of Neuropathology, Tokyo Institute of Psychiatry (K.I., K.T.), Tokyc; and Department of Laboratory Medicine and Pathology, Tokyo Metropolitan

Marsuzawa Hospital (K.T.}, Tokyo, Japan.

Correspondence to T. Uchihara, MD, PhD, Department of Neuropathology, Tokyo Metropolitan Institute for Neuroscience, 2-6 Musashi-dai, Fuchu,

Tokyo, 183-8526 Japan. E-mail uchihara@tmin.ac.jp
© 2003 American Heart Association, Inc,

Stroke is available at http://www.strokeaha.org

DOL: 10.1161/01.5TR.0000064320.73388.C6



Aoki et al

‘A o B-

Figure 1. Immunostaining with ApoEC at the periphery of an
ischemic focus counterstained with hematoxylin (bars=50 um).
A, Neurons exhibit ApcE-like immuncreactivity. B, ApoE-like
immunoreactivity was completely abolished when ApoEC was
coincubated with the antigen peptide. The same area as A in
the adjacent section is shown, evidenced by the presence of
the same blood vessel (arrow} and neurons {arrowhead).

results as ApoEC. This ApoE-like immunoreactivity in neu-
rons was more pronounced in recent foci than in older foci.
None of these neurons were atrophic or ischemic,
Double-labeled sections of ischemic foci demonstrated that
ApoE-like immunoreactivity was present variably in neurons,
some ballooned neurons (Figure 24), astrocytes (Figure 2B),
and microglia (Figure 2C). Double-labeling immunohisto-
chemistry with anti-neurofilament (SMI-31; Figure 3A) and
ApoEC (Figure 3B) antibodies clarified colocalization of
these 2 epitopes, which confirmed that accumulation of ApoE
was also extended into axons, ApoE-positive glial cells were,
however, rarely observed where ApoE accumulated in neu-
rons or axons and vice versa: neurons and axons immunopo-
sitive for ApoE were rarely in close contact with glial cells
containing ApoE-like immunoreactivity (Figures 1 to 3),
Differences in immunolocalization of ApoE and in its
immunoreactivity according to pathological conditions are
shown in Figure 4. In control brains, ApoE-like immunore-
activity was at most faint in neurons (Figure 4A) or in subpial
astroglia. In AD brains, ApoE-like immunoreactivity was
accumulated in senile plaques and neurofibrillary tangles
(Figure 4B), while other neuronal labeling was not compara-
ble to that seen at the periphery of an ischemic focus (Figure
4C). Comparison of the ischemic area (Figure 4D, left) and its,
adjacent less affected area (Figure 4D, right) demonstrated

B
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Figure 3. Accumulation of ApoE in degenerated axons (bar=50
um). Colocalization of neurofilament epitope (A; labeling with
SMI31 and visualized with FITC} and ApoE-like immunoreactivity
{B: labeling with ApoEC and visualized with avidin-biotin-
peroxidase method on the same section as A) confirmed axonal
accumulation of ApoE.

that ApoE-like immunoreactivity in neurons was apparently
more intense in areas involved in the ischemic process. Even
in brains with ischemic focus, ApoE-like immunoreactivity in
neurons was barely detectable in intact areas closely adjacent
to the ischemic focus (Figure 4D).

Western Blot Analyses

Probing human brain extracts with ApoEC on Western blot
demonstrated a major band at approximately 36 kDa (Figure
5A), as was detected similarly when probed with
ApoEAB947, Quantitative anatysis of the relative intensity of
ApoE-immunoreactive bands (Figure 5B} demonstrated that
expression of ApoE protein was significantly increased
(P=0.0498, nonparametric method of Kruskal-Wallis) in AD
brains (214%, mean relative to mean of controls, indicated as
1; P=0.0320, ANOVA) and further increased in brains with
infarction (247%, mean relative to mean of controls;
P=0.0132, ANOVA).

Probing extracts from human neuroblastoma cell line
(GOTO) with ApoEC visualized bands similar to those seen
in human brains (Figure 6A). Four independent sessions were
followed up to 48 hours after exposure to hydrogen peroxide,
and the density of ApoE-immunoreactive bands was quanti-
fied relative to the baseline (0 hours) of each session,
indicated as 1 (Figure 6B). Quantitative analysis of the
relative intensity of ApoE-immunoreactive bands demon-
strated that expression of ApoE protein was dependent on
intervals (P=0.0088, nonparametric method of Kruskal-

Figure 2. Cellular localization of ApoE
arcund ischemic foci. A, Double immu-
nolabeling of ApoEC {purple) and
carbindin (brown) at the boundary of an
ischernic focus. ApoE-like immunoreac-
tivity is variable in each neuron, including
a ballocned neuron (arrow; bar=50 um).
B, Double immunclabeling of GFAP {pur-
ple) and ApoEC (brown) at the boundary
of an ischemic focus. In addition to
double-stained astrocytes (arrows),
intense ApoE-like immunoreactivity is

. present in neuronal cells {arrowheads;

’ M bar=50 pm). C, Double immunalabeling
’ of RCA-120 (purple) and ApoEC (brown)
at the boundary of ischemic foci. Some
microglial cells (arrow) are ApoE immu-
nepositive (har=50 um).
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Figure 4. ApoE-like immunoreactivity {probed with ApoEC) in various pathological conditions {counterstained with hematoxylin). A, Con-
trol. Some neurons exhibit ApoE-like immunoreactivity, although it is at most very faint (bar==50 um). B, AD. ApoE-like immunoreactivity
is accumulated in senile plaques, while neuronal labeling is absent outside neurofibrillary tangles (bar=50 pm). C, At the periphery of
an ischemic focus. ApoE-like immunoreactivity is intense in neurons (bar=50 um). D, Low-power view of C. ApoE-immunoreactive neu-
rons are abundant in the affected area (left), while they are absent in less affected area (right; bar=100 pm).

Wallis) after exposure to hydrogen peroxide. It increased at 4
hours (133%, mean relative to mean before exposure;
P=0.0213, ANOVA). At 24 hours, this increase was more
significant (168%; P=0.0002, ANOVA), which was progres-
sive up to 48 hours (187%; P=0.0002, ANOVA). A consis-
tent amount of B-actin immunoreactivity is seen at the bottom
of Figure 5A and Figure 6A, suggesting that the amount of
loaded protein was consistent,

Discussion
The major cellular source of ApoE in the brain has been
considered to be astrocytes.”® On the other hand, immunolo-
calization of ApoE to other cellular components, such as
neurons in the hippocampus or frontal cortex, microglia,
oligodendrocytes, and blood vessels, has alse been report-
ed.>~1* It still remains to be clarified how ApoE is produced
and handled in the brain. Moreover, little is known regarding
how the metabolism of ApoE is altered in diseased brains. In
the present study immunohistochemical investigation on hu-
man autopsied brains with ischemic lesions demonstrated that
astrocytes and microglia contained ApoE-like immunoreac-
tivity, as reported previously.!!? In addition to these glial
components, neocortical neurons around the ischemic foci
also contained abundant ApoE-like immunoreactivity. At
least 2 possibilities have been proposed regarding the cellular

source of ApoE in neurons. Because ApoE could be internal-
ized through several receptors on plasma membrane,? it is
speculated that ApoE in neurons is derived from astrocytes
and is internalized through these carrier molecules.!* An-
other possibility is that ApoE is produced in neurons, as
demonstrated previously by in situ hybridization,2* Although
these 2 pathways are not mutually exclusive, the present
study demonstrated that neurons were one of the major sites
of ApoE synthesis in ischemic foci, in addition to glial cells.
The absence of ApoE-positive glial cells around ApoE-
positive neurons in ischemic foci suggests that ApoE is
synthesized in these neurons and is not derived exogenously.
Moreover, accurnulation of ApoE was not only restricted to
neuronal soma but also extended into degenerated axons
(Figure 3B), again not in contact with ApoE-positive glial
cells, which suggests a neuronal origin of ApoE. Although it
has been reported that some neurons without disease possibly
exhibit ApoE-like immunoreactivity in human brain,!2.25 it
was at most faint in the present study. Because the same
antibody visualized a significant amount of ApoE on Western
blot (Figure SA), it is likely that sampling, routine fixation in
formalin, and processing in paraffin, as used in the present
study, might have attenuated immunohistochemical labeling
of ApoE in normal neurons. Fixation with another fixative
{(such as paraformaldehyde) and use of free-floating sections

' Figure 5. Western blot of extracts from

ApOE » i e s G G O G 2

human brains probed with ApoEC (A)
and its densitometric quantification (B).
L A, ApcEC-immunoreactive bands at

1 approximately 36 kDa, derived from

B-actin inmm et

brains with infarction (Infarct) and from
those with AD, are more intense than
those from normal brains (Normal).
Arrowhead: 36 kDa. B-Actin-immunore-
active bands are shown as an internal

Norma! AD Infarct

A B

Normal

control (bottom}). B, Relative intensity of
ApcEC-immunoreactive bands
(mean=£SD) was quantified and
expressed with mean of normal brains

AD Infarct

{n=4) as a reference, indicated as 1. ApoE-immunoreactive bands are mors intense in AD brains (n=2) and in brains with infarc-
tion {n=2) relative to normal brains. *P<0.05; broken line indicates not significant by ANOVA,
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Figure 6. A, Westem blot of extracts from

*% human neuroblastoma cell line, GOTO,

LE

probed with ApoEC, examined at differert

intervals after exposure to hydrogen perax-
1 ide (0.2 mmolL). Arrowhead: 36 kDa. B-Ac-
T tinHmmunoreactive bands are shown as an

ApoE » "

B-actin emwemrem-e—

internal control (hottom). B, Quantification of
ApoEC-immunoreactive bands expressed as
mean of 4 sessions (n=4) at different inter-
vals after challenge with hydrogen peroxide.
Relative intensity of ApoEC-immunoreactive
bands {mean+S8D) was quantified and
expressed with intensity at 0 hours (baseline)
of each session as a reference, indicated as

Oh 4h 24h 48h oOh 4h

A B

might have visualized ApoE immunoreactivity even in nor-
mal neurcns,?s while brain tissue with ischemic focus is
usually too fragile to be subjected to such a free-floating
method. More importantly, ApoE-like immunoreactivity in
neurons was more evident around ischemic foci, Immuno-
blots from brain extracts demonstrated that full-length form
(34 to 37 kDa2520.26) of ApoE was present regardless of the
disease conditions, Quantification of relative intensity of
ApoE-immunoreactive bands demonstrated that the amount
of ApoE is increased to 114% (>2-fold) in AD and more
significantly increased to 146% in ischemic foci (Figure 5B).
Because glial cells in ischemic foci also contain ApoE-like
immunoreactivity, it is difficult to decide what kind of cell
(neurcnal or glial) is responsible for this increase seen on
Western blot. Although synthesis of ApoE in other neuro-
blastoma cell lines has been reported,* accumulation of ApcE
protein in peuronal cells after exposure to hydrogen peroxide
may have some pathological significance.?” While synthesis
of ApoE could be regulated through interaction between glia
and neurons, possibly mediated, for example, by nuclear
factor-«B,2#2% the present study on a neuroblastoma cell line
demonstrated that neuronal accumulation of ApoE protein
could occur independently of glial cells. Therefore, the
increase in ApoE, as we observed in ischemic foci of human
brains, is explained, at least in part, by upregulation of ApoE
synthesis in neurons. Intense ApoE-like immunoreactivity in
these neurons in ischemic focus also corroborated this
interpretation.

Several epidemiological studies demonstrated that APOE
genotype €4 was possibly linked to some neurological disor-
ders {eg, Lewy body disease, amyotrophic lateral sclerosis,
AIDS) other than AD.%-32 Other studies demonstrated that
recovery from cerebrovascular diseases was also influenced
by APOE genotype.3*35 These data suggest that ApoE in the
brain plays certain essential roles during destruction and
recovery of the nervous system,?¥ as well as in physiolog-
ical conditions.3* It still remains to be proven how ApoE
plays certain roles in ischemic foci. The present study
suggested an upregulation of ApoE in neurons after cellular
stress such as ischemia or oxidative stress, If this upregulation
is linked to recovery of neurons after cellular stresses in
general, regulation of ApoE expression will provide a clue to
constructing a therapeutic strategy aimed at improving recov-

1. The increase is statistically significant after
4 hours and thereafter {mean=SD). *P<0.05;
*P<0.01; broken line indicates not signifi-
cant by ANOVA,

24h  48h

ery from a wide variety of neurological diseases. It is
therefore essential to know how the expression of ApoE is
regulated in physiological and pathological conditions.
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Diagnostic criteria for Pick’s disease have been criticized
from many different viewpoints. This confusion is mainly
derived from the ambiguity of this term ‘Pick’s disease’
(PD), which may imply either purely histological findings,
such as Pick body (PB), or a characteristic clinical syn-
drome that could occur even in the absence of PB. This tax-
onomic confusion will be circumvented by introducing the
fiiagnostic term ‘Pick body disease’ to designate patients
with the characteristic argyrophilic inclusions purely on
histological grounds. In parallel, employment of ‘Pick syn-
drome’ to describe the time-honored clinical features may
be more convenient and less confusing than PD because
PD implies either the presence of PB or the clinical fea-
tures, two aspects not necessarily linked fo each other,
Three-dimensional reconstruction of PB confirmed that
tau-like immunoreactivity was accentuated at their periph-
ery, as was recognized with the Bodian method. Preferen-
tial affinity of three-repeat tau pathology, as seen in Pick
body disease, to the Bodian over the Gallyas method is
distinct from the reversed affinity (the Gallyas over the
Bodian method) of four-repeat tau pathology, as seen in
corticobasal degeneration and in argyrophilic grains. This
preference of silver staining is compatible with the mixed
three- and four-repeat tau pathology, as seen in NFT of the
Alzheimer’s type, which are stained with both the Bodian
and Gallyas staining. This will provide a practical basis on
which to differentiate these disorders based on their dis-
tinctive fau species and possible relation of tau species to
staining profile on these silver methods,

Key words: 3-D reconstruction, diagnostic criteria, Pick
body, silver staining, three-repeat tau.
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INTRODUCTION

Diagnostic criteria for Pick’s disease (PD) have been a
matter of considerable debate primarily because the defi-
nition of the disease is highly variable and dependent on
viewpoint." So far, none of the diagnostic criteria for PD
have been satisfactory, having never been free from some
ambiguity and criticism.*’ In the present paper we tried to
delineate potential controversies related to the nosology of
PD by tracing the historical background to its original
description.®* We then became aware that the ambiguity of
PD could be circumvented if this term is dissected to
emphasize the different viewpoints: ‘Pick body disease’,
which is concerned with purely histological features, and
‘Pick syndrome’ to describe exclusively clinical character-
istics with macroscopic atrophy of the cerebral cortex now
detectable even in life with imaging techniques.® These two
different aspects are often observed in a single patient but
have no semantic relation to each other, therefore, could
be applied independently. This reduction in ambiguity after
employing this parallel terminology will simplify the
debate concerning the nosology of PD. Although this is
proposed in order to escape the taxonomic confusion, it
will be useful and convenient for clinicopathological
understanding and communications on this disease, which
will provide a unified framework shared among those
interested in this disease.

HOW TO IDENTIFY AND DEFINE
NEUROLOGICAL DISEASES IN THE
AGING BRAIN

A diagnostic guideline for a certain disease is usually based
on its original description. Clinical criteria are sometimes
useful but they do not always provide a firm basis on which
to delineate the disease and one may usually ask for patho-
logical alterations that corroborate the specificity of the
disease in order to define it more precisely. One of the dif-
ficulties in defining PD is that its original description dealt



Pick body disease and Pick syndrome

Table 1 Guide to establishment of diagnostic criteria

319

Basis for definition

Extent/quantity of the lesion

Concept of disease entity

Examples Alzheimer’s disease Pick’s disease
Lewy body disease ALS-D
Tangle-only dementia CBD/PSP
Nature of definition Operational Conceptual
Measure for definition Quantitative Qualitative
Age-related change Linked Not linked
Threshold Through statistics No threshold
Diagnostic inference Probabilistic All or non

Exceptional cases
Criteria

Inherently present
Resistant to falsification

May change the concept
Fragile, if falsified

ALS-D, amyotrophic lateral sclerosis with dementia; CBD, corticobasal degeneration.

mainly with aphasic symptoms and its possible link to a cir-
cumscribed atrophy of the cerebral cortex without provid-
ing microscopic data.® This left a considerable ambiguity,
which, in turn, allowed a wide variety of interpretations by
subsequent researchers with different viewpoints.'®
Neuropathological examination of the brain is some-
times hampered by concomitant lesions such as senile
plaques (SP), NFT and Lewy bodies, each believed to be
linked to the aging process.!""** Sound interpretation there-
fore, should take these lesions into consideration so that
pathological processes out of these aging-associated
changes can be isolated. As shown in Table 1, several dis-
eases are characterized by these aging-associated changes
by themselves, Therefore, criteria for these diseases are
obliged to deal with the quantity of the lesions in question.
One of the practical and prevailing approaches is a statis-
tical analysis of these quantitative data to define a thresh-
old.”? This is, however, just an operational threshold that
is tentatively agreed to discriminate a disease-equivalent
quantity from the normal range but represents neither the
cause nor entire process of the disease. When this statistics-
based evidence is applied to the diagnosis, one should be
aware that this probabilistic attitude inherently is not free
from a diagnostic error, defined as sensitivity and specific-

ity. For example, the abundance of SP that fulfills the

criteria for AD could be found in a small fraction of indi-
viduals without dementia."** A similar discrepancy can be
found with NFT or Lewy bodies.’*?®# Moreover, applica-
tion of the same protocol does not always reach the same
diagnosis because the definition of a threshold is greatly
influenced by the procedures that visualize lesions in
question, but differently organized in each laboratory.
What is worse, different experts, even when dealing with
the same histological section, may report conflicting
interpretations.®*

On the contrary, several abnormal pathological struc-
tures are never encountered during normal physiological
aging. Examples of this are PB in PD,” Bunina bodies in
amyotrophic lateral sclerosis {ALS) and ubiquitin-positive

inclusions in ALS with dementia (ALS-D).?*? One of the
diagnostic hallmarks for AD is NFT. Their appearance in
the motor cortex, basal ganglia and in pontine nuclei, how-
ever, is not usual in AD or in aging brains, thus they could
be a hallmark for PSP® They are then reliably incorpo-
rated into the diagnostic criteria if they are the principal
hallmark for the disease. Here, again, we are still con-
fronted with a difficulty in defining PD because it remains
to be determined whether PD can be defined based merely
on the presence of PB*

PICK-TYPE ATROPHY ORPB, AS A
MORPHOLOGICAL SUBSTRATE FOR PD?

Onari and Spatz proposed their definition of PD in 1926.%
Following is a summary of their criteria.

1 Macroscopic atrophy in the temporal or frontal lobe.

2 Characteristic preservation of the first temporal gyrus,
transverse gyrus and Ammon’s horn.

3 Primary degenerative changes in the cortical gray mat-
ter, with concomitant involvement in the corresponding
white matter.

4 Neuronal depletion accentuated in the superficial corti-
cal layers I-1I1a.

5 Occasional presence of ballooned neurons.

6 Absence of atherosclerosis, inflammatory changes, NFT
and SP.

7 Occasional presence of PB (Die argentophilen Kugeln
Alzheimers), that are not influential on the entire clinico-
pathological features.

Their criteria relied heavily on macroscopic findings,
which presumably correspond to clinical manifestations,
while the presence of PB or ballooned neurcns were con-
sidered to be not influential on this atrophy and clinical
picture. In the former half of the 20th century, even
gross morphological changes were not detectable before
autopsy. It is important to reconsider that it is only recently
that clinicians have access to macroscopic findings of the
brain before autopsy. Neuropathologists in those days
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therefore payed equivalent attention to both macroscopic
and microscopic findings, and trained neuropathologists
could sometimes be so confident of their macroscopic diag-
nosis that microscopic examination was not always consid-
ered necessary, as declared in an anecdote ‘Low-power
pathologists have a high power’ (MP Valsamis, pers.
comm., 1995) Tt was therefore reasonable that Onari and
Spatz considered the characteristic clinical picture and cor-
responding cortical atrophy as a combined hallmark for
PD, rather than inconsistent and less influential micro-
scopic lesions, probably expecting that PD could be placed
in recognizable contrast to AD.* Indeed, this concept
gradually gained acceptance and has been useful for clini-
cal diagnosis and corresponding pathological verification
as PD. After introduction of brain imaging, however, it is
the clinician who is the first to be aware of the distribution
of atrophy in the living patients.* Nowadays neuropathol-
ogists are not only informed of the distribution and extent
of brain atrophy but alsc even of functional status of the
brain before the autopsy. This innovation in imaging during
clinical diagnosis allowed clinicians to gain access to the
macroscopic findings of the diseased brain prior to neuro-
pathologists. Needless to say, it is still essential for the neu-
ropathologists to pay attention to macroscopic findings of
the brain. However, macroscopic observation are now
open to clinicians and some say that in vivo observation
through brain imaging may even be closer to the reality
than the post-mortem examination. Microscopic observa-
tion is now the sole remaining field wherein neuropathol-
ogists are the exclusive interpreters. This presumably
prompted neuropathologists to concentrate on micro-
scopic findings in more detail.

Pick body disease with or without dementia

Although it has been reported as if cases with PB were
always associated with typical cortical atrophy as described
by Onari and Spatz, subsequent studies, however, identi-
fied several patients with PB having a distribution of cor-
tical lesions that was different from those described by
Onari and Spatz. For example, a circumscribed atrophy
of the parietal cortex has been described by different
authors.*** A degenerative process with PB accentuated in
the convexity of the frontal lobe was described in a patient
diagnosed as having depressive state without dementia.”
These examples indicate that the presence of PB is not
restricted to patients with typical clinical presentation of
dementia but is extended to other cases with cortical dys-
function not necessarily related to dementia. If we labeled
these patients without dementia with the diagnosis of PD it
would be very confusing because PD has been considered
to represent a kind of dementing disease different from
AD. One of the ways to circumvent this confusion is to use

T Uchihara et al.

the diagnostic term ‘Pick body disease’, which is linked
directly to the mere presence of PB regardless of the clin-
ical presentation.” In most cases the presence of PB corre-
lated with typical clinical presentation with dementia but is
to be extended rarely to other clinical manifestations not
necessarily related to, dementia. Once the designation of
‘Pick body disease’ is employed, this terminology is not
only convenient to avoid unnecessary confusion regarding
the non-demented cases with PB but also suggests a patho-
logical cascade shared among cases characterized by the
presence of PB.

Pick syndrome as a time-honored
clinicopathological entitiy

Isit then reasonable to abandon the name of PD because of
its ambipuity after employment of Pick body disease?**
The authors’ understanding is that PD is a clinicopatholog-
ical entity, as defined by Onari and Spatz, with special
reference to clinical picture of dementia and the corre-
sponding atrophy in the cerebral cortex, irrespective of the
presence of PB* Clinical diagnosis of PD therefore may be
useful and acceptable for patients with characteristic
dementia and cortical atrophy typical for PD as initially
delineated by Onari and Spatz.® Furthermore, it will well
characterize the clinical picture better than the more
loosely defined term ‘frontotemporal dementia’ (FTD)
because the latier potentially includes a wide variety of
dementias, with that of highest severity named ‘Pick-type
FTD’, to very mildly demented patients mostly recognized
as ALS-D.*! We agree that FTD is a convenient diagnostic
flag that includes a wide range of non-Alzheimer-type
dementias. This convenience may, however, potentially
obscure the clinical features of time-honored characteris-
tics of PD, in return.”* But even if these cases are called
PD, another ambiguity arises as to whether this diagnosis
implies the presence of PB in addition to the clinical picture
or whether it describes characteristic dementia with corre-
sponding atrophy irrespective of the presence of PB. One of
the ways to avoid this confusion will be to use the term ‘Pick
syndrome’, which has no semantic relevance to PB. It is
now known that other defined entities, such as corticobasal
degeneration (CBD),* dementia with argyrophilic grains®
and ALS-D,* possibly exhibit severe cortical involvement,
clinically indistinguishable from PD. Pick syndrome will
potentially include these situations irrespective of the
microscopic findings. Arnold Pick, one of the greatest
neurologist-psychiatrists to date,” will supposedly be much
more satisfied if this characteristic dementing condition is
still being crowned with his name rather than having his
name confined to tiny intraneuronal inclusions. Authors
will be happy if he agrees to our proposal to use his name
for ‘Pick body disease’, as well as 'Pick syndrome’.
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Eigentiimliche Fibrillenveriinderunyg der Ganglieuzelien In einem Fall
von umschriebener seniler Atrophie. Biclsrhiowsky-Prapurat,

Fig.1 Argentophilic inclusions (PB) initially described by
Alois Alzheimer (Bielschowsky preparation).

Fig.2 Silver-staining of PB in the pyramidal neurons of
hippocampus. (A) Bielshowsky staining; (B) Bodian staining,
(Bar =20 pm).

PICK BODIES

Argyrophilia and 3-D structure of Pick bodies

In order to employ the PB as a diagnostic flag, it is neces-
sary to clarify the nature of PB in order to be readily appli-
cable for morphological diagnosis. It was Alois Alzheimer
who first identified argyrophilic inclusions in the neurons in
a brain with circumscribed atrophy.”® He labeled this incle-
sion Fibrillenverinderung (Fig. 1) but it was later proved to
be different from NFT seen in AD brains and is currently
called PB. This original description by Alzheimer was
based on sections stained with the Bielschowsky method
(Fig. 2A). Pick bodies are usually round with an occasional
indentation in the aspect facing the nucleus.”® The argyro-
philic property of PB is sometimes intensified at the
periphery, which is readily detectable on Bodian-stained
sections (Fig.2B). Argyrophilia inside the PB is usually
homogeneous but sometimes exhibits discontinuity or
unstained regions, as initially noted by Alzheimer (Fig.1
upper left; Fig. 2A).%

Pick bodies are intensely labeled with anti-tau antibod-
ies but ubiquitin-like immunoreactivity is inconsistent.*=2

321

Fig.3 Immunostaining with anti-paired-helical filaments tau
(ATS) visualized with fluorescein-isothiocyanate and their 3-
D reconstruction. (A) Original upper view. Serial optical sec-
tion parallel to (A) were obtained at an interval of 0.1 pm to
include the entire structure of PB. These images were recon-
structed using software (3D-volume, Ratoc, Tokyo, Japan) to
be observed as front view (B) or side view (C), at any arbitrary
plane, indicated with white lines. {Bar = 10 pm).

Immunofiuorolabeling with an anti-paired-helical fila-
ments tau antibody (AT8) clarified that there are some PB
with their tau-like immunoreactivity intensified at their
periphery, leaving their central portion less stained (Fig. 3).
Serial optical sections at an interval of 0.1 pm were
obtained with a confocal microscope (TCS/SP, Leica,
Heidelberg, Germany) from the immunofluoclabeled sec-
tions, so that the entire structure of the PB is to be
reconstructed on a 3-D basis on specialized software
(3D-Volume, Ratoc, Tokyo, Japan) run on a Windows plat-
form. As was seen with the Bodian method (Fig. 2B), tau-
like immunoreactivity in the PB was intensified at the
periphery, leaving the central portion less stained. This is
compatible with the electron-microscopical observation on
PB that the fibers are sometimes more crowded at the
periphery of the PB.»

Silver staining methods and their possible relation
to tau-isoforms

We should, however, pay attention to argyrophilia of the
PB, which is highly dependent on the staining procedure
employed. The Bodian method and Bielschowsky method
are appropriate to stain PB. Figure 4 demonstrates double-
stained fluorescence with AT8-FITC (Fig. 4B) and thiazin
red (Fig. 4A), a fluorochrome that has an affinity to fibril-
lary structures such as NFT or Lewy bodies. After the
double-fluorescence image was recorded, the section was
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Bodian s t= = = =
|

I
3 repeat 3 ripeat 1 predominant
drepeat |  d4repeat  tau isoforms
m————— '-t-—. Gallyas :
| |
' AD ’
Pick bodies - DNTC ' CBD/PSP

' Down syndrome | argyrophilic grains

Fig.5 Tau-positive structures in neuron and their argento-
philic property with possible relation to tau isoforms. The PB
are predominantly of three-repeat tau pathology, preferen-
tially stained with Bodian over Gallyas method. Neuronal tau-
positive structures in corticobasal degeneration (CBD) and
argyrophilic grains are of four-repeat tau pathology, preferen-
tially stained with Gallyas over Bodian method. The NFT in
AD, diffuse NFT with calcification (DNTC) and Down syn-
drome are of mixed three- and four-repeat tan pathology,
stained with both the Gallyas and the Bodian method.

subjected to the Gallyas method and the same structures
were identified (Fig.4C) to examine the relationship
between fluorescent signals and the argyrophilia. This pro-
cedure demonstrated that AT8-positive PB were rarely
stained with the Gallyas method.® Table 2 shows the
quantitative data that demonstrate the difference in the
staining profiles in so-called degenerative tauopathies. It is
apparent that most of the PB are characterized by the
paucity of argyrophilia with the Gallyas method
(38.3% +28.2% =66.5%; Table 2, [0} while other tau-
positive structures including pretangle neurons, NFT of
AD and of diffuse NFT with calcification, and tau-positive
neurons in the CBD are intensely stained with the Gallyas
method (Table 2,173). On the contrary, the Bodian method
stains PB and NFT while tau-positive neurons in CBD are
rarely stained with the Bodian method.” Figure 5 demon-
strates the overall relation between tau-positive structures
and their argyrophilia. The Bodian method stains PB but
not tau-positive structures in CBD. In contrast, the Gallyas
method stains tau-positive structures in CBD, and argyro-

T Uchihara et al.

Fig.4 Hippocampal dentate gyrus of
Pick body disease. (A) Thiazin red (TR},
a fluorochrome with affinity to fibrillary
structure; (B) Anti-paired-helical fila-
ments tau (AT8) immunoreactivity; (C)
the same microscopic field as (A,B) on
the same section stained with the Gall-
yas method. The affinity of PB to TR
and the Gallyas method is highly vari-
able. AT8 immunoreactivity accompa-
nied by TR and Gallyas (*) is
exceptional. Some are positive only for
ATS8 (arrow) or accompanied by Gallyas
method (arrowhead), Bar =50 um.

philic grains, both of which are less intensely stained with
the Bodian method. The NFT are stained with both the
Gallyas method and the Bodian method. It has been erro-
neously considered that the Gallyas method is far more
sensitive than the Bodian method in detecting tau-positive
structures irrespective of the lesions. Our observation,
however, indicates that the difference of these two silver
staining methods is based on the different nature of the
lesions®®" rather than difference in the sensitivity. One of
the recent advances in classifying these degenerative tau-
opathies is based on the biochemical nature of tau accord-
ing to its molecular species, three-repeat or four-repeat
tau. If a major tau abnormality in PB disease is predomi-
nantly related to its three-repeat isoform,” then the pref-
erential affinity of PB to the Bodian method with scarce
affinity to the Gallyas method {Bod+/Gal-) may corre-
spond to this biochemical abnormality. It is interesting that
tau-positive structures in CBD® and argyrophilic grain
disease® both related to an abnormality in four-repeat tau,
are conversely stained preferentially with the Gallyas
method (Bod-/Gal+). This possible correlation between
tau isoforms and argyrophilic profiles {Bod+/Gal- for
three-repeat and Bod—/Gal+ for four-repeat tau pathol-
ogy) is still compatible with NFT, with mixed three- and
four-repeat abnormality, because they are stained with
both the Bodian and Gallyas method (Bod+/Gal+).* Up
to now, almost all antibodies against tau immunolabel
these structures. Although distinction of these tauopathies
with tau-immunohistochemistry is a challenge for neuro-
pathologists, no immunohistochemical approaches avail-
able to date have been very successful in discriminating
these differences. In contrast, it is possible to classify these
tau-immunoreactive structures further with silver staining
methods in a disease-specific fashion. We know little
of how these silver staining procedures display
argyrophilia®®* to some characteristic pathological struc-
tures relevant to specific pathological conditions. This lack
of molecular explanation is one of the major criticisms
from modern neuroscientists, convinced that procedures,
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Table 2 Tau-like immunoreactivity and its relation to argyrophilia by Gallyas method

Gallyas = = +

AT8 + + +

Th. Red - + -

PBD (n=4) 42,0 31.0 19

(%) (38.3) (28.2) (1.8)

CBD (n=6) 0.1 0 S B
(%) (0.5) (0) 1 {70.8)

AD (n=35) 0.2 0 : 1.7

(%) (0.3) © | (23)

DNTC (n=3) 0 03 ) 01

(%) {0) 0.2) S I

+ + - Per 10 fields
+ - +

26.6 03 7.6 04 109.8
(242) 0.2} 6.9) (0.4)

2 6 T T o) 16.1
(12.3) (0) (16.4) 0

46.1 232 0.9 21 : 743
(62.0) (31.3) (1.2) (2.8)

21.7 71.8 247 03, 118.9
(18.2) (60.4) (20.8) 02!

Staining profiles of each structure classified according to Gallyas method, anti-paired-helical filament tau anitbody (AT8) immunoreactivity, and
fluorescence from thiazin red (Th. Red). Most of the PB are {(7) AT8+/Gallya—, while other ATS-positive structures are ({..}) also positive for
Gallyas {AT8+/Gallyas+). PBD, Pick body disease; CBD, corticobasal degeneration; DNTC, diffuse neurofibrillary tangles with calcification.

Moadified from Uchihara et al

such as silver staining, are not reliable. It is, however, obvi-
ous that additional procedures will give additional infor-
mation from different viewpoints as we demonstrated with
different silver staining methods on tau-positive structures.
This kind of information, even without molecular explana-
tion, could be sometimes useful in identifying lesions and
their pathological differentiation. Moreover, the immuno-
histochemical approach could be as unstable as silver
staining and its biased attention to a single epitope will
make the examiners blinded to factors other than the
epitope under current interest. Sound interpretation will
therefore be maximized when several techniques, classical
stainings, silver stainings and immunohistochemical proce-
dures are combined.

CONCLUSIONS

Diagnostic criteria for PD have been confronted with crit-
icisms from different viewpoints, This confusion is derived
from an ambiguity of this term that may potentially imply
either purely histological findings, such as PB, or a clinical
syndrome that could occur even in the absence of PB. We
then propose the diagnostic term ‘Pick body disease’ to
designate cases with characteristic argyrophilic inclusions
purely on histological grounds. In parallel, it will be con-
venient to use ‘Pick syndrome’ to describe the time-
honored clinical features because PD may possibly imply
the presence of PB rather than the clinical features. This
parallel terminology will be convenient in avoiding taxo-
nomic confusion around PD. Recent biochemical analysis
clarified that Pick body disease is linked to a modification
of three-repeat tau protein. A possible association of this
biochemical abnormality to preferential staining with the
Bodian method is in contrast with preferential staining
with the Gallyas method on four-repeat tau abnormality in
CBD or in argyrophilic grain disease. This discrimination

may reflect some distinctive pathological processes and
could be useful, at present, for diagnostic differentiation.
Immunohistochemical examination combined with silver-
stained features in relation to biochemical findings will give
a comprehensive understanding of the disease process. This
will be not only helpful in making the diagnostic criteria
more precise but also in understanding characteristic
aspects of the disease processes.
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Abstract

In polyglutamine diseases, accurnulation in the nucleus of mutant proteins induces the formation of neuronal intranuclear inclusions (NIIs). The
nucleus is compartmentalized into structural and functional domains, which are involved in NII formation. Promyelacytic leukemia protein (PML),
a major component of nuclear bodies, and mSin3A, a component of the transcription co-repressor complex, were used to investigate how the
intranuclear domains/sites relate to NI formation in SCA2, SCA3, SCA7, SCA17 and DRPLA brains. We demonstrate that the size of
PML-positive intranuclear structures was larger in pathological brains than in control ones and that these structures contained mutant proteins. PML

colocalized only with small NIIs, which maintained the ring-like structure of normal nuclear bodies. Enlarged ring-like PML-puositive structures,
devoid of mutant proteins, were also found and might represent structures where mutant polyglutamine proteins have been successfully processed.
These data suggest that NIIs originate from nuclear bodies, where mutant proteins accurnulate for degradation.

@ 2003 Elsevier Science (USA). All rights reserved.
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Introduction

Polyglutamine diseases, including spinocerebellar ataxia
1,2, 3, 6,7, and 17, Huntington's disease, spinal and bulbar
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muscular atrophy, and dentatorubral pallidoluysian atrophy
(DRPLA) are hereditary neurodegenerative disorders
caused by CAG repeat expansions encoding polyglutamine
stretches (Fujigasaki et al., 2001; Nakamura et al., 2001;
Zoghbi et al., 2000). Although the pathophysiological
mechanisms of the polyglutamine diseases still remain to be
elucidated, a common pathological hallmark, formation of
neuronal intranuclear inclusions (NIIs), may be closely re-
lated to their pathogenesis (Ross et al,, 1998). NiIs are
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ubiquitinated and contain proteosomal subunits, indicating
that the NIIs are formed when misfolded mutant proteins are
degraded through the ubiquitin-proteosome pathway (Chai
et al., 1999; Cummings et al., 1998; Stenoien et al., 1999;
Wyttenbach et al., 2000). NI formation takes place in the
nucleus, and several nuclear proteins, such as transcription
regulators, have been detected in the NIIs (Bouteli et al.,
1999; McCampbell et al., 2000; Shimohata et al., 2000;
Wood et al., 2000). These nuclear proteins are often com-
partmentalized into organized structural and functional do-
mains (Dundr et al., 2001). Recent studies have shown that
polyglutamine proteins are associated with these functional
intranuclear structares, which might therefore be involved
in NII formation. One of the most important intranuclear
structures, referred to as “nuclear bodies™ (NBs), is distrib-
uted throughout the nucleus with a speckled pattern. Al-
though the function of the NBs remains unknown, they have
been proposed to be involved in many cellular processes,
such as transcriptional regulation, growth suppression and
apoptotic cell death (Seeler et al., 1999; Zhong et al., 2000).
Promyelocytic leukemia protein (PML), an essential cormn-
ponent of NBs, has been shown to localize to NIIs in both
in vitro and in vivo studies. When mutant ataxin-1 induces

- the formation of nuclear aggregates in cellular models, PML
redistributes to the aggregates (Skinner et al., 1997) and
mutant ataxin-3 and mutant ataxin-7 colocalize with PML in
transfected cells (Chai et al., 1999; Kaytor et al., 1999; Tait
et al, 1998). In human brains, NIIs observed in SCA3,
SCA7 and DRPLA are colocalized with PML in a charac-
teristic pattern. Yamada et al. have shown that when there
are several NIIs in a neuron, PML is found in only one of
them (Yamada et al.,, 2001a; Yamada et al., 2001b). Cur
previous study on SCA7 brains demonstrated that only
small NIIs contain PML (Takahashi et al.,, 2002). This
observation suggests that NBs accumulate ataxin-7 and
form small NIIs that gradually lose their characteristic fea-
tures as the mutant polyglutamine-containing protein accu-
mulates and the size of the NIIs increases. Recent studies
showing that NBs are associated with the ubiquitin protea-
some pathway and might be sites of protein degradation in
nuclei (Everett et al,, 1997; Lallemand Breitenbach et al.,
2001; Mattsson et al., 2001; Reyes, 2001) suggest that NB
could be involved in the processing of pathological poly-
glutamine proteins.

Several transcription factors and co-factors, which are
compartmentalized into intranuclear domains/sites, are re-
cruited into NIIs. GREB-binding protein (CBP), a transient
component of NBs, is entrapped in NIIs (Nucifora et al.,
2001; Shimohata et al., 2000). The transcription co-repres-
sor mSin3A, which forms a complex of repressor proteins
including the N-terminal region of the nuclear receptor
co-repressor (N-CoR) and histone deacetylases (Boutell et
al., 1999}, is recruited into a subset of NIIs of Huntington’s
disease. Since N-CoR potentially interacts with huntingtin
(Boutell et al., 1999), its recruitment into NII could occur
through the formation of the co-repressor complex, suggest-

Table 1
Summary of clinical findings of the patients
Gender Age at onset -Age at death
SCA2 Patient 1 M 30 50
Patient 2 F 27 48
Patient 3 M 47 57
SCA3 Patient 4 F 42 64
Patient 5 M 22 36
Patient 6 F 25 42
Patient 7 F 27 40
Patient 8 F 37 51
SCA7 Patient 9 M 5 10
SCA17 Patient 10 F 17 49
DRPLA Patient 11 F 4 24
Patient 12 F 33 46

ing that the nuclear domains containing transcription co-
repressors are also involved in the process of NII formation.

In this study, we examined autopsied brains of SCA2,
SCA3, SCA7, SCA17 and DRPLA cases and extended our
previous results obtained on SCA7 brains showing that
PML/NBs are commonly associated with NII formation in a
size-dependent manner in the 5 types of polyglutamine
disease. We also found that recruitment of mSin3A into
NIIs was common to all of the polyglutamine diseases
examined, but with different frequencies. We discuss how
the two different intranuclear domains/sites, NBs and tran-
scription co-repressor complexes, relate to the formation of
NIIs in different types of polyglutamine disease.

Patients and methods

Brains obtained at autopsy from 3 patients with SCA2, §
patients with SCA3, 1 patient with SCA7, 1 patient with
SCA17, 2 patients with DRPLA and 5 controls (aged 27 to
93; mean, 64.0) were available for this study. Clinical find-
ings in the patients were summarized in Table 1. All of them
died from pneumonia,

Immunohistochemistry

Formalin-fixed paraffin-embedded blocks of the pontine
nucleus of all cases and frontal cortex of the SCA17 case
were cut and used for immunohistochemical staining. Since
NIIs were very rare in the pontine nucleus of the SCA17
patient, sections of frontal cortex were used for quantitative
analysis. The following antibodies were used: anti-ataxin-2
{dilution 1:100, mouse monoclonal clone 15F6, IgM class:
Imochem, Christchurch, New Zealand), anti-ataxin-3 (dilu-
tion 1:1,000, rabbit polyclonal) (Fujigasaki et al., 2000),
anti-ataxin-7 1C1 (dilution 1:10,000, mouse monoclonal)
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(Yvert et al., 2000), anti-TATA box binding protein (TBP)
(dilution 1:500, rabbit polyclonal, Santa Cruz Biothech,
Santa Cruz, CA, USA), anti-atrophin-1 (dilution, USA
1:800, goat polyclonal) (a gift from Dr. CA Ross, Johns
Hopkins University School of Medicine, Baltimore, USA),
anti-polyglutamine 1C2 (dihztion 1:8,000, mouse monoclo-
nal, USA Chemicon, Temecula, CA, USA), anti-PML (di-
lution 1:200, chicken polyclonal) (Daniel et al., 1993), anti-
m3in3A (AK-11) (dilution 1:200, rabbit polyclonal, Santa
Cruz Biothech, Santa Cruz, CA, USA). To expose the an-
tigenic epitopes, sections were autoclaved in 10 mM citrate
buffer (pH 6.0) for 10 min and immersed in 1% periodic
acid for 15 min. If necessary, they were then immersed in
99% formic acid for 5 min. After the pretreatment, the
sections were incubated with one of the primary antibodies,
then with biotinylated secondary antibodies and horseradish
peroxidase conjugated streptavidin, Diaminobenzidine was
used as the chromogen (DAKQ ChemoMate Detection kit,
DAXKO, Glostrup, Denmark).

The size of intranuclear aggregates/structures stained
with anti-PML and 1C2 antibodies were measured as pre-
viously described (Takahashi et al., 2002). Microscopic
fields (X 1000 magnification) of the immunostained sections
were visualized on a monitor. The long axes of NIIs were
plotted manually and measured automatically with an image
analyser (VisioScan Biocom, Les Ulis, France), Aggregates
smaller than (.5 um were excluded from this analysis. In
SCA3 and SCA7 cases, 50 intranuclear aggregates stained
with the anti-PML and 1C2 antibodies were examined in
each section. In SCA2, SCA17 and DRPLA cases, 20 ag-
gregates were examined. Differences between the sizes of
the immunopositive intranuclear aggregates labelled by the
anti-PML and the 1C2 antibodies were evaluated by non-
parametric analysis using the Mann-Whitney test. To esti-
mate the maximum size of normal NBs, the size of PML-
immunoreactive intranuclear structures was determined in
200 neurons in each normal control case.

Double immunofluorescent labelling was performed to
examine the colocalization of mutant polyglutamine pro-
teins (revealed by 1C2) with PML. The secondary antibod-
ies were anti-mouse IgG or anti-chicken IgG antibodies
coupled with FITC (emission peak 525 nm) (Amrad Rio-
tech, Victoria, Australia) or with Cy3 (emission peak 568
nm) (Jackson Immunoresearch, West Grove, PA). The
slides were examined with a Leica TCS 4D confocal mi-
croscope. 1C2- or PML-immunopositive intranuclear aggre-
gatesfstructures were examined in the double immuno-
stained sections to estimate the frequency of colocalization
of these two proteins in the same structures. In this analysis,
first, PML immunoreactive ring-like structures (=0.5 ym)
were detected and their immunoreactivity to 1C2 was ex-
amined. Then, unambiguous 1C2-immunereactive intranu-
clear aggregates (=0.5 um) were identified and their im-
munoreactivity to PML was examined. Ten (SCA2, SCA3
and DRPLA) or twenty (SCA7 and SCA17) 1C2- or PML-

immunopositive intranuclear aggregates/structures were ex-
amined in each case.

Consecutive sections stained with anti-mSin3A and the
1C2 antibodies were used to estimate frequency of mSin3A
immunopositive NIIs. Microscopic fields (<400 magnifica-
tion) of each section were displayed on the monitor as
described above. The total number of neurons and the num-
ber of neurons containing-unambiguous NIIs were counted
until at least 200 neuwrons were encountered. When the
frequency of NIIs stained with at least one of the two
antibodies was less than 1%, counting was continued until at
least 500 neurons were examined. The number of unlabelled
neurons and of neurons containing inclusions labelled with
anti-mSin3A or the 1C2 antibody was tabulated in a con-
tingency table. The difference between the number of neu-
rons immunolabelled with anti-mSin3A and the 1C2 anti-
body was tested using Fisher's exact test.

Results

Distribution of the proteins in control cases

In normal neurons, ataxin2-like immunoreactivity (IR)
was found in both nuclei and cytoplasm. Ataxin3-like IR
was granular and mainly found in the cell body of the
neurons. Ataxin-7 was found in cell bodies and sometimes
in nuclei of neurons. Fine granular TBP-like IR was de-
tected mainly in the cytoplasm of neurons. Atrophin-1-like
IR was finely granular in normal neuronal nuclei. No obvi-
ous staining by the 1C2 antibody was found in normal
neurons. The nucleus of the neurons contained several (5 to
15} small PML-immunoreactive dots, which corresponded
to NBs. The maximum size of PML-immunoreactive in-
tranuclear structures in the 5 normal control cases ranged
from 0.62 to 0.83 ym (mean 0.73 pm). The mSin3A jm-
munoreactivity was found mainly in the cytoplasm of the
neurons. Diffuse or granular nuclear staining was observed
in only a few neurons,

Mlls in SCA2, SCA3, SCA7, SCA17 and DRPLA

Nlls labelled with the 1C2 antibody and antibodies di-
rected against the corresponding polyglutamine proteins
{ataxin-2, 3, 7, TBP, atrophin-1} were found in all cases.
Although NIIs from each case were immunoreactive for
ataxin-2, 3, TBP and atrophin-1, ataxin-7 was found only in
NIIs from the SCA7 case.

Sizes of PML and 1C2 immunoreactive intranuclear
aggregates

Our previous study in the cerebral cortex of SCA7 pa-
tients demonstrated that PML is preferentially found in
small NIIs (Takahashi et al., 2002). We therefore deter-
mined the size distribution of aggregates labelled by the
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Table 2
Size of the !C2 and PML positive intranuclear aggregates/structures

Sizes of intranuclear aggregates/structures
()

1c2 PML

Min Max Mean Min Max Mean

SCA2 Patient 1* 1.1 36 2.5 078 26 1.3
Patient 2* 1 4.1 25 0.84 22 13
Patient 3* 086 4.6 28 063 26 14
SCA3 Patient 4% 09 41 2 05 25 1.3
Patient 5* 082 37 19 078 22 1.5
Patient 6* 035 458 1.8 0.85 2 1.5
Patient 7* 032 41 2 0.8 29 16
Patient 8* 082 3% 2 09 23 15
SCA7 Patient 9* 057 43 23 064 29 12
SCA17  Patient 10* 13 32 22 1 24 15
DRPLA  Patient 11* 12 31 2 1.2 31 1.9
Patient 12** 12 3.7 21 1 32 19

Non-parametric analysis using the Mann-Whitney test showed that the
size of intranuclear aggregates/structures detected by the anti-PML anti-
body was significantly smaller than those detected by the 1C2 antibody (* p
< 0.001, **p < 0.02). Aggregates smaller than 0.5 mm were excluded
from this analysis.

anti-PML and 1C2 antibodies in other polyglutamine dis-
eases to sce whether PML showed the same distribution as
in SCA7 (Table 2). In all cases examined, some neurons
contained large PML-immunopositive structures (>1.0
m), which were not observed in normal control cases. The
maximum size of these structures found in SCA2, SCA3,
SCA7, SCA17 and DRPLA was 2.6, 2.9, 2.9, 24 and 3.2
jum, respectively. In contrast, the maximum size of the NIIs
visualized by the 1C2 antibody was 4.6, 4.6, 4.3, 3.2, and
3.7 um in SCA2, SCA3, SCA7, SCAL7 and DRPLA, re-
spectively. The size of intranuclear aggregates/structures
detected by the anti-PML antibody was significantly smaller
than that detected by the 1C2 antibody in all the cases
examined except one case with DRPLA. Although struc-
tures detected by the 1C2 and the anti-PML antibodies were
not always colocalized as described in the next section, the
significant difference in size suggests that PML is rarely
associated with large NIIs.

Colocalization of PML and expanded polyglitamine

Images obtained by confocal microscopy demenstrated
that PML-like IR was found in only a subset of NIIs (Table
3, left half column) and frequently in small NIIs {Fig. I,
A—C and D-F). In the NIIs, PML-IR was often accentuated
at the periphery of the structures and showed the ring-like
appearance previously reported in SCA3, SCA7 and DR-
PLA (Fig 1, B, E and H). However, these large PML
ring-like structures did not aiways contain the 1C2 epitope
(Fig 1, G-I) and the frequency of colocalization varied
among cases (Table 3, right half column). Although the
number of cases examined in each disease was limited, there

was a tendency for the frequency of co-localization to vary
according to the type of diseases. In all SCA3 cases, the
frequency of PML positive structures containing the 1C2
epitope was high. In contrast, =50% of them were co-
localized with the 1C2 epitope in SCA2 cases.

Frequency of mSin3A positive Niis

NIs positive for mSin3A were found in SCA2, SCA3,
SCA7, SCA17 and DRPLA brains. To assess the frequency
of NIIs containing mSin3A, sections stained with the anti-
mSin3A and 1C2 antibodies were examined. mSin3A was
preferentially recruited into NIIs in DRPLA (Table 4) (Fig.
1, J and K). In SCA2, SCA3 and SCA7 cases, there were
significantly fewer mSin3A- than 1C2-immunopositive
NIIs. In SCA17, the frequency of NIIs was too low to be
statistically significant (p = 0.064).

Discussion

In all polyglutamine diseases examined in this study,
PML-immunopositive intranuclear structures were larger
than in controls, Indeed, NBs in controls are mostly =<1 pm
in size, whereas the mean size of PML-positive structures
was greater than 1.2 ym in all cases. In addition, a variable
proportion of PML containing structures colocalize to NII,
which contain abnormal polyglutamine protein, suggesting
that NBs are associated with NII formation in the 5 types of
polyglutamine disease examined. As NIIs observed in poly-
glutamine diseases are ubiquitinated and contain protea-
some subunits, it has been proposed that NII formation
represents a cellular reaction to reduce polyglutamine tox-
icity, possibly through the ubiquitin proteasome protein

Table 3
Frequency of co-localization of 1C2 and PML in intranuclear
aggregates/structures

1C2-positive PML-positive
aggregates structures
PML(+) 1C2(+)
SCA2 Patient 1 210 210
Patient 2 1/10 4/10
Patient 3 1710 5/10
SCA3 Patient 4 ) 10/10
Patient 5 6/10 10110
Patient § 0 10/10
Patient 7 4/10 9/10
Patient 8 510 10/10
SCA7 Patient ¢ 6/20 17720
SCAL7 Patient 10 3720 2120
DRPLA Patient 11 37110 8/10
Patient 12 6/10 710

First, 1C2-positive intranuclear aggregates were detected and their im-
munoreactivity to PML was examined (left column). Then, PML-positive
intranuclear structures were detected and their immunoreactivity to 1C2
was examined (right column). +strongly immunoreactive,
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Fig. 1. (A-I) Double labelling with antibodies against polyglutamine (1C2) and PML. (A,D,G: 1C2, B, E, H: PML, C,F, I: merged.). In SCA2 (A-C: pontine
nucleus) and SCA3 (D-F: pontine mucleus) brains, only the smaller of the two NIIs was colocalized with PML. Note that PML surrounded the
1C2-immunopositive NIIs, in a ring-like structure, Large rin g-like PML-positive structures did not contain the 1C2 epitope, in the SCAL7 brain (G-I frontal
cortex). (J, K) mSin3A immunolabelling in DRPLA (J: pontine nucleus) and SCA7 (K: pontine nucleus) brains. mSin3A immunoreactive NIIs were
frequently observed in DRPLA (arrows). In SCA7, m3in3A immunoreactive NTIs were rare. Note that NI remained unstained by anti-mSin3A antibody

(arrow).

degradation pathway (Cummings et al., 1999; Klement et
al,, 1998; Kuemmerle et al,, 1999; Saudou et al, 1998).
Recent studies have shown that NBs might also serve as
sites for protein degradation in nuclei. Anton et al. demon-
strated that mutant forms of influenza virus nucleoprotein
accumulate in NBs, when treated with proteasome inhibi-
tors (Anton et al., 1999). Considering that PML is a RING
finger protein, which is proposed to act as a E3 ubiquitin
ligase (Freemont, 2000; Reyes, 2001), it could be invelved
in the degradation of abnormal polyglutamine proteins
through formation of NII In a previous study using SCA7
brains, we have demonstrated that PML is preferentially
found in small NTIs but is excluded from large ones (Taka-

hashi et al, 2002). A process of NII formation has been’
proposed, in which NBs are gradually enriched in mutant
proteins and finally lose their characteristic structure, as the
accumulation of mutant proteins enlarges them. In this
study, we confirm that PML is also associated with NIIs in
a size-dependent manner in 4 other types of polyglutamine
disease.

PML-like immunoreactivity was often accentuated at the
periphery of NIIs in a ring-like structure, suggesting an
alternative hypothesis: PML is redistributed around NIIs
(Skinner et al., 1997; Yamada et al., 2001a). In normal cells,
PML is also found at the margin of “mature NBs”, with a
similar ring-like distribution (Zhu et al., 2001). There is
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Table 4
Frequency of 1C2- and mSin3A-immunopositive intranuclear aggregates

Frequency of
intranuclear aggregates

1C2 : mSin3A
SCA2 Patient 1* 59% <1%
Patient 2** 3.6% <1%
Patient 3* 3.5% 0%
SCA3 Patient 4* 142% 14%
Patdent 5* 43.0% 44%
Patient 6* 43.6% 10.2%
Patient 7* 314% 1.6%
Patient §* 46.0% 6.8%
SCA7 Patient 9% 10.2% 1.8%
SCAl17 Patient 10 1.2% <1%
DRPLA Patient 11 1.6% 24%
Patient 12 31% 4.4%

The frequency of mSin3A-positive aggregates was significantly lower
than 1C2-positive aggregates (*p < 0.005, **p < 0.05).

evidence that PML itself can be degraded in mature NBs,
which recruit proteasome subunits (Zhu et al., 2001}, Al-
though how the ring-like structures containing PML are
formed in polyglutamine diseases has not been elucidated,
one might postulate that they correspond to enlarged NBs
that have accumulated abnormal polyglutamine proteins for
degradation. Some of these ring-like PML-positive struc-
tures did not contain the 1C2 epitope, and may be consid-
ered to be “empty large NBs”. These structures may be NBs
in which the polyglutamine proteins have already been
processed, so that the 1C2 epitopes would already have been
degraded. Although the number of cases examined was
limited, the proportion of “empty large NBs” seemed, at
least in part, dependent on the type of disease. They were
quite rare in the SCA3 cases, compared with other types of
polyglutamine diseases examined, indicating that the nature
of the polyglutamine protein itself might be one of deter-
minants. A recent study has shown that ataxin-3 interacts
directly or indirectly with PML and CBP, both of which are
components of NBs that potentially form multiprotein com-
plexes (Chai et al., 2001). Formation of the multiprotein
complexes might stabilize ataxin-3 in NBs, resulting in a
low frequency of “empty large NBs”. In the SCA3 cases
with a low frequency of “empty large NBs” (0/10 or 1/10},
the population of 1C2 positive NIIs was greater (14.2 to
46.0%) than in the other types of polyglutamine diseases
(1.2 to 10.2%}. This result shows that more NIIs are present
when the NBs are full of mutant protein. This observation
also supports our hypothesis that NIIs criginate from en-
larged NBs that accumulate mutant polyglutamine proteins.

It is a matter of discussion how the structural changes of
NBs relate to pathogenesis. A number of recent studies on
polyglutamine diseases showed that impaired transcription
might be responsible for neurenal dysfunction, which pre-
cedes overt neuronal cell death (McCampbell et al., 2000;
Nucifora et al., 2001; Shimohata et al., 2001; Steffan et al.,

2000). NBs contain some molecules, such as CBP, p53 and
spl00 that regulate transcription and cell growth (Zhong et
al., 2000). Disruption of the integrity of normal NBs could
therefore result in deregulation of transcription and finally
in neuronal death.

We have also found that mSin3A, a transcription co-
repressor, is frequently associated with NIs in DRPLA.
Atrophin-1, the DRPLA gene product is functionally related
to transcription co-repressors and their complexes. Atro-
phin-1 interacts with ETO/MTGS, a component of nuclear
receptor co-repressor complexes. Atrophin-1 and ETO/
MTG8 colocalizes with intranuclear structures containing
mSin3A and histone deacetylases in a cellular model of
DRPLA (Wood et al.,, 2000). In addition, a recent study
using a Drosophila model has shown that atrophin-1 can
function as a transcription co-repressor and that deregula-
tion of transcription-may contribute to the pathogenesis of
DRPLA (Zhang et al., 2002). The normal function of atro-
phin-1 could, therefore, be implicated in the frequent local-
ization of mSin3A in NIOs in DRPLA. mSin3A was also
found in NIIs formed in other polyglutamine diseases. Since
PML interacts with multiple co-repressors containing
m3in3A, N-CoR and histone deacetylase {(Khan et al.,
2001}, this might account for the accumulation of mSin3A
in NOSs, which probably originate from NBs.

In conclusion, this study suggests that NIIs in polyglu-
tamine diseases could originate from NBs, which are sig-
nificantly enlarged in these conditions. When excessive
accumulation of mutant proteins destroys the structure of
NBs, large NIIs that contain little or no PML are formed. In
contrast, “empty large NBs” might represent structures in
which polyglutamine proteins have been successfully pro-
cessed, explaining why no 1C2 immunoreactivity is de-
tected. This interpretation of the morphological data, con-
sistent across the 5 polyglutamine diseases studied, is
supported by accumnlating evidence that NB could be in-
volved in protein processing. This hypothesis opens new
pathways for investigating the mechanisms of neuronal de-
generation in polyglutamine diseases.
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