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Abstract Apolipoprotein E (ApoE} in neurons is sug-
gested to play crucial roles in neuronal degeneration and
regencration. We used antibodies against ApoE and phos-
pharylated neurofilament (pNF) to investigate the immu-
nohistochemical features of ballooned neurons (BNs) in
infarction and in various chrenic degenerative disorders,
including Pick body disease, corticobasal degeneration/
progressive supranuclear palsy, Alzheimer’s disease, and
frontotemporal dementia. BNs in these chronic degenera-
tive processes were intensely labeled with the anti-pNF as
reported, whereas BNs in infarction showed less intense
pNE-like immunoreactivity (IR). In addition, BNs in in-
farction were characterized by an intense ApoE-like IR.
This ApoE-like IR was inconsistent or less intense in BNs in
the chronic degenerative processes. The rarity of ApoE-pos-
itive glial cells in the vicinity of ApoE-positive BNs sug-
gests that accumulated ApoE in BNs is generated in the
neurons, Accumulation of ApoE in BNs in infarction may
be linked to a regenerative process after acute transection
of axons, which seems compromised in chronic degenera-
tive processes.
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Introduction

Ballooned neurons (BNs) are histological features with
abundant homogeneous cytoplasm and eccentrically placed
nuclei, observed in several neurodegenerative discases of
the central nervous system (CNS), such as Pick body dis-
ease (PBD) [6, 30, 44], corticobasal degeneration (CBD)
[28, 36, 43], Creutzfeldt-Jakob disease (CID) [6, 17, 31},
Alzheimer’s disease (AD) (6, 9], progressive supranuclear
palsy (PSP) [22, 29] and several other diseases [7, 15, 19,
27, 37]. They are most frequent in cortical layers III, V
and VI, and are easily identifiable on hematoxylin and
eosin (HE)-stained preparations as pale-stained swollen
neurons, often with a surrounding artifactual area of vac-
uolation [21]. Ultrastructurally, the cytoplasm of BNs is
filled with numerous straight or slightly curved filaments
of 10-14nm or 25-30nm in diameter that were inter-
spersed among vesicular profiles, granular material, mito-
chondria, and lipofuscin bodies {2, 19, 28, 30, 43].
Several comparative immunohistochemical studies on
BNs have demonstrated that immunoreactivity (IR) of aB-
crystallin [7, 16, 20, 29] and that of phosphorylated neuro-
filament (pNF) proteins [9, 15, 19, 28, 29, 31, 33, 39] are
commonly observed in BNs in several neurodegenerative
diseases. It is suggested that impaired axoplasmic transport
involving neurofilaments might be a possible underlying
mechanism shared among various dementing neurodegen-
erative diseases [9]. It remains to be settled whether this
hypothesis can be extrapolated to BNs in cerebral infarc-
tion, another condition associated with appearance of BNs.
Lowe et al. [20] reported that ubiquitin-like IR, prominent
in BNs of neurodegenerative diseases, was absent in BNs
of infarction, suggesting that underlying mechanism of
neuronal swelling might vary according to the conditions. *
Apolipoprotein E (ApoE) is synthesized in various or-
gans including the brain [23] and is a predominant apo-



lipoprotein in the brain. The cellular source of ApoE in
the CNS was initially considered to be restricted to astro-
cytes [4, 35], but recent investigations showed neurcnal
expression of ApoE in both neurodegenerative and stable
physiological conditions [1, 11, 12, 24]. ApoE is sup-
posed to play several roles according to the conditions (1,
11, 12, 24, 32, 41, 42], and has been reported to play a
role in repair of the CNS [13, 14, 23, 40]. Parallel in vitro
study on cultured cell line corroborated these in vivo find-
ings [8, 25, 26, 34]. This prompted us to investigate a pos-
sible role of ApoE in the formation of BNs in various
pathological conditions.

Materials and methods

Cases

Brains from 10 cases with cerebral infarction, 3 with CBD/PSP,
2 with frontotemporal dementia (FTD), 1 with PBD, and 1 with
AD were enrolled in this study. Each diagnosis was based on both
clinical history and postmortem neuropathological verification.
These 17 cases were selected after the identification of numerous
BNs on HE-stained sections. Clinical data are summarized in
Table 1. Appearance of BNs in infarction was restricted to cases
with ischemic involvement of the subcortical white matter with
relative preservation of the cerebral cortex itself. Because most of
the ischemic foci linked to BNs were not large enough to identify
the relevant clinical event, the exact date of ischemzia for each isch-
emic lesion was not readily traceable from the clinical record.

Immunochistochemistry

Formalin-fixed, paraffin-embedded blocks that included the corti-
cal area with BNs were cut at 5-pum thickness. Sections were de-

Table1l Summary of clinical data (PBD Pick body discase, CBD
corticobasal degeneration, AD Alzheimer’s disease, PSP progres-
sive surpranuclear palsy, FTD frontotemporal dementia, M/ multi-
ple infarction, £ embolism, ¥ years, D days, F frontal cortex, T tem-
poral cortex)

Case Age at Sex Diag- Disease Sec-
death nosis duration tion
(years)

1 77 F CBD 8Y F

2 64 M CBD 4Y F

3 65 F PSP 10Y F

4 75 M FID 7Y T

5 72 M FTD 13Y F

6 69 M PBD 13Y F

7 66 F AD 3Y F

8 81 M MI Unknown F

9 68 F E 14D F
10 €9 M MI Unknown F
11 75 F MI Unknown T
12 85 M MI Unknown F
13 68 F MI Unknown F
14 84 F MI Unknown T
15 80 F MI Unknown F
16 920 M MI Unknown T
17 67 M E 2D F
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paraffinized, treated in a microwave oven in citrate buffer three
times for 5min, treated with 1% hydrogen peroxide for 30 min,
and incubated for 2days at 4°C either with ApoEAB947 [38]
(1:2,000, anti-human recombinant ApoE; Chemicon, Temecula,
CA), ApoEC (1:2,000, anti-human ApoE polyclonal antibody raised
against a synthetic peptide EKVQAAVGTSAAPVPSDNH equiv-
alent to the C-terminal amino acid sequence 295317 of human
ApoE; IBL, Gunma, Japan) or SMI31 (1:10,000, anti-pNF anti-
body; Stemberger monoclonal, Baltimore, MD) diluted with phos-
phate-buffered saline (PBS) containing 0.03% Triton X-100 and
the corresponding blocking serum. The sections were then incu-
bated for 2 h with a biotinylated secondary antibody (1:1,000, Vec-

“tor, Burlingame, CA), followed by avidin-biotin-peroxidase com-

plex (1:1,000, ABC Elite, Vector). The peroxidase labeling was vi-
sualized with diaminobenzidine and nickel ammonium sulfate as .
chromogen, which yielded a dark purple reaction product.

For further characterization of BNs, double-immunofluores-
cence staining for ApoE and pNF, with the same antibodies used
for the previous single staining, was performed and, the relation-
ship between ApoE-like IR and pNF-like IR was assessed. De-
paraffinized sections were incubated with ApoEAB947 (1:200)
and SMI31 (1:1,000) for 2days at 4°C, The sections were incu-
bated with biotinylated anti-goat IgG (1:1000, Vector), the sec-
ondary antibody for ApoEAB947, for 2h and then fluorolabeled
with fluorescein isothiocyanate (FITC) conjugated with strepta-
vidin (1:200, Vector) for ApoE, and Rhodamine Red-X-conju-
gated anti-mouse IgG (1:200, Jackson Immunoresearch laborato-
ries, West Grove, PA) for SMI31. The FITC and rhodamine sig-
nals were observed under the fluorescence microscope combined
with a laser confocal system (TCS-SP, Leica, Heidelberg, Ger-
many), and the images were captured and recorded on magneto-
optical disks. The same sections were then subjected to HE stain-
ing to confirm that the immunopositive cells were BNs, and the al-
ready photographed immunopositive neurons were identified using
various structures such as lipofuscin granules and blood vessels as
landmarks.,

Results

More than 340 BNs in cases with infarction and more than
140 BNs in cases with neurodegenerative diseases were
observed. The two polyclonal antibodies against ApoE
{ApoEC and ApocEAB947) gave essentially identical re-
sults. BNs in infarction, in all the cases examined, exhib-
ited an intense ApoE-like IR (Fig. 1A). In neurodegenera-
tive diseases, this ApoE-like IR in BNs was absent or less
intense (Fig. 1B, C). pNF-like IR was variably present in
the BNs in all cases examined (Fig. 1D-F), although it
was less intense in BNs in infarction (Fig. 1D). As repre-
sentative cases of neurodegenerative diseases, BNs in AD
(Fig. 1B, E) and PBD (Fig. 1C, F) are shown; the same
immunohistochemical features (scarce ApoE-like IR and
intense pNF-like IR) were shared among BNs in other neu-
rodegenerative diseases. In the AD case, ApoE IR was ob-
served clearly in senile plaques, but rarely in BNs (Fig. 1B).
In cases of infarction, ApoE-positive glial cells were rarely
observed where ApoE accumulated in BNs (Fig. 1A). In
addition to BNs, ApoE IR was observed in neurons around
ischemic foci, as we reported previously [1].

Double immunofluorescence for ApoE (green, labeled
with FITC) and pNF (red, labeled with rhodamine) con-
firmed the above findings and further clarified relation-
ship between ApoE and pNF in BNs (Fig. 2A-C). ApoE-like
IR (labeled with FITC) was predominant in BNs in infarc-
tion, while pNF-like IR (labeled with thodamine) was less
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Fig.1 Immunchistochemical features of BNs. ApoE-like IR (A-C)
and pNF IR {D-F) in BNs in infarction (A, D), AD (B, E) and PED
(C, F) are shown, BNs in infarction exhibit an intense ApoE-like
IR (A), but those (B, C, arrows) in neurodegenerative diseases
rarely exhibit ApoE-like IR, whereas pNF-like IR is, in contrast,
less intense in BNs in infarction (I}) than those in neurodegenera-
tive diseases (E, F). In the AD case (B), ApoE-like IR is observed
clearly in senile plaques (arrowheads), but rarely in BNs (arrows).
In cases of infarction, ApoE-positive glial cells are rarely observed
in regions where ApoE is accumulated in BNs (A) (BN's baltooned
neurons, Apok’ apolipoprotein E, /R immunoreactivity, pNF phos-

phorylated neurofilament, AD Alzheimer’s disease, PBD Pick body
disease). Bar 50 um
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intense in these BNs (Fig. 2A). In contrast, ApoE-like IR
was not evident in BNs in chronic degenerative discases
(Fig.2B, C), e.g., in AD, where prominent pNF-like IR in
BNs was not accompanied by ApoE-like IR, although se-
nile plaques near the BNs were immunopositive for ApoE

Fig.2 Double-labeling immuno-
fluorescence and HE staining of
BNs. Double-labeling images
stained for ApoE (FITC, green)
and pNF (rhodamine, red) were
recorded and the same section
was then subjected to HE stain-
ing. Double-labeling immunofiu-
orescence (A—C) and the same
micrescopic field on HE staining
(D-F) are shown (A, D infarc-
tion; B, E AD; C, F PED).
ApoE-like IR is present variably
in the BNs of infarction (A; ar-

(Fig. 2B). Colocalization of these two epitopes in BNs
was observed frequently in cases of infarction. This colo-
calization was, however, rare in chronic neurodegenera-
tive processes, because of the paucity of ApoE-like IR in
these neurons. ApoE-positive glial cells were rarely ob-
served where ApoE accumulated in BNs in infarction.
Each swollen neuron (arrows in Fig. 2A-C), fluoroposi-
tive for either ApoE or pNF was confirmed as a BN after
staining the same microscopic field with HE {arrows in
Fig. 2D-F).

Discussion

BNs in neurodegenerative disorders are considered to share
a common underlying mechanism for their formation [9].
We wanted to clarify whether BNs in infarction also shared

rows}, whereas it is not evident
in BNs of other neurodegenera-
tive diseases (B, C; arrows).
Positive ApoE-like IR in senile
plaques (B, arrowhead) verified
successful ApoE immunostain-
ing, whereas BNs (B, arrows)
are negative for ApoE in the AD
case. ApoE-positive glial cells are
only rare in regions where ApoE |
accumulates in BNs, but vessels
are ApoE positive in infarction
(A, arrowheads). Bar 50 um

Aoy

Aoy
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a similar mechanism, and found that pNF accumulated in
BNs in infarction, as in chronic degenerative processes [9,
15, 19, 28, 29, 31, 33, 39]. Neuronal accumulation of ApoE
was, however, restricted to BNs in infarction and not evi-
dent in chronic degenerative processes, regardless of the
diagnoses. This is in contrast with ubiquitin-like IR in BNs,
which is positive in chronic neurodegenerative diseases
and negative in infarction, but further corroborated the
hypothesis that cellular mechanism for formation of BNs
may be different in infarction [20].

One of the hypotheses to explain accumulation of pNF
in BNs is axonal disruption that potentially leads to stag-
nated axonal flow and cytoplasmic accumulation of pNF
to form BNs {9, 19]. This well explains the frequent ap-
pearance of BNs in relatively intact cortical area with an
ischemic lesion in the subjacent white matter, as demon-
strated in the present study. Although it remains to be
clarified whether the accumulation of pNF in chrenic neu-
rodegenerative processes is induced by disruption of axon,
as seen in infarction, or by other mechanisms [18, 31, 39],
the accurnulation of ApoE in BNs is another distinguish-
ing features of infarction not observed in chronic degener-
ative processes. Because ApoE-positive glial cells were
rare in the vicinity of these BN, it is difficult to suppose
that ApoE is generated extraneuronally and internalized
into BNs. Alternatively, ApoE could be produced in neu-
rons as reported [1, 11, 12, 24], and this accumulation
may represent one of the cellular reactions after axonal
disruption. Indeed, ApcE has been considered to play a
crucial role in neurite extension and regeneration [13, 14,
23, 40]. Isoform-dependent effects of ApoE further support
this hypothesis [5]. Furthermore, the absence of ApoE-like

IR in some tau-immunopositive neurons suggests that

ApoE plays a secondary role in neurofibrillary tangle (NFT)
formation, or is accumulated within neurons in response
to reparative process induced by NFT-associated neuronal
damage [3]. If the surviving neurons with disrupted axons
still remain sufficiently active after acute ischemic attack,
it is' reasonable to suppose that their regenerative mecha-
nism takes place during the recovery period by expressing
ApoE. In contrast, neurons in chronic degenerative pro-
cesses may be so compromised by some long-lasting in-
sult that they are no longer capable of running their re-
generative mechanism properly. This would explain the
paucity of ApoE-like IR in BNs, which is common to
chronic degenerative processes,

The present study demonstrates the discrepancy be-
tween pNF and ApoE epitopes in BNs of different patho-
logical conditions. Although ApoE and some cytoskeletal
proteins, including neurofilaments, potentially interact
with each other [10], this discrepancy suggests that partic-
ipation of ApoE and its interaction with NF proteins are
not prerequisite for the formation of BNs in general.
ApoE is presumably involved in regeneration of neurons
and neurites, because it is observed not only in BNs but
also in neurons around ischemic focus without cytoplas-
mic swelling or pNF-like IR. Because the distribution of
ApoE-positive BNs was different from ApoE-positive
neurons without ballooning in ischemic brain, it is proba-
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ble that neuronal accumulation of ApoE is related to dif-
ferent mechanisms, axonal disruption and neuronal isch-
emia itself, However, it is very likely that ApcE is in-
volved in neuronal regeneration in both types of ApoE-pos-
itive neurons, a process not necessarily related to neuro-
filament proteins.

This study raises the possibility that ApoE protein func-
tions as a mediator of neuronal regeneration after isch-
emia, although the exact molecular mechanisms leading
to neuronal loss after ischemia remain elusive and could
be multiple. One of the ways to construct reasonable ther-
apeutic strategies may be to characterize the major path-
ways leading to neuronal death, such as oxidative stress,
which are, however, still too complicated to dissect. One
may otherwise concentrate on molecules, such as ApoE,
which are known to have possible regenerative activities,
How they are expressed in different pathological condi-
tions may provide essential clues to understanding their
functions and pathological relevance in human brains, and
lead to therapeutic strategies for various neurological dis-
orders including both neurcdegeneration and ischemia.
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Abstract A series of human brains with cerebral infarc-
tion obtained at autopsy were investigated to clarify the
possible contribution of aquaporin 4 (AQP4) to the devel-
opment of brain edema. Cellular localization of AQP4
and its relation to ischemic foci were examined with dou-
ble-labeling immunohistochemistry. AQP4 immunoreac-
tivity (IR) was more intense at the periphery of ischemic
foci than at their center. Double-labeling study demon-
strated that AQP4 IR was restricted to astrocytes and was
localized to their entire processes, including their end feet
facing the outer surface of capillaries. Moreover, AQP4
IR, detectable in the subpial and subependymal zone in
the normal condition, was more intense in the vicinity of
ischemic foci. Accumulation of AQP4 IR may reflect its
participation in the development of brain edema in human
brains by playing a role in the transport of water not only
through blood vessel walls but also through pial and
ependymal surface of the brain.
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Introduction

Aquaporin (AQP) family of water channel proteins is pre-
sent on the plasma membrane at the boundary of various
tissues and is supposed to regulate water balance at the in-
terface between different tissues, AQP4, AQP1 and other
AQP subtypes have been identified in the central nervous
system [17]. Although the distribution of AQPI is re-
stricted to the choroid plexus [11], AQP4 is present in
cells lining the subarachnoid space and ventricles in nor-
mal unaffected brains [2, 3, 5, 12, 16]. While experimen-
tal data suggest that AQP4 is involved in the development
of brain edema [13, 18], it remains to be established how
the expression of AQP4 is altered after pathological in-
sults in human brains. If AQP4 plays a role in the devel-
opment of brain edema, one may expect that its localiza-
tion and expression may be altered in the vicinity of isch-
emic lesions. This prompted us to examine localization
and intensity of AQP4 immunoreactivity (IR} in human
brains with cerebral infarction.

Materials and methods

Brains from seven patients with ischemic foci (dating from 8 days
to 10months before autopsy, age at death: 49-93 years) were ex-
amined in this study. Demographic data of these patients are shown
in Table 1. Written consent to undertake autopsy was obtained from
the responsible family members of the patients. Formalin-fixed,
paraffin-embedded blocks, including both the area of ischemic
necrosis and the surrounding nonnecrotic area, were prepared. Im-
munohistochemistry was performed using an anti-AQP4 antibody
(1:10,000) raised against the peptide (CEKKGKDSSGEVLSSV)
homologous to the C-terminal end of the cytoplasmic domain
of the rat AQP4. The specificity of the antibody, which cross-
reacts with human AQP4, has been established previously [7]. The
epitope was visualized with the avidin-biotin-peroxidase com-
plex (ABC Elite kit, Vector, Burlingame, CA) method with di-
aminobenzidine and nickel ammonium sulfate as a chromogen to
yield a deep purple reaction product. To specify cellular localiza-
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Table 1 Summary of clinical data. The major foci of ischemia
corresponding to the fatal ischemic attack are shown (Age age at
death, Inrerval time from onset of ischemic attack to death, Lt left,
F frontal lobe, Rt right, MCA middle cerebral artery, P parictal
lobe, O occipital lobe)

Case Age Sex Interval Ischemic
(years) lesion

1 93 F 8days LtF

2 69 M 8days Rt MCA

3 89 F 11 days RtP, O

4 68 F 13 days LtF, P

5 66 F 14 days RtF

6 49 M 7 months RtF, P

7 77 F 10 months RtF,P,O

tion of AQP4, these AQP4-immunostained sections were sub-
jected to the second-cycle immunostaining either with anti-human
glial fibrillary acidic protein (GFAP) antibody (1:1,000, Dako,
Glostrup, Denmark) or with biotinylated Ricinus communis agglu-
tinin (RCA, 1:1,000, Seikagakukogyo, Tokyo, Japan), a marker for
endothelial cells and microglia, The procedure for the second-cy-
cle immunostaining was essentially the same as the first-cycle, ex-
cept for omission of nickel ammonium sulfate from the chromogen
to yield a brown reaction preduct,

Results

AQP4 IR in the area free from ischemic changes was main-
ly restricted to the subpial (Fig. 1A), and subependymal
(Fig. 1B) zone. Less intense AQP4 IR was detectable around
the vessels (Fig. 1C), as reported in normal rat brains [2,
3,5, 12, 16]. AQP4 IR was readily detectable in the vicin-
ity of the ischemic lesion (Fig, 2A) and was more intense
at the periphery (arrowheads, Fig. 2A) of the lesion than at
the center (asterisk, Fig.2A). This AQP4 IR was more
pronounced in recent foci than in older foci seen by chance
on the same section. Influence of the interval between the
ischemic attack and autopsy on AQP4 IR was, however,
not readily apparent when compared between the cases.
Double labeling of the ischemic foci with the anti-AQP4

Fig.1 Immunolocalization of GToEn - T
AQP4 in an area distant from e v
ischemic foci. Double immu-
nolabeling for AQP4 (purple)
and GFAP (brown) (A, B),
and AQP4 (purple) and RCA
(brown) (C). In these areas
free from ischemic changes,
AQP4 1R is restricted to sub-
pial zone (A) and subependy-
mal zone (B). Less intense
AQP4 IR is also detectable
around the blood vessel (C)
(AQP4 Aquaporin 4, RCA
Ricinus communis agglutinin,
IR immunoreactivity). Bars
A-C 50pm

and the anti-GFAP antibodies (Fig. 2A, B, E-G), demon-
strated that AQP4 IR was abundant as dots (arrowheads,
Fig. 2B) along the entire foot processes and their end feet
of GFAP-positive cells. It was detectable also in the cell
body (Fig. 2B). Double-labeled sections with the anti-AQP4
antibody and biotinylated RCA (Fig. 2C, D, H) demon-
strated that these RCA-positive cells lacked AQP4 IR
(Fig. 2C, D). At the center of ischemic legions, surviving
cellular components were not so abundant and rarely ex-
hibited AQP4 IR (asterisk, Fig. 2A). AQP4 IR in the cen-
ter of ischemic foci was not intense, and restricted to glial
cells of astrocytic morphology around capillaries, even
when detectable (Fig. 2E). An increase in AQP4 IR near
ischemic foci was also apparent in subpial zone (Fig. 2F)
and subependymal zone (Fig. 2G) as well as in perivascu-
lar area (Fig. 2H).

Discussion

An experimental occlusion of the middle cerebral artery
of rat demonstrated that edematous area at the periphery
of the induced ischemic lesion, monitored by magnetic
resonance imaging, was rich in AQP4 mRNA [14], while
the precise immunolocalization of AQP4 remains unde-
fined. Moreover, data on immunolocalization of AQP4 in
human brain have not been available up to now. In the
present study, we demonstrated that AQP4 protein accu-
mulated at the periphery of ischemic foci of human brain.
Furthermore, the double-labeling study demonstrated that
AQP4 was localized exclusively to astrocytes, most of
which had close contact with capillaries through their foot
processes. Although it has been reported that AQP4
mRNA and AQP4 IR could be detectable in blood vessels
isolated from rat brain [6] or perivascular astrocytes [12,
16], another study reported that AQP4 mRNA was exclu-
sively detectable in cultured astrocytes prepared from rat
cerebral cortex, but not in cultured oligodendrocytes, mi-
croglia or neurons [19]. Qur immunohistochemical study
demonstrated that astrocytes were the only cellular com-
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Fig.2 Immunolocalization of AQP4 in and around ischemic foci.
Double immunolabeling of AQP4 (purple) and GFAP (brown) (A,
B, E-G)}, and AQP4 (purple) and RCA lectin (brown) (C, D, H).
A AQP4 1R is readily detectable in the vicinity of the ischemic foci
and more abundant at the periphery (upper half, arrowheads) of
the lesion than in its center (Jower half, asterisk). B AQP4 IR is
present as dots (arrowheads) along the entire processes and in the
cell body of GFAP-positive cells). C, D No AQP4 IR is detectable
in the cells positive for RCA. E At the center of less severe le-
gions, AQP4 IR is restricted to glial cells of astrocytic morphology
around the capillaries. F~-H Near the ischemic foci, AQP4 IR is
also increased at the subpial zone (F), and subependymal zone (G),
as well as around the blood vessels (H), Bars A 100 um; B 20 um;
C-H 50 um

ponent that express AQP4 in ischemic foci of human brain.
One study [15] demonstrated an increase in AQP4 IR
even in experimentally induced hyponatremia, even when
the blood-brain barrier (BBB) remained intact. Because
the osmolality of the brain tissue exceeds that of the
serum at an early phase of brain ischemia [4], expression
of AQP4 in astrocytes might have been triggered by this
gradient in osmolality. This is corroborated by the finding
that the Na*-K*-Cl- cotransporter, potentially involved in
electrolyte balance, is co-localized with AQP4 to processes
of perivascular astrocytes [20]. These findings suggest
that the expression of AQP4 is initially triggered by this
change in metabolic environment, and its up-regulation is
related to compensation of this gradient in osmolality by

transporting water into the brain tissue. Continued expres-
sion of AQP4 even after disruption of the BBB may po-
tentiafly exacerbate subsequent brain edema. This hypoth-
esis is compatible with what we observed on human
brains, and was confirmed by an experimental study demon-
strating that development of brain edema was greatly at-
tenuated in mice' whose AQP4 gene was deleted [9].

AQP4 was also expressed in subpial and subependymal
regions of unaffected area in human brains (Fig. 1 A, B, re-
spectively), as shown in normal rat brains [2, 3, 5, 12, 16].
Because these two areas are at the interface between the
cerebrospinal fluid (CSF) and the brain tissue, it is specu-
lated that AQP4 present in these area is also involved in
the transport of water between CSF and the brain tissue
even under normal physiological conditions [2, 3, 5, 12,
16]. Interestingly, expression of AQP4 in these areas was
also increased when these areas were included in or very
close to the ischemic foci. If this increase in expression of
AQP4 in these areas is related to acceleration of water
transport, as speculated around the blood vessels, this will
provide another route for water transport through the pial
and ependymal surface of the brain, which may poten-
tially exacerbate brain edema.

Although it is currently considered that AQP4 is one of
the major molecules involved in the development of brain
edema around ischemic foci [14] and neoplasm [13], an-
other molecule in the AQP family, AQP9, has been reported



124

to be present in astrocytes around ischemic foci, suggest-
ing that AQP4 and AQP9 are synergistic during develop-
ment of brain edema [1]. However, enhanced expression
of AQP4 is not restricted to brain edema. It becomes de-
tectable in chick optic tectum at embryonic day9 and
thereafter [10], although the functional significance of this
finding remains speculative, because mice deprived of the
AQP4 gene develop without apparent abnormalities ex-
cept for a slight decrease in the ability to concentrate urine
[8]. Moreover, AQP4 mRNA could be up-regulated after
experimental insults other than ischemia, such as exoge-
nous neurotoxins or mechanical transection [18]. Up-reg-
ulation of AQP4 in these situations not directly related to
brain edema raises the possibility that AQP4 may be in-
volved in functions other than exacerbating brain edema.
Indeed, AQP4 IR was still detectable around ischemic foci
even after the brain edema had already resolved (for case
7, 10 months after the ischemic attack).

This immunohistochemical study clarified, for the first
time in the human brains with ischemia, that AQP4 was
up-regulated in astrocytes, which had a close contact with
capillaries. This up-regulation was also found in subpial
and subependymal areas close to ischemic foci. Because
these areas {pericapillary, subpial and subependymal) are
at the interface to the body fluids, it is speculated that
AQP4 in these areas are commonly involved in the trans-
port of water under not only physiological but also patho-
logical conditions. These observations will be of help in
understanding the development of brain edema and in es-
tablishing therapeutic strategies aimed at reducing brain
edema by modifying the expression of AQP4.
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Attenuated nuclear shrinkage in neurones with nuclear
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Background: Spinocerebellar ataxia type 1 {SCA1)} is one of the autosomal dominant neurodegenero-
tive disorders commonly linked to pathological expansion of the CAG repeat of the relevant gene.
Nuclear inclusions and neurodegeneration are both triggered by this pathological expansion of the
CAG/polyglutamine repeat on ataxin-1, but it remains to be determined whether or not nuclear inclu-
sion formation is associated with accelerated neurodegeneration.

Objective: To examine the influence of nuclear inclusions on nuclear size and deformity in human
brains from patients suffering from SCA1.

M?ieriul: Pontine sections of brains obtained ot necropsy from seven patients with SCA1 and five con-
trols. .

Methods: The size and deformity of each neurenal nucleus was quantified. Nuclei with and without
inclusions were examined separately to assess the possible influence of nuclear inclusions on neurode-
generation. o

Results: Nuclear shrinkage and deformity were more marked in SCA1 brains than in controls. This
shrinkage was aftenuated in neurones containing nuclear inclusions.

Conclusions: The existence of nuclear inclusions in SCA1 is presumably linked to a mechanism that
attenuates rather than accelerates nuclear shrinkage. This in vivo finding may provide a clue to
constructing a rational therapeutic strategy for combating nevrodegeneration associated with nuclear
inclusions.

dominant neurodegenerative disorder characterised by

degeneration of the cerebellar Purkinje cells, inferior
olive neurones, and neurones within cranial nerve nuclei,
leading to progressive ataxia, dysarthria, amyotrophy, and
bulbar dysfunction. Symptoms of SCAl typically become
apparent in mid-life and worsen over the subsequent 10 to 15
years. The mutations of the gene linked to SCAl and several
other autosomal dominant neurodegenerative disorders have
been showmn to be an expansion of the CAG trinucleotide
repeat which results in an abnormally clongated poly-
glutamine tract in the mutated proteins. The normal alleles of
the SCAI gene contain up to 36 CAG repeats, whereas disease
alleles have over 43 repeats.'

Numerous studies have suggested that the expanded poly-
glutamine tract leads to neurodegeneration by conferring a
toxic gain of function rather than by loss of normal
physiological function. One of the hallmarks of these diseases
is the formation of insoluble protein aggregates or inclusions,
which are found in the brains of affected patients. The inclu-
sions are immunoreactive for ubiquitin and contain expanded
polyglutamine, molecular chaperones, and components of the
proteasome.’* Therefore, it is assumed that these CAG/
polyglutamine repeat disorders share a mechanism under-
lying nuclear inclusion formation and neurodegeneration,
both being triggered by an expansion of CAG/polyglutamine.
How the expanded polyglutamine leads to long term
neurodegeneration, however, remains unknown, and one of
the essential questions is how nuclear inclusion formation is
linked to neurodegeneration.*

It is still under debate whether nuclear inclusions are asso-
ciated with accelerated neurodegeneration, or whether they
may have a protective function. If nuclear inclusion formation
leads to neurodegeneration, it is expected that each individual
neurone would show shrinkage once it harbours nuclear
inclusions. It is therefore essential to identify possible

Spinocerebe]lar ataxia type 1 (SCAl) is an autosomal

morphological changes in neurones and their relation to
nuclear inclusions in human brains obtained at necropsy. This
is the first morphometric study on SCA1 designed to examine
the influence of nuclear inclusions on nuclear size and
deformity in human brains.

METHODS

We examined brains obtained at necropsy from seven
Japanese cases of SCAI and five controls without neurological
disorders. Three of the seven SCAL1 cases were from the same
family. Clinical and pathological features of the SCAl cases
were compatible with the disease, and the diagnosis was also
confirmed by genetic analysis. ‘

Formalin fixed, paraffin embedded sections (6 pm thick)
were obtained from the mid-pons. Pontine nuclei were chosen
for this analysis because of the homogeneous size and charac-
ter of the neurones in the pons, which makes it easier to
quantify and interpret morphological alterations. The high
frequency of nuclear inclusions in pontine neurones is
another advantage for estimating their possible influence. The
sections from the pons contained no localised fodd of
ischaemia or gliosis.

Deparaffinised sections from the SCAIl cases were immu-
nostained with an antiubiquitin antibody (rabbit polyclonal,
1:1000; Dako, Glostrup, Denmark), with diaminobenzidine as
a chromogen, and were then stained lightly with haematoxy-
lin, Ten rectangular microscopic fields (400 x 250 um® = 0.1
mum’) were chosen at random and captured by a digital cam-
era connected to a microscope. Large cells harbouring Nissl

Abbreviations: Cl, circularity index; DRPLA, dentatorubral-pallidoluysian
atrophy; NIHID, neurenal inlranuclear hyaline inclusion disease; Ni+,
nuclear inclusions present; Nl-, nuclear inclusions absent; SCA1,
spinocerebellar ataxia fype 1
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Figure 1 Pontine neurones from a control case (panel A,
hoematoxylin-eosin stain} and a case of spinocerebellar ataxia type
1 [SCAI1) [Fanel B, ubiquitin immunostain counterstained with

xylin

haematoxylin). The contour of the nucleus of each neurone is traced
in black {in panel A, and neurones with nuclear aggregates in panel
B) or in white éneurones without nuclear inclusions in panel B).
Undulations of the nuclear membrane are conspicuous (orrowheads
in panel B] in SCA1 neurones. Ublquitin immunopositive nuclear
inclusions are indicated as white spots in panel B.

substances and nuclel containing identifiable nucleoli or
ubiquitin immunopesitive nuclear inclusions were identified
as neurones. Every field contained neurones with and without
nuclear inclusions.

The contours of the nuclear membrane in each neurone and
of the nuclear inclusions, if present, were traced on a digitiser
coupled to a liquid crystal display (PL-400, Wacom, Saitama,
Japan). Examples are shown in fig 1. “Nuclear area,” “perim-
eter;” “long axis,” and “short axis” from the traced nuclear
contours, and “nuclear inclusion area” from the traced nuclear

Nagacka, Uchihara, twabuchi, et al

inclusion contours, were calculated using NIH-Image (version
1.62). Because an increase in nuclear size is attributable to the
presence of nuclear inclusions, nuclear area not occupied by
nuclear inclusions {{nuclear area — nuclear inclusion area])
was also analysed. Nuclear deformity was assessed by the long
axis/short axis ratio and “circularity index” (CI), defined by
the ratio of two diameters, one of which is estimated from the
perimeter (perimeter/2r) and the other from the area
(vV{area/m). CI =1 if the traced nuclear contour is an exact
circle. An increase in the long axis/short axis ratio or Cl is cor-
related with the severity of nuclear deformities (elongation,
distortion, or undulations of the nuclear membrane),

‘Statistics

Differences in the variables between groups with nuclear
inclusions (NI+) and groups without nuclear inclusions
{NI-) from both SCA1 cases {SCA1 total group, including both
NI+ and NI- groups) and controls were estimated by analysis
of variance (ANOVA) or Student’s ¢ test.

RESULTS

Table 1 shows the demographic data on the patients and the
neuronal count of each case. The mean of the neuronal counts
(representing the mean packing density) of the SCAI group
{83.9/mm’*) was significantly smaller than that of the controls
{160.2/mm? p < 0.01; Mann-Whitney U test).

The morphological data assembled from each group are
shown in table 2. Nuclear area, perimeter, and short axis were
significantly smaller in the SCAI total group than in the con-
trols (for example, the mean nuclear area was 81.4 um’ in the
SCA1 group v 90.5 pm’® in the control group; p < 0.0001 by
Student’s f test).

The inverted histograms in fig 2 show that the size distribu-
tion (nuclear area) of the SCA1 total group (filled bars) was
smaller than that of the controls (unfilled bars). Nuclear
shrinkage (estimated by nuclear area, perimeter, long axis,
and short axis) was more profound in the NI- group than in
the NI+ group, or the neuronal nuclei in the NI+ group were
less atrophic than in the NI- group (p < 0.0001 by ANCVA,
PLSD (protected least significant difference) of Fisher at 1%
probability). The upper histograms in fig 2 show the difference
in nuclear area between the NI+ group (unfilled bars) and the
NI- group {filled bars).

There was no difference between the NI+ group and the
NI- group in [nuclear area — nuclear inclusion area), neither
was there a significant correlation between nuclear inclusion
area and nuclear area, as shown in the scattergram in fig 3

Table 1 Neuronal counts [/mm?) with and without nuclear inclusions
Age at onset/death Inclusions present  Inclusions absent

Case {years) Sex {n/mm?) {nfmm?) Total
SCA1 cose 1 39/55 F 24 71 95
SCAI case 2 41/50 M 29 &7 26
SCAl case 3 41/35 F 32 &2 94
SCAT cose 4 30/50 F 23 &7 90
SCAl case 5 46/63 F 14 40 54
SCAI cose & 37/48 M 23 49 72
SCAl case 7 46/66 M 12 74 86
Mean 83.9*
Control /25 M 0 140 140
Control /25 F 0 174 174
Control /40 F 0 154 154
Control /44 M 0 157 157
Control /45 F 0 176 176
Mean 160.2
*Significantly smaller than the contro! group [p < 0.01; Mann-Whitney U fest}.
F, lemale; M, male; SCAI, spinacerebeller ataxia type 1.
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Table 2 Morphometric indices of pontine neurones in control and SCA1 cases

SCAT (n=7)
Index Controls (n=5) Total Ni+ NI-
Number of neurones 801 - 587 157 430
Nuclear area pm?) 90.5(19.8) 81.4 (21.8)* 87.2 {24.4) 79.2 [20.4)***q
[Nucleor area minus nuclear 78.0(21.4)* 74.5(23.6)*** 79.2 [20.4)***
inclusion area]
Perimeter {pm) 34.3 (4.0) 34.4 |4.5)* 35.8(4.9) 34.0 [4.3)***q
Long axis (pm] 12.00 [1.48) 11.77 (1.72} 12.09 (1.71} 11.65{1.71)**t
Short axis [pm) 9.54 [1.25) 8.71 (1.48)* 9.06 [1.69)*** 8.58 (1.37)***q
Long axis/short oxis ratio 1.27 [0.18) 1.38 {0.25)* 1.37 [0.25)**+ 1.38 (0.25)***
Circularity inclex 1.085 [0.037) 1.088 {0.040} 1.095 [0.048)** 1.086 {0.037)

Values are expressed as mean (SD).
*p < 0.0001 v control group [Student's ¢ test).

**p < 0.01, ***p < 0.0001 v control group; Jp < 0.0001 v NI+ group; 1p < 0.01 v Ni+ group [ANOVA, PLSD of Fisher at 1% probability).
ANQVA, analysis of variance; Ni+, neuronas with nuclear aggregates from SCA cases; NI-, neurones without nuclear oggregates from SCA1 cases,
PLSD, protected least significant difference; SCA1, spinocerebellar ataxia type 1; total, all neurones from SCA1 cases.
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Figure 2 Size distribution of the nuclear size of the pontine
neurcnes from cases with spinocerebellar ataxia type 1 [SCA1) and
control cases. Nuclear size esfimated as nuclear area in rm’ is
expressed along the abscissa. The ordinate represents relafive
frequency of each size expressed as density/mm?. The lower
inveﬂecﬂ:istogmms refer to the controls [unfilled bars and a black
line) and to the SCA1 total group {filled bars and a grey line). The
upper histograms refer to the SCAT group without nuclear inclusions
(f[ ed bars and a grey line}, and fo the SCA1 group with nuclear
inclusions {unfilled bars and a black line].

(R? = 0.064). Furthermore, there were no significant correla-
tions between age at onset or duration of illness and any of the
morphological variables, including nuclear area (data not
shown).

Although the value for long axis was not statistically differ-
ent between the SCA1 total group and the controls, it was sig-
nificantly smaller in the NI- group than in the NI+ group. The
long axis/short axis ratio—one of the indices of nuclear
deformity—was increased in both the SCA1 groups compared
with the controls, but with no significant difference between
the NI+ and the NI- groups. CI, another index of nuclear
deformity, was significantly increased in the NI+ group com-

. 2
. R = 0.064
150 — -
N—-- .’ : [ ] . -
g. .'0“ e e
- .
Fkde :.}:‘u;i".,i‘.'; T
9,
< P S O
Oo...f..’.' oot t .
50 e w el o o
L T R R
10 20 30
Nl area {umz)

Figure 3 Absence of correlation [R? = 0.064) between nuclear size
{“area” in pm® along the ordinate} and nuclear inclusion size ("N
area” in pm® along the abscissa).

pared with the controls, but the CI value in the NI- group was
similar to that in the control group (fig 4).

DISCUSSION

In this study we investigated whether the presence of nuclear
inclusions was linked to morphological changes in neurones
during neurcdegeneration in human brains obtained at
necropsy. Unexpectedly, we found that nuclear shrinkage of
the pontine neurones in brains from SCAl patients was
attenuated when nudear inclusions were present. Nuclear
inclusions are a pathological hallmark for most of the
CAG/polyglutamine repeat disorders, including SCAL, and are
composed of the protein altered by the expansion of
CAG/polyglutamine tracts. These altered proteins have there-
fore been considered to be a link between neurodegeneration
and nuclear inclusion formation, although the precise relation
between nuclear inclusions and neurodegeneration is still
unclear. On the other hand, cellular atrophy—which is
considered to represent a stage preceding cell death—is a
principal feature of neurodegeneration regardless of its
aetiology, because degenerative processes in general develop
slowly and usually take several years or even decades.

The nuclear shrinkage in pontine neurones of the SCAl
cases observed in our study indicated that cellular atrophy was
the pathological feature representing the neurodegenerative
process in this condition. Sorting the neurones into those with
and without nuclear inclusions further darified the situation,
in that we could show that neurones with nuclear inclusions
were less atrophic than those without, This result, from human
brains obtained at necropsy, is mot compatible with the
hypothesis that the neurodegenerative process is accelerated
in the presence of nuclear inclusions.

Studies carried out both in vitro and in vivo have provided
conflicting evidence about the possible role of nuclear inclusion

www.jnnp.com
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Figure 4 Relation between nuclear size ["erea” along the ordinate
in pm?} and deformity of the nucleus {circularity index (Cl) along the
abscissa). Cl = 1 if the nucleus is an exact circle and increases if the
nucleus is deformed by elongation or undulation. Grey dots = normal
group; black dots = NI+ group; white dots = NI~ group. Mean
values for each group are plofted within larger circles as: N {normal
group), = {NI- group), and + NI+ group) in the scattergram. NI,
nuclear inclusions.

formation and its relation to neurodegeneration. Neurodegen-
eration and nudear inclusion formation in transgenic models of
Huntington’s disease are induced by the continued expression
of the huntingtin fragment, carrying expanded polyglutamine,’
and are possibly reduced by inhibition of caspase-1.* However,
the suppression of nuclear inclusion formation by a caspase
inhibitor did not increase neuronal survival in cultured cells
transfected with the huntingtin gene carrying an expanded
CAG repeat” In cultured cells transfected with mutant
huntingtin, blocking ubiquitination led to decreased nuclear
inclusion formation and accelerated cell death.® This discrep-
ancy is reflected in the observation that transgenic mice
expressing mutant ataxin- 1 without the self association domain
develop a pathological phenotype without forming nuclear
inclusions.”

Necropsy observations on human brains from patients with
Huntington’s disease'” or neurenal intranuclear hyaline inclu-
sion disease (NTHID)" showed a similar discrepancy between
neuronal depletion and nuclear inclusion formation. At least
two entirely opposing interpretations have been proposed to
explain these data. If the presence of nuclear inclusions corre-
lates with mutant protein induced cell death, atrophic features
may be more exaggerated in neurones containing nuclear
inclusions than in those without. The other possibility is that
nuclear inclusion formation may be part of a process linked to
the protection of cells from the toxic effects of the mutant
protein. In that case we may expect that neurones without
nuclear inclusions would show more atrophic features, The
former possibility is not in agreement with what we observed
in pontine neurones of the SCA1 brains in the present study,
because neuronal nuclei containing nuclear inclusions were
not smaller than those without, though pontine neurones of
SCAl brains—regardless of the presence of nuclear
inclusions—were more atrophic than control brains.

When “nuclear inclusion area” was subtracted from
“nuclear area,” the size of neuronal nuclei in the NI+ group
did not differ from that in the NI- group. However, nuclear

www.[nnp.com
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inclusion size was not correlated with nuclear area. This
means that the influence of nuclear inclusions on nuclear
area—even if the inclusions were inserted from the extra-
nuclear compartment—does not solely reflect the simple
addition of “nuclear inclusion area.” Nuclear inclusions may in
fact be formed in the nucleus rather than being inserted from
extranuclear compartments. In that case, a fraction of the
nucleus is altered into nuclear inclusions, in which case one
might expect that [nuclear area—nucdlear inclusion area]
would be decreased by the size of the nuclear inclusions, Qur
morphometric study, however, showed that the decrease in
[nuclear area — nuclear inclusion area] in the NI+ group rela-
tive to the NI- group (79.2 p* — 74.5 pu* = 4.7 u*) was less than

- half the nuclear inclusion area itself (87.2 * —74.5 p* = 12.7

). If nuclear inclusion formation were linked to some mech-
anism accelerating degeneration, the decrease in [nuclear
area —nuclear inclusion area] should have exceeded the
nuclear inclusion area. The present study showed, on the con-
trary, that this decrease was much attenuated. This attenuated
decrease is explicable if nuclear size as a whole is increased
during nuclear inclusion formation, as we demonstrated in
this study.

A recent morphometric study showed that in
dentatorubral-pallidoluysian atrophy (DRPLA), cerebellar
granule cells containing nuclear inclusions were larger than
those that did not.” Our recent morphometric study on
pontine neurones from Machado-Joseph disease brains
showed that [nuclear area — nuclear inclusion area] of NI+
neurones was significantly larger than that of NI- neurones."
Furthermore, it was even larger in NIHID than in normal
controls." In these disorders, NI+ neurones were in general
less atrophic than NI- neurones, raising the possibility that
neurones are equipped with common machinery triggered by
or accompanied by nuclear inclusion formation and possibly
counteracting polyglutamine induced neurodegeneration.
However, the influence of nuclear inclusions on nuclear size is
variable depending on the disease involved, and they appear to
have a relatively less pronounced influence in SCAL. If this
were not the case, the atrophic process in SCA1 might be so
profound as to overwhelm this possible counteracting factor.

While it is generally recognised that CAG repeat length
relates to the severity of illness and the age of onset, the age at
onset of the SCAI cases in this study was restricted within the
range of 30 to 46 years and there was no significant correlation
between the age at onset and the different variables that we
examined. Larger numbers of cases with a broader age range
of onset might have identified a possible influence of age on
morphological change in the two groups of neurones.
However, it may be that age at onset is not a major
determinant for nuclear inclusion formation and neuronal
atrophy.

In the present study, a fraction of neurones that actually
contained nuclear inclusions might have been falsely classi-
fied into the NI- group because our observation on a two
dimensional plane may have failed to detect nuclear
inclusions that were not included in the plane of the 6 pm
thick sections. If neurones with nuclear inclusions were
smaller than those without nuclear inclusions, this possible
failure to identify inclusions not recognised in the two dimen-
sional plane might have led to underestimation of the size of
the neurones in the NI~ group. However, because the present
study indicated the opposite—that is, it showed that neuronal .
nuclei in the NI+ group were larger than those in the NI-
group—it is reasonable to conclude from this two dimensional
study that neuronal nuclei with nuclear inclusions are signifi-
cantly larger than neuronal nuclei without nuclear inchusions.

Our study showed an increase in the long axis/short axis
ratio in the SCA1 group and an increase in Cl in the NI+ group
compared with the controls, without an increase in CI in the
NI- group. This suggests that the nuclei of pontine neurcnes
in SCAl are deformed, and especially those with nuclear
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inclusions. One would expect these deformities to be second-
ary to nuclear shrinkage. The larger nuclear size of the NI+
group, however, was associated with a more marked increase
in the indices of nuclear deformity, which indicates that a
mechanism other than nuclear shrinkage could be one of the
determinants of these deformities. These deformities might
otherwise be influenced by the presence of nudlear inclusions
in SCAI brains. An apparent indentation of the nuclear mem-
brane may be observed even in normal neurones,” and a
pathological increase in this indentation has been described in
human brains with DRPLA® and Huntington's disease," and
in an animal model.” Although our present observations,
based on light microscopy, failed to identify deep indentations
of the nuclear membrane, an increase in the long axis/short
axis ratio in SCA1 neurones and an increase in the circularity
index in SCAl neurones with nuclear inclusions may
represent similar pathological changes. These would be
common to the CAG/polyglutamine repeat disorders and
would be partly independent of nuclear atrophy as we
demonstrated in SCA3 and NIHID brains."”

Although it is evident that both nuclear inclusion formation
and neuronal degeneration are induced by an expanded CAG
repeat, our study shows that the presence of nuclear
inclusions does not necessarily parallel the extent of neurode-
generation, as measured by nuclear size. Rather, the presence
of nuclear inclusions was associated with an incease in the
size of the neuronal nuclei, which does not support the
hypothesis that the inclusions are linked to accelerated
neurodegeneration. Cellular mechanisms linking nuclear
inclusion formation and neurodegeneration, however, remain
elusive. One possibility is that the ubiquitin-proteasome
pathway is involved in both neuroprotection and nuclear
inclusion formation. Downregulation of ubiquitin-
proteasome pathway has been found to suppress nuclear
inclusion formation and to accelerate cell death in parallel in
studies carried out in vitro.” This inverse relation between cell
death and nuclear inclusion formation through the ubiquitin-
proteasome pathway suggests that nuclear inclusion forma-
tion is linked to a possible intrinsic neuroprotective mech-
anism mediated by ubiquitin. We have shown that ubiquitin is
commonly localised to the periphery of nuclear inclusions in
brains from patients with Machado-Joseph disease” and
NIHID.®. These findings are explicable if nuclear inclusion
formation mediated by ubiquitin is associated with a
mechanism counteracting neuronal shrinkage, as was re-
ported in SCAI transgenic mice.! Further investigation into
the relation between nuclear inclusion formation and cellular
atrophy will clarify whether these morphological features and
their interpretation are shared with other conditions charac-
terised by nuclear inclusions, and will determine whether
nuclear inclusions serve as a morphological hallmark for
polyglutamine induced neurodegeneration Or neuroprotec-
tion. Furthermore, clarification of the molecular mechanism
of nuclear inclusion formation will give a rational basis for a
therapeutic strategy that may retard or even reverse neurode-
generation by activating or modulating this machinery.
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Abstract Tau-like immunoreactivity (IR) on glial eyto-
plasmic inclusions (GCIs) of multiple system atrophy
(MSA) was investigated with a panel of anti-tau antibod-
ies and we found that tau2, one of the phosphorylation-in-
dependent antibodies, preferentially immunolabeled GCls.
Co-presence (0.03%) of polyethyleneglycol-p-isooctyl-
phenyl ether (Triton X-100, TX) with tau2, however,
abolished this IR on GClIs, but did not abolish tau2 IR
on neurofibrillary tangles (NFTs). Tau2-immmunorcac-
tive bands on immunoblot of brain homogenates from
MSA brains were retrieved mainly in a TRIS-saline-solu-
ble fraction, as reported in normal brains. This was in con-
trast to SDS-soluble fractions from brain “with Down’s
syndrome, which contained tau2-immuoreactive bands of
higher molecular weight. It indicates that the appearance
of tau2 IR on GClIs is not related to hyperphosphorylation
of tau. These tau2-immunoreactive bands, except those
from bovine brain, were similarly abolished in the pres-
ence of TX (0.06%), and repeated washing after exposure
to TX restored the tau2 IR on immunohistochemistry and
on immunoblot. These findings can be explained if the
modified tau2 epitope undergoes a reversible conforma-
tional change on exposure to TX, which is reversible after
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washing. Because the conformation centered at Ser101 of
bovine tau is crucial for its affinity to tau2, the Ser-like
conformation mimicked by its human counterpart Pro
may represent pathological modification of tau shared by
GCIs and NFTs. The relative resistance of tau2 epitope on
NFTs on exposure to TX suggests that tau woven into
NFTs confers additional stability to the pathological con-
formation of tau2 epitope. The conformation of the tau2
epitope in GCIs is not as stable as in NFTs, suggesting
that tau proteins are not the principal constituents of the
fibrillary structures of GClIs, even though they were im-
munodecorated with tan2. The difference in the suscepti-
bility of the tau? epitope to TX may distinguish its con-
formational states, which are variously represented ac-
cording to disease conditions.

Keywords Tau?2 epitope - Conformational change -
Reversible - Detergent - Glial cytoplasmic inclusions

Introduction

Multiple system atrophy (MSA) includes olivopontocere-
bellar atrophy, striatonigral degeneration and Shy-Drager
syndrome [11]. Argyrophilic oligodendroglial cytoplas-
mic inclusions (GCIs) are the pathological hallmark of
MSA [19, 24]. GClIs are immunostained with antibodies
against ubiquitin [13, 15, 18, 23, 25, 27, 31}, a-synuclein
[5, 32, 36], tubulin [1, 13, 19, 23, 24], microtubule-asso-
ciated proteins (MAPs) [1, 15, 29], aB-crystallin [18, 31]
and Rosenthal fiber protein [13). Tau-like immunoreactiv-
ity (IR) on GCIs has been, however, inconsistently re-
ported as being positive [1, 15, 24, 271, weak [13, 18],
partial [29], dependent on the antibody [8] or negative [2,
19]. We tested a panel of anti-tau antibodies to look for
possible immunolocalization of tau in MSA brains, and its
relation to GCIs. We found that tau2, one of the phos-
phorylation-independent antibodies, consistently immu-
nolabeled GCIs, while other anti-tau antibodies failed to
immunolabel GCIs. Selective visualization of tau2 epi-
tope not associated with that of other tau epitopes on GCIs



is similar to that was observed on microglial cell around
ischemic foci [20, 34, 35], and is distinct from neurofib-
rillary tangles (NFTs). Moreover, we became aware that
tau2 IR on these microglial cells was abolished when tau2
was diluted with buffers containing polyethyleneglycol-
p-isooctylphenyl ether (Triton X-100, TX; WAKO, Tokyo,
Japan), a detergent frequently used for immunodetection
procedures [35]. The immunohistochemical similarity of
GClIs to microglia around ischemic focus prompted us to
examine possible influences of TX on tau2 IR of GCls us-
ing immunohistochemistry and immunoblot on a series of
brains from MSA patients obtained at autopsy. The influ-
ence of TX on tau? IR, as we demonstrated in the present
study, may represent a possible change in conformational
state of tau2 epitope, modified differently according to
disease conditions.

Materials and methods

We examined the cerebella and putamens of five pathologically di-
agnosed cases of MSA (four males and gne female, average age at
death: 64.6+5.9 years and duration of illness: 6.8+2.7 years, ex-
pressed as mean+SD) as shown in Table 1 and the hippocampus
from a case of Down's syndrome (DS) with neuropathological fea-
tures of Alzheimer’s disease.

Immunohistochemistry

The formalin-fixed slices of the cases were embedded in paraffin
and 5-um-thick sections were obtained. A panel of anti-tau anti-
bodies included taul (1:5,000, Bochringer, Mannheim, Germany)
[22], tau2 (1:1,000, Sigma, St Louis, Mo.) [22], anti-human tau
{pool 2, 1:10,000, a generous gift from Professor Y. lhara, Univer-
sity of Tokyo) [9], Alz-50 (1:200, a generous gift from Professor
Davies, Albert Einstein University) [38], anti-PHF monoclonal
ATS8 (1:10,000, Innogenetics, Zwijindrecht, Belgium) [17]. Epi-
topes were visualized using the ABC method with diaminobenzi-
dine and nickel ammonium sulfate as a chromogen. Influence of
Triton X-100 (TX) on tau2 IR was examined by incubating de-
paraffinized sections overnight at 4°C with tau2 diluted in phos-
phate-buffered saline (PBS) containing various concentrations
(0.3%, 0.03%, 0.003%, 09%) of TX. Possible restoration of tau2 IR,
once disappeared on exposure to TX, was tested by incubating the
sections initially with PBS containing 0.03% TX overnight. Before
being subjected to tau2 immunchistochemistry, these sections
were washed for 10 min either once, twice or three times with PBS
not containing TX, They were then processed in parallel by incu-
bating with tau2 diluted in PBS not containing TX. The subsequent
immunohistochemical procedures were the same as above. The
sections from MSA and DS cases were subjected to immunohisto-
chemistry with other anti-tau antibodies. The antibodies were di-
luted either with PBS containing (.03% TX or with that not con-
taining TX. Treatment with alkaline phosphatase was performed

Tablel Summary of cases of MSA

Case Sex Age at death Duration of illness
(years) (years)

1 M 59 3

2 M 71 4

3 M 59 8

4 F 62 9

5 M 72 10
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ptior to immunohistochemistry with taul, and the efficacy of the
pretreatment was confirmed when AT8 IR on NFTs disappeared
after the treatment [17].

Immunoelectron microscopy [12]

Fragments of cerebellar white matter were sampled from formalin-
fixed blocks of MSA cases. They were re-fixed in 2.5% glu-
taraldehyde and thin frozen sections were made. After being
blocked with normal goat serum, samples were incubated with
tau2 {1:10) overnight. Secondary anti-mouse IgG nanogold {Nano-

- pobes, Yaphank, N.Y.) diluted to1:20 was then applied for 5h. The

specimens were fixed in 1% glutaraldehyde. Gold particles were
visualized by silver enhancement followed by gold-toning. The
specimens were, then, post-fixed in 0.1% osmium tetroxide. Each
section stained with toluidine blue was embedded in Epon. Ultra-
thin sections were double-stained with uranyl acetate and lead cit-
rate, and observed under JOEL 2000FX electron microscope.

Fractionation of brains and immunoblotting

Small frozen pieces (0.5 g) from putamen of MSA, hippocampus
of DS and bovine brain were homogenized in TRIS-buffered saline
(TS, 50 mM TRIS, pH 7.6, 0.15 M NaCl). To minimize nonspecific
proteolysis of tau, buffers were routinely prepared to contain 0.5 mM
diisopropyl fluorophosphate, 0.5 mM phenylmethylsulfonyl fluo-
ride, 1 pg/ml antipain, 0.1 pg/ml pepstatin and 1 pg/ml leupeptin.
These samples were fractionated sequentially with TS, 1% Sarko-
syl/TS buffer, 2% sodium dodecyl sulfate (SDS)/TS buffer and
formic acid according to the method previously described [3, 9].
Soluble and insoluble fractions were separated by 200,000 g cen-
trifugation for 20 min at 4°C except for SDS and formic acid ex-
traction, which was carried out at room temperature.

The supematant fraction of each homogenate was treated with
the SDS sample buffer, heated at 95°C for 5 min and separated on
109% SDS-PAGE. Separated proteins in the gel were electrotrans-
blotted onto a nitrocellulose membrane (Bio-Rad, Hercules,
Calif.). After blocking with 5% nonfat dry milk in TRIS-buffered
saline (TBS, 0.02M TRIS-HCI, pH7.6, 0.15 M NaCl), the mem-
branes were incubated with tau2 (1:2,000) in the presence or ab-
sence of 0.06% TX for 1h at room temperature. Membranes were
then washed with TBS and incubated with horseradish peroxidase
(HRP)-conjugated anti-mouse IgG (1:4,000, Kirkegaard and Perry,
Gaithersburg, Md.) and visualized by the enhanced chemilumines-
cence (ECL) procedure as described by the manufacturer (Amers-
ham, UK). The HRP activity remaining on the membrane was then
inactivated by incubating it for 20 min with 2% hydrogen peroxide
in TBS. After being blocked with 5% nonfat dry milk in TBS, the
membrane was reprobed with an anti-human tau antibody {pool 2,
1:100,000). The membrane was then incubated with HRP-tagged
anti-rabbit IgG (1:1,000, Pierce, Rockford, Ill.) for 2h and sub-
jected to ECL.

Possible restoration of tau2 IR, after its disappearance on expo-
sure to TX, was tested by incubating the membranes initially with
TBS containing 0.06% TX or in its absence for'1h, Before probing
with tau2, the membranes were washed for 3h with TBS not con-
taining TX. They were then probed in parallel by incubating with
tau2 diluted in TBS not containing TX. The subsequent immun-
odetection procedures were the same as above.

Results

Immunohistochemistry

GCIs were clearly immunostained with tau2 when the
sections were incubated with tau2 diluted in PBS not con-
taining TX (Fig. 1A). This positive tau2 IR on GCls was
completely abolished (Fig. 1B) when the neighboring his-
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tological section was incubated with tau2 and a synthetic
peptide (AGIGDTS*NLEDQAA), which corresponded to
the epitope of bovine tau, Serl(1 of bovine tau, at the cen-
ter of this synthetic peptide as indicated by the asterisk,
was reported to be crucial for its affinity to tau2 and this
Ser-like conformation, mimicked by its human counter-
part Pro, represents pathological conformation of tau 2
epitope integrated in NFTs [37].

This tau2 IR on GCI (Fig. 2A) decreased when the sec-
tions were incubated with tau2 in the presence of 0.003%
TX (Fig. 2B) and was completely abolished when the con-

centration of TX increased to 0.03 and 0.3% (Fig. 2C and

D, respectively). Tau2 IR on NFTs of DS (Fig. 3A) was, in
contrast, still evident even when tau2 was diluted in PBS
containing 0.03% of TX (Fig.3B).

Tau2 IR on GCIs (Fig.4A) was abolished when the
sections were incubated overnight with PBS containing
0.03% TX prior to immunostaining with tau2 diluted in
PBS not containing TX (Fig.4B). Washing the sections
with PBS not containing TX, between the overnight incu-
bation with 0.03% TX and the tau2 immunostaining, re-
stored the tau2 IR (Fig.4C, D). The more the sections
were washed, the more intensely tau-2 IR was restored
(Fig.4C, D). Other anti-tau antibodies (taul, human tau,
Alz-50, ATS8) failed to label GCIs. These anti-tau antibod-
ies immunolabeled NFTs of DS, except that taul IR was
detectable only after treatment with alkaline phosphatase,

Immunoelectron microscopy

GCls consisted of a scattered fibrillary structure, approxi-
mately 10-15 nm in diameter. The gold granules were en-
hanced by silver, and immunodecorated the entire length
of the fibrils (Fig. 5A, B).

Immunoblotting

Tau-immunoreactive bands were mainly detected by pool 2
in the TS-soluble fraction of MSA (Fig.6A, lane 1),
which was similarly visualized by tau2 (Fig. 6B, lanel).
The molecular weight of these tan-immunoreactive bands
from MSA brains was not different from normal tau, Tau-
immunoreactive bands from DS brain were retrieved in
the SDS-soluble fraction (Fig. 6C, lane 3) and they were
of higher molecular weight.

Tau2-immunoreactive bands in TS-soluble fraction of
MSA (Fig. 7A, lane 1) and those in SDS-soluble fraction of
DS (Fig. 7A, lane2) were abolished when probed with tau2
diluted in TBS containing 0.06% TX (Fig. 7B). This was
the minimum concentration which diminished tau2 IR in
TS-soluble fraction of MSA. The membrane was prepared
similarly, and was incubated with TBS containing 0.06%
TX for 1h and then washed for 3 h with TBS not contain-
ing TX. Subsequent probing with tau2 diluted with TBS
not containing TX exhibited tau2-immunoreactive bands
(Fig. 7C). TS-soluble fraction of MSA and SDS-scluble
fraction of DS were similarly labeled with pool 2 (Fig. 7D,

lanes 1 and 2), The TS-soluble fraction of bovine brain
exhibited equivalent tau2 IR, even though it was diluted
to 1:2,000 (Fig.7, lanes 3). This tau2 IR retained even
when tau2 was diluted with TBS containing 0.06% TX
(Fig. 7B, lane 3).

Discussion

It has been debated and still remains to be settled whether
tau-like IR is present in GCls or not [1, 2, 13, 15, 18, 19,

Fig.1 Tau2 IR on GClIs and its specificity. Tau2 IR on GCIs (A) ™
was abolished on incubating the sections with tau2 diluted in
buffer containing the specific blocking peptide (B) (IR immunore-
activity, GCI glial cytoplasmic inclusion). Bar 50 um

Fig.2 The influence of TX, dependent on its concentration, on
tau-2 IR on histological sections from MSA. Sections from the
cerebellum were immunolabeled with tau2 diluted in PBS contain-
ing different concentrations of TX (A 0%; B 0.003%; C 0.03%;
D 0.3%). Tau-2 IR in GCIs (A) was diminished with increasing
concentration of TX (C, D) (TX Triton X-100, MSA multiple sys-
tem atrophy, PBS phosphate-buffered saline). Bar 50 um

Fig.3 Relative resistance of tau2 IR on NFTs. Neighboring sec-
tions from the hippocampus of brains with DS were immunos-
tained with tau2 in the absence (A) or presence (B) of 0.03% TX.
Tau-2 IR on NFTs was less influenced by the co-presence of TX
than that on GCIs (Fig.2) (NFTs neurofibrillary tangles, DS
Down’s syndrome). Bar 50 um

Fig.4 Disappearance.of tau2 IR on GCIs on exposure to TX, and
its restoration after washing. Neighboring sections from cerebellar
white matter were immunostained with tau2 in the absence (A) of
0.03% TX. Those incubated with 0.03% TX were either not
washed (B) or washed with PBS not containing TX once (C) or
three times (D) prior to tau2 immunchistochemistry in the absence
of TX. Tau-2 IR was restored after washing three times (D). Bar

S0pm

Fig.5 Fibrils in GCIs immunodecorated by tau2. GCls consisted
of scattered fibrillary structures, approximately 10—~15nm in diam-
eter, The gold granules, enhanced by silver, immunodecorated the
entire length of the fibrils. Bar A 1,000nm; B 500 nm

Fig.6 Serially separated fractions (fane I TS soluble; lane 2
sarkosyl soluble; lane 3 SDS soluble; lane 4 formic acid-extracted)
from homogenates of the MSA brain (A, B) and the DS brain (C)
were subjected to 10% SDS-PAGE and probed with pool 2 (A) or
tau2 (B, C). Pool 2-immunoreactive bands were mainly detected in
the TS-soluble fraction of MSA (A, lare 1), which was similarly
visualized by tau2 (B, lane I}, and SDS-soluble fraction of DS (C,
lane 3) (upper arrowhead: 64kDa: lower arrowhead: 50kDa) (TS
TRIS-buffered saline )

Fig.”7 Disappearance of tau2-immunoreactive bands on exposure
to TX and their restoration after washing. TS-soluble fraction from
the MSA brain (lanes I}, SDS-soluble fraction from the DS brain
(lares 2) and TS-soluble fraction from the bovine brain (diluted to
1:2,000, lanes 3) were subjected to 10% SDS-PAGE and probed
with tau2 or pool 2. TauZ-immunoreactive bands, detectable when
incubated with tau2 in the absence of TX (A), disappeared when
incubated with tau2 in the presence of 0.06% TX (B). Tau2-im-
munoreative bands from the bovine brain were relatively resistant
to exposure to TX (B, lane 3). Tau2-immunoreactive bands, disap-
peared on exposure to TX, were restored after washing performed
prior to probing with tau2 (). Fractions (D, lanes I and 2) were
similarly labeled with pool 2, except for diluted TS fraction from
bovine brain (D, lane 3) (upper arrowhead: 64kDa: lower arrow-
head: 50kDa)
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