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Abstract

Senile plaques (SPs) containing amyloid B peptide (AB) 1-42 are
the major species present in Alzheimer disease (AD), whereas AR 1-40
is the major constituent of arteriolar walls affected by cerebral amyloid
angiopathy. The water channel proteins astrocytic aquaporin 1 (AQP1)
and aquaporin 4 (AQP4) are known to be abnormally expressed in AD
brains, but the expression of AQPs surrounding SPs and cerebral
amyloid angiopathy has not been described in detail. Here, we inves-
tigated whether AQP expression is associated with each species of AR
deposited in human brains affected by either sporadic or familial AD.
Immunohistochemical analysis demonstrated more numerous AQP1-
positive reactive astrocytes in the AD cerebral cortex than in controls,
located close to AB42- or AB40-positive SPs. In AD cases, however,
AQP1-positive astrocytes were not often observed in AB-rich areas,
and there was a significant negative correlation between the levels of
AQP1 and AR42 assessed semiquantitatively. We also found that AR
plaque-like AQP4 was distributed in association with AB42- or AB40-
positive SPs and that the degree of AQP4 expression around AB40-
positive vessels was variable. These findings suggest that a defined
population of AQPIl-positive reactive astrocytes may modify AB
deposition in the AD brain, whereas the AR deposition process might
alter astrocytic expression of AQP4.

Key Words: Amyloid-B peptides 42 and 40, Aquaporin 1, Aquaporin
4, Alzheimer disease, Cerebral amyloid angiopathy, Senile plaques.

INTRODUCTION

Alzheimer disease (AD) is characterized pathologi-
cally by abnormal accumulation of extracellular aggregates of

amyloid-f peptide (AB) in the form of senile plaques (SPs) .

(1). A major component of these SPs is AP 1-42 (AB42), and
the presence of AR 1-40 (AP40)-positive amyloid seems to
be related to the development of SPs (2). Although they differ
in only 2 amino acid residues at the C-terminal end, AB42
shows a stronger tendency to aggregate and is more toxic to

From the Department of Neurology (AH, TY, KS, YU), Fukushima Medical
University, Fukushima; Departments of Neurology (MN) and Pathology
(HT, AK), Brain Research Institute, University of Niigata, Niigata, Japan.

Send correspondence and reprint requests to: Akihiko Hoshi, MD, PhD,
Department of Neurology, Fukushima Medical University, Fukushima
960-1295, Japan; E-mail: hoshia@fmu.ac.jp

This work was supported by a Collaborative Research Project Grant (2224)
from the Brain Research Institute, University of Niigata, Niigata, Japan.

Supplemental digital content is available for this article. Direct URL citations
appear in the printed text and are provided in the HTML and PDF versions
of this article on the journal’s Web site (www.jneuropath.com).

750

neurons than AB40 (3). On the other hand, the major vascular
pathology in AD is cerebral amyloid angiopathy (CAA),
which results from AB40 deposition in arteriolar media (1, 4).
Proportions of vessels containing AB40 deposits varied con-
siderably among AD cases, and the severity of AD is not
correlated with the extent of parenchymal AR deposition
(1, 5). Despite extensive studies, how SPs and CAA are
formed or degraded and how they relate to AD pathogenesis
are still unclear.

The role of astroglia in AR processing and metabolism
also remains unclear, but reactive astrocytosis in AD suggests
their participation in the clearance and degradation of AR
(6-9). Indeed, reactive astrocytes often surround SPs or CAA
in AD brains; thus, they seem to regulate A3 deposition (10,
11). Several recent studies have demonstrated that some of the
water channel proteins, astrocytic aquaporin 1 (AQP1) and/or
aquaporin 4 (AQP4), are abnormally expressed in AD brains
(12-15). AQP1 is normally expressed in the apical membrane
of the choroid plexus and participates in the formation of
cerebrospinal fluid (16-19). AQP4 shows polarized local-
ization in astrocyte foot processes where it is involved in brain
edema formation in cases of stroke, brain tumor, acute bac-
terial meningitis, and brain abscess (18-23).

Differences between astrocytic AQP1 and AQP4 ex-
pression around SPs and CAA have not been investigated in
detail. Thus, the precise. roles of AQP expression in AD
remain unknown. Because these channels are often localized
near sites of AR deposition, we hypothesized that they might
play a pivotal role in the degenerative processes of AD by
modifying AR pathology. Therefore, we investigated whether
AQP1 or AQP4 expression was associated with deposition of
each AR species in human brains with advanced AD.

MATERIALS AND METHODS

Neuropathologic Assessment

Informed consent for research on all brain tissue was
obtained from the Brain Research Institute, University of
Niigata. The study was approved by the Ethics Committee of
Fukushima Medical University. Autopsied brains of 8 patients
with AD (5 with sporadic AD [sAD] and 3 with familial AD
[fADY]) were examined and compared with the brains of 5 age-
matched controls experiencing nonneurologic conditions.
Each diagnosis was based on both clinical history and post-
mortem neuropathologic verification (24). Clinical data for
the 13 patients are summarized in the Table. In all cases, the
temporal lobes (superior, middle, and inferior temporal gyrus)
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TABLE. Patient Clinical and Neuropathologic Data

Case Sex Age at Death, y PMIL h Braak Stage Brain Weight, g AP42 Deposit AB40 Deposits
Control 1 M 76 35 1,270 1 0
Control 2 M 80 3 1,300 1-2 1
Control 3 F 82 45 1,210 1 1
Control 4 M 77 22 1,175 1-2 1
Control 5 M 76 2 1,275 1 0
sADI F 104 35 vI/C 780 34 2-3
sAD2 F 86 45 vIc 860 3-4 1
sAD3 F 86 4 vI/C 995 4 2-3
sAD4 F 100 3 vIC 935 3 1
sADS M 78 35 vI/C 910 3-4 1-2
fAD1 F 65 3.5 vIc 750 4 1
fAD2 F 57 4 vI/C 470 4 2-3
fAD3 F 66 3 vIC 910 4 1

Grading of AB 42 and 40 deposits: 0 = absent, 1 = few, 2 = moderate, 3 = many, 4 = very many.
sAD indicates sporadic Alzheimer disease; fAD, familial Alzheimer disease; fAD mutations: fAD1, fAD3, amyloid precursor protein (APP), 717Vallle; fAD2, presenilin L381V.

M, male; F, female; PMI, postmortem interval.

were used for the immunohistochemical study. The extent of
AR42 and AR40 deposition in immunostained sections was
rated semiquantitatively, as previously reported (4).

Immunohistochemistry

Tissue samples were processed into 4-pm-thick paraffin-
embedded sections, and immunostaining was performed using
the EnVision (Dako, Glostrup, Denmark) system. The sections
were deparaffinized, and nonspecific binding was blocked with
2.4% goat serum and 30% H,0O, for 30 minutes at room tem-
perature. After washing with phosphate-buffered saline, the
slides were incubated overnight at 4°C with primary anti-
bodies. The primary antibodies and dilutions used were rabbit
polyclonal anti-AQP1 antibody (1:1000; Chemicon Interna-
tional, Temecula, CA), rabbit polyclonal anti-AQP4 antibody
(1:500; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit
polyclonal anti-AB42 antibody (1:500; Calbiochem, Billerica,
MA), rabbit polyclonal anti-AB40 antibody (1:500; Calbio-~
chem, Millipore), and mouse monoclonal anti—glial fibrillary
acidic protein (GFAP) antibody (1:1000; Chemicon). For AR40
or AB42 immunostaining, sections were pretreated with 98%
formic acid for 5 minutes. Subsequently, secondary antibody
incubations were carried out for 45 minutes at room temper-
ature. Peroxidase labeling was visualized using diamino-
benzidine as a chromogen. For double staining, we used the
EnVision G|2 double-stain system (Dako) in accordance with
the manufacturer’s protocol. Visualization was based on per-
oxidase using diaminobenzidine and alkaline phosphatase
with permanent red as the chromogen.

Fluorescence immunohistochemistry was also performed
on paraffin sections to characterize the relationship between
the expression of AQP and that of AP. The primary antibodies
and dilutions used were rabbit polyclonal anti-AQP1 antibody
(1:1000), mouse monoclonal anti-AB42 antibody (1:300; Milli-
pore), rabbit polyclonal anti-AQP4 antibody (1:500), and mouse
monoclonal anti-AB40 antibody (1:25; Immuno-Biological Lab-
oratories Co., Gunma, Japan). The secondary antibodies and
dilutions used were fluorescein isothiocyanate—coupled goat

© 2012 American Association of Neuropathologists, Inc.

anti-mouse IgG (1:100; KPL, Gaithersburg, MD), and Cy3-
conjugated donkey anti-rabbit IgG (1:100; Jackson Immu-
noResearch, West Grove, PA). Immunostained sections and
fluorescent specimens were analyzed using a microscope
digital camera system (DP70; Olympus, Tokyo, Japan).

Statistical Analysis

In all AD cases, the fluorescence intensity of AQP1 and
AB42 was evaluated as relative fluorescence units and quan-
tified using image analysis software (Lumina Vision; Mitani
Corp., Tokyo, Japan), as reported previously (21). About 4
to 6 areas of 0.14 mm* were randomly selected from photo-
graphs of specimens that had been immunostained for AQP1
and AP42 taken from the superior, middle, and inferior tem-
poral cortices of patients with AD. Correlations between
AQP1 and AB42 levels in relative fluorescence units were
assessed using both Spearman correlation and regression
analyses. Statistical significance was set at p < 0.05. AQP1 or
AQP4 immunoreactivity (IR) in the cerebral cortex was also
semiquantified using image analysis software (Win Roof;
Mitani Corp.), as described previously (25). The quantifica-
tion measure, referred to as the relative density, was defined
as the saturation value of AQP1 or AQP4 immunostaining
on digitized images. Three random areas, each measuring
3.44 mm® in the superior, middle, and inferior temporal cor-
tices, were assessed in all cases. All data were expressed as
means = SD. One-way ANOVA, followed by the Bonferroni
test, was performed for statistical comparisons of the semi-
quantitatively measured AQP4 IR levels. Differences at
p < 0.05 were regarded as statistically significant.

RESULTS

AP Deposition

All AD cases had numerous AP42 deposits in the cortex
but the extent of AB40 accumulation relative to AB42 was
highly variable (Table). AB40 deposits in both leptomen-
ingeal and intracortical small vessels and capillaries were also
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FIGURE 1. (A-D) Immunohistochemistry for aquaporin 1 (AQP1) in control brain (A), and brains with sporadic Alzheimer disease
(sAD) (B), and familial Alzheimer disease (fAD) (C). There are more numerous AQP1-positive cells in the cerebral cortex of both the
sAD and fAD brains versus the controls. (D) Double immunolabeling of AQP1 (brown) and glial fibrillary acidic protein (GFAP) (red)
in a case of AD. (E-H) The cortical levels of AQP1 immunoreactivity in both the sAD and fAD groups were significantly higher than
in the control group. Data are given as mean = SD. ** p < 0.01 versus control.
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FIGURE 2. (A-1) Double immunofluorescence for aquaporin 1 (AQP1) (A, D, G) and amyloid-B peptide 1-42 (AB42) (B, E, H) in
the Alzheimer disease (AD) groups (C, F, I: merged images). Cells showing intense AQP1 expression are in contact with classic
AB42 plaques (A—C). Numerous AQP1-positive cells are present in areas where AR42 plaques are sparse (D-F), but are not often
observed in areas where such plaques are dense (G-I). (J) Plot of AB42 levels and AQP1 levels (in relative fluorescence units) in the
sporadic and familial AD groups. Semiquantitative analysis of AQP1/AB42 levels in both AD groups revealed a significant negative
correlation between the cortical levels of AQP1 and that of AB42 (R? = 0.2839, p < 0.01).
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£

FIGURE 4. (A-C) Double-labeling immunchistochemistry for aquaporin 4 (AQP4) (brown) and amyloid-g peptide 1-42 (ApR42)
(red) (A) or amyloid-B peptide 1-40 (AB40) AB40 (red) (B, C) in cases of Alzheimer disease (AD). Numerous AB42 or AB40 plaques
colocalize with intense AB plaque-like AQP4 expression (A, €). There are smaller AB40-positive deposits within areas of plaque-like
AQP4 expression (B, arrows). (D-I) Double immunofiuorescence for AQP4 (D, G) and AR42 (E) or AB40 (H) in the AD groups
(F, I: AQP1/AB42 or AB40 merged images). Classic AB42 plaques are devoid of AQP4 immunoreactivity in the dense core but show
enhanced AQP4 expression at the margins (D-F, arrowheads). AQP4 immunoreactivity is strong in the interior of primitive AB42 or
AB40 plaques (D-, arrows) or around areas of smaller AB40 deposits (G-I, arrowheads).

observed in the patients with AD. Age-matched controls (Figs. 1A-C). Numerous AQP1-positive cells in both AD
showed only a few or modest accumulations of AR42 deposits groups were mainly in the pyramidal cell layers and had the

and no or only slight AB40 deposits (Table). morphologic characteristics of bushy reactive astrocytes, with
hypertrophic cell bodies and highly branched processes.

AQP1 Expression and Its Relationship to Double immunostaining for AQP1 and GFAP showed that

AR Deposition these cells coexpressed both molecules (Fig. 1D). The levels

AQP1-positive cells were more abundant in the cerebral of cortical AQP1 IR in both the sAD and fAD groups were
cortex of both the sAD and fAD groups versus the controls significantly greater than in the control group. AQP1 IR in

FIGURE 3. (A-C) Immunohistochemistry for aquaporin 4 (AQP4) in a control brain (A), and in cases of sporadic Alzheimer disease
(sAD) (B), and familial Alzheimer disease (fAD) (C). High-power views show subpial or superficial cortical AQP4 immunostaining.
(D, E) Double-labeling immunohistochemistry for AQP4 (brown) and glial fibrillary acidic protein (GFAP) (red) in the cortex of AD
brains. AD brains showed intense AQP4 expression and GFAP-immunoreactive astrocytes (D) or marked AR plaque-like AQP4
expression (E). (F-I) Cortical levels of AQP4 immunoreactivity in both the sAD and fAD groups are significantly greater than the in
the control group, except for the middle and superior temporal cortices in the fAD group. Data are given as mean * SD. **, p <0.01
versus control; *, p < 0.05 versus control.
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each case, expressed as the mean = SD for the total, inferior,
middle, and superior temporal cortices, was 14.2 £2.8, 13.2 +
2.6,14.2 £3.0,and 15.2 = 2.4 in the control group; 34.0 £ 7.0,
35.4 £8.3,33.5 £ 6.4, and 33.0 + 6.5 in the sAD group; and
36.0+ 84,384 £8.7,35.0+8.71, and 34.5 + 8.1 in the fAD
group, respectively (Figs. 1E-H).

To confirm the observed relationship between the pat-
terns of AQP1 and AB42 expression in AD, we next con-
ducted a double immunofluorescence analysis of AQP1 and
AB42 in all of the AD cases. AQP1-expressing cells were
often localized near AR42 plaques in the SAD and fAD cases
(Figs. 2A-F), but AQP1-positive astrocytes were not often
observed in areas of densely packed AB42 plaques (Figs.
2G-I). There were numerous AQPI-positive cells in areas
where AB42 plaques were sparse (Figs. 2D-F). There were
significant negative correlations between the levels of AQP1

and AP42 expression when assessed semiquantitatively in

the AD groups (Fig. 2J). Similarly, increased AQP1 IR
was observed in areas where AB40 plaques were sparse
(Figure, Supplemental Digital Content 1, Parts A and B,
http://links.lww.com/NEN/A361), whereas expression was
decreased in AP40-rich areas (Figure, Supplemental Digital
Content 1, Parts C and D, http:/links.lww.com/NEN/A361).
In general, most AQP1-expressing cells were near AB40
plaques (Figure, Supplemental Digital Content 1, Parts E-G,
http://links.lww.com/NEN/A361). Negative controls, in which
incubation with anti-AQP1 antibody had been omitted, showed
no IR (data not shown). The epithelial cells of the choroid
plexus were intensely labeled with anti-AQP1 antibody (data
not shown).

AQP4 Expression and Its Relationship to
AR Deposition

Cortical AQP4 immunoreactivity was also more intense
in both the sAD and fAD groups than in the control group
(Figs. 3A—C; Figure, Supplemental Digital Content 2, Parts
A-C, http://links.lww.com/NEN/A362). There were 2 prom-
inent patterns of subpial or superficial cortical AQP4 immu-
noreactivity in the AD groups: intense diffuse AQP4 labeling
of the entire neuropil (Fig. 3B) and AQP4 distribution around
AB plaque-like bodies (Fig. 3C). The latter pattern was
more apparent in fAD cases with an amyloid precursor protein
mutation than in a case with a presenilin mutation (Table),
but this was also seen in some patients with sAD. In the
deeper cortical layers of control brains, there was less intense
AQP4 immunoreactivity in cells with astrocyte morphology
around vessels (Figure, Supplemental Digital Content 2,
Part D, http:/links.lww.com/NEN/A362). In the AD brains,
intense AQP4 expression patterns that resembled astrocytic
profiles (Figure, Supplemental Digital Content 2, Part E,
http://links.lww.com/NEN/A362) or AR plaque-like AQP4
expression (Figure, Supplemental Digital Content 2, Part F,
http://links.lww.comYNEN/A362) were observed in the deeper
cortical layers. As shown in Figure 3, F to I, the cortical AQP4
IR in both the sAD and fAD groups was significantly greater
than that in the control group, except for in the middle and
superior temporal cortices in the fAD group. AQP4 IR in each
case, expressed as the mean * SD for the total, inferior, mid-
dle, and superior temporal cortices, was 40.9 = 10.3,393 =

756

10.3,41.7 £10.6, and 40.2 + 12.0 in the control group; 53.1 *
12.7, 52.6 * 6.8, 53.4 + 14.1, and 53.3 + 16.3 in the sAD
group; and 49.9 £ 9.2, 489+ 9.2, 51.7+ 8.9, and 49.3 + 10.4
in the fAD group. Double labeling using both anti-AQP4 and
anti-GFAP antibodies clearly showed that areas of AQP4
expression coincided with areas of GFAP expression in
the cortex of the control group (data not shown). In con-
trast, AQP4 immunoreactivity was clearly observed in both
astrocytosis and AP plaque-like structures in the AD groups
(Figs. 3D, E).

We then conducted double-labeling immunohisto-
chemistry for AQP4 and AB42 or AR40 in the AD cases.
As expected, numerous AB42 or AB40 plaques were coloca-
lized with intense expression of AR plaque-like AQP4
(Figs. 4A—C), and small AB40-positive deposits were detec-
ted within some areas of AP plaque-like AQP4 expres-
sion (Fig. 4B). To examine the expression patterns of AQP4
in both AB42 and AB40 plaques in detail, we conducted a
double-immunofluorescence study of AQP4 and AR42 or AB40
in the AD groups. A noteworthy finding was that classic AB42
plaques were devoid of AQP4 immunoreactivity in the dense
core, although AQP4 ‘expression was enhanced at the mar-
ginal rim (Figs. 4D-F, arrowheads). Primitive AB42 or AB40
plaques showed strong AQP4 immunoreactivity in the interior
(Figs. 4D-1, arrows) or around areas of light AR deposition
(Figs. 4G, arrowheads).

Lastly, we investigated the expression of AQP4 around
AR40-positive vessels, that is, larger vessels and capillaries
with CAA. Intriguingly, various degrees of AQP4 expression
were noted around AR40-positive vessels (Figs. 5B-F).
Intense AQP4 immunoreactivity was observed around larger
vessels showing slight to moderate AB40 positivity (Figs. 5B,
C) in comparison to that around AR40-negative vessels
(Fig. 5A). Loose AQP4 reaction products with irregular
perivascular spaces distributed around larger vessels with
intense AB40 positivity were also observed, in contrast to
AB40 plaques associated with massively enhanced AQP4
expression (Fig. 5D). In addition, AQP4 expression around
capillaries with CAA tended to be more intense with dyshoric
changes, that is, AB40 spreading into the neuropil (Figs. 5E, F).

DISCUSSION

The marked variation of AQP expression in AD
brains observed in the present study raises the possibility that
AQP1-positive reactive astrocytes may pathologically mod-
ify the deposition of AR and that AR deposits may alter the
astrocytic expression of AQP4 during the development of
AD. In both the sAD and fAD groups, many AQP1-positive
reactive astrocytes were close to deposits of AB42 or AB40,
whereas AQP1 immunoreactivity in astrocytes was often
reduced in areas of intense AR immunoreactivity, suggesting
that AQP1 expression is associated with transition to an AB42-
or AR40-rich state. Other noteworthy features included the
presence of intense AP plaque-like AQP4 expression asso-
ciated with AB42- or AB40-positive SPs and various degrees
of AQP4 expression around AP40-positive vessels. There
were no apparent differences in AQP1 expression between the
sAD and fAD groups, although fAD cases with amyloid
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FIGURE 5. (A-F) Double-labeling immunohistochemistry for aquaporin 4 (AQP4) (brown) and amyloid B peptide 1-40 (AB40, red)
in the Alzheimer disease (AD) groups with moderate or extensive AB40 deposits. Note the location of AQP4 expression around
AB40-positive vessels. Strong AQP4 immunoreactivity is evident around slightly AB40-positive larger vessels (B) or moderately
AB40-positive larger vessels (C) in comparison to the immunoreactivity around AB40-negative vessels (A). (D) Loose fibrous expression
of AQP4 around intensely AB40-positive larger vessels (arrows) and intense expression of AQP4 around areas with a high Ag40 plaque
burden (arrowheads). (E, F) AQP4 expression around cerebral amyloid angiopathy (CAA). Mild expression of AQP4 around capillary CAA
showing slight or absent dyshoric change (E). Intense expression of AQP4 around capillary CAA with dyshoric change (F).
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precursor protein mutation, but not a case with presenilin
mutation, seemed to show more widespread AR plaque-like
AQP4 expression than sAD cases. Because of the small
number of fAD or sAD cases showing AP plaque-like AQP4
expression, we were unable to perform statistical analysis to
clarify this issue.

Our present observations suggest that AQP1-expressing
astrocytes accumulate at sites of AB42 or AR40 deposition,
where they attempt to take up and degrade the AR (26). We
consider that during the development of AD pathology,
AQP1-expressing astrocytes might contribute, at least tem-
porarily, to a reduction in local SP formation. Although the
close relationship between AR plaques and microglial cells
has been extensively studied, the role of astrocytes in A
plaque processing and metabolism is unclear (7, 8, 10, 27).
However, it has been suggested that astrocytes have an
important role in maintaining AP homeostasis in the AD
brain. Indeed, large amounts of AP have been observed in
activated astrocytes in human AD brain (1, 7), and some
studies have shown that astrocytes can internalize AB both in
vitro and ex vivo (6, 9, 11, 27). Furthermore, the amount of
APB accumulated by astrocytes has been shown to correlate
with the severity of AD-associated neuropathology (27), thus
strengthening the view that astrocytes are key mediators of AB
pathology. Although some studies have noted that a sub-
population of activated astrocytes express an Ap-degrading
enzyme that may play a role in AR clearance (6, 9, 28), the
AQP1-expressing astrocytes demonstrated in the present study
might also play a crucial role in SP formation.

In addition, astrocytic AQP1 expression in the AD brain
seems to be important for enhancement of astrocyte migra-
tion. Cell migration generally involves the formation of
membrane protrusions (lamellipodia and membrane ruffles) at
the leading edge of the cell. In Chinese hamster ovary cells,
exogenously expressed AQP1 is localized at lamellipodia
(29), leading to the production of extensive protrusions and
accelerated cell migration. Accordingly, it can be hypothe-
sized that the expression of AQP1 observed in our AD cases
might play a role in enhancing the ability of astrocytes to
migrate toward AP plaques. This would also imply that
astrocytes might lose their AQP1 expression in the presence
of APB or other factors in areas with a dense AB42 burden. In
other words, AR42-overburdened astrocytes lacking AQP1
expression might be involved in a process that will result in
the formation of astrocyte-derived plaques (7, 30).

In general, although AQP1 is constitutively expressed in
the choroid plexus, several studies have demonstrated that as-
trocytes elsewhere in the brain can express AQP1 under certain
pathologic conditions, such as Creutzfeldt-Jacob disease (31),
astrocytoma (22), epilepsy (32), and other processes involv-
ing astrocytic proliferation (33-36). However, it is still
unclear why astrocytic AQP1 expression is upregulated in
these disorders when there is no accompanying accumula-
tion of AB. Using an AR11-25 antibody reactive with both
APR42 and AP40 antigens, Misawa et al (13) have shown
that the number of AB/AQPI-immunoreactive plaques in AD
was significantly higher than in non-AD conditions such as
Parkinson disease, multiple-system atrophy, amyotrophic lateral
sclerosis, and some other diseases. In AD, increment of AR/
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AQPIl-immunoreactive plaques may be a neuropathologic
feature that distinguishes it from other neurodegenerative
diseases.

Another conspicuous feature in the present study was
the expression of AQP4 at SPs or around areas of CAA.
Moftakhar et al (14) also studied the distribution of AQP4
plaque-like bodies in human AD brains, but they did not
differentiate between AP42 and AR40 with regard to the
respective association of each with AQP4 and did not describe
the morphology of AQP4 plaque-like expression in detail. We
found that intense AR plaque-like expression of AQP4 was
closely associated with AB42 plaques and that mature SPs
involving AB40 or dense-cored AR plaques lacked internal
expression of AQP4. The distribution of AQP4 expression
around SPs in the present study suggests that the AQP4 may
play akey role in SP formation in AD. It is considered that the
amyloid in the cores of classic plaques is older than that in
primitive plaques and that the cores are surrounded by a halo
of younger amyloid (37). Thus, the expression of AQP4 in
SPs seems to occur during early AP deposition, whereas
AQP4 downregulation seems to occur in the later stage of AP
plaque formation. ‘

We also noted alterations of AQP4 expression around
larger vessels or capillaries affected by CAA; AQP4 expres-
sion seemed to vary depending on the severity of CAA. In
general, AB infiltrates all layers of the vessel wall with pro-
gression of CAA, and intracortical vessels including capil-
laries can show additional spread of AB into the surrounding
neuropil (so-called dyshoric change) (38, 39). In addition,
many studies have shown that vascular AR in CAA is pre-
dominantly composed of AR40 (1, 4, 38), and our findings in
CAA in the present series are in accord with those reports.
Two studies have reported the changes in AQP4 expression
associated with CAA affecting larger vessels (14, 40), and
we observed some differences in the distribution of AQP4
immunoreactivity around areas of mild to moderate, or
marked, AB40 deposition associated with dyshoric change in
larger vessels or capillaries. These findings suggest that AB-
laden blood vessels do interact with astrocytes during CAA
progression. In particular, the latter pattern of AQP4 expres-
sion around areas of marked AB40 deposition is characterized
morphologically by glial scar formation (16, 41). In the
preserice of dyshoric vascular AP deposition, clusters of
activated microglia and astrocytes have been observed in
perivascular areas (39), and upregulation of AQP4 in astro-
cytes has been found in various inflammatory lesions (42).
The inflammatory reaction related to CAA with dyshoric
change seems to give rise to enhancement of AQP4 immu-
noreactivity around areas of CAA.

In summary, we have demonstrated marked changes
in the expression of AQP1 and AQP4 in relation to SPs or
CAA in human brains affected by AD. Although the number of
cases examined was limited, we obtained largely consistent
observations that allow us to propose a model for the relation-
ship between AQPs and AB. Further studies will be needed to
verify the proposed mechanistic link between AQPs and the
process of AP pathology in AD and to clarify the relationship
between AQP-mediated water balance and neurodegenerative
process.

© 2012 American Association of Neuropathologists, Inc.
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Several clinical variants of progressive supranuclear palsy (PSP)
have been identified [1]. We have recently defined a variant of
patients designated PSP with cerebellar ataxia (PSP-C) [2]. Because
these patients develop cerebellar ataxia as the initial and principal
symptom, they might be clinically misdiagnosed as having spino-
cerebellar degeneration (SCD). To distinguish PSP-C from SCD,
magnetic resonance imaging (MRI) [3] may be useful.

Here, we report the clinical course and serial MRI findings of
a patient with pathologically proven PSP-C.

A 72-year-old Japanese man who developed unsteadiness of gait
visited our hospital 1 year after its onset. Neurological examinations
revealed supranuclear gaze palsy, axial rigidity, and limb and truncal
ataxia. Although aninitial brain MRI did not show obvious atrophy of
the cerebellum (Fig. 1a—c), he was diagnosed as having SCD on the
basis of clinical symptoms. Subsequently, the patient had frequent
falls because of worsening of truncal ataxia. Two years after the
onset, the second brain MRI was performed, which showed dilata-
tion of pontocerebellar cistern (Fig. 1e,f) in addition to atrophy of
the superior cerebellar peduncles (SCPs) (Fig. 1e). The third brain
MR, performed 4 years after the onset, showed the increased dilata-
tion of pontocerebellar cistern, proportional but “small in size” pons
and cerebellum with fourth ventricular dilatation (Fig. 1i), and the
rostral midbrain atrophy (Fig. 1g). The progressive dilation of ponto-
cerebellar cistern was confirmed by quantitative analyses: the area
of pontocerebellar cistern at thelevel of middle cerebellar peduncles
on the initial, second, and third MRIs are 7.5 mm? (12.6% of posterior
fossa), 13.7 mm? (20.0% of posterior fossa), and 17.4 mm? (29.9% of
posterior fossa), respectively (Fig. 1cfi). The progressive rostal
midbrain atrophy was also confirmed [3]: the area of tegmentum
mesencephali on the initial, second, and third MRIs are
103.8 mm?, 69.2 mm?, and 47.1 mm?, respectively (Fig. 1a,d,g). At
76-year-old, he died from CO; narcosis. The diagnosis of PSP was
confirmed after autopsy [2]. Briefly, tau-positive inclusion bodies

1353-8020/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
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in Purkinje cells (Fig. 2) and severe neuronal loss with gliosis in
the dentate nucleus were observed.

We provide, for the first time, serial MRI findings in a patholog-
ically proven PSP-C patient. When the patient developed cere-
bellar ataxia as an initial symptom, MRI did not show obvious
atrophy of the cerebellum. However, follow-up MRI examinations
demonstrated atrophy of the SCPs as well as dilatation of ponto-
cerebellar cistern that accompanies “small in size” pons and cere-
bellum. The former finding has been shown on volumetric MR
images in patients with PSP [3]. On the other hand, the latter
finding was previously reported in a pathologically proven PSP
patients who developed cerebellar ataxia as the initial and prin-
cipal symptom: CT scans of the patient revealed no obvious
atrophy of cerebellum in early-stage of the disease and enlarged
pontocerebllar cistern in advanced-stage of the disease [4]. We
consider that dilatation of pontocerebellar cistern that accom-
panies “small in size” pons and cerebellum might be character-
istic imaging feature of PSP-C.

This patient is of interest to understand lesions responsible for
ataxia in PSP patients. On the basis of our pathological examination
of patients with PSP-C, we speculated that patients with tau-
positive inclusion bodies in Purkinje cells and degenerated dentate
nucleus easily develop cerebellar ataxia [2]. This speculation might
be supported by a recent clinicopathological analysis of 30 Cauca-
sian PSP patients, which demonstrated that cerebellar ataxia was
exclusively observed in 2 patients who exhibited tau-positive inclu-
sion bodies in Purkinje cells [5]. Future studies need to be per-
formed to understand the mechanism by which cerebellum and
pons become atrophic proportionally in PSP-C patients.

In conclusion, this case report suggest that dilatation of ponto-
cerebellar cistern that accompanies “small in size” pons and cere-
bellum might be characteristic imaging feature of PSP-C, although
accumulation of patients and analyses will be necessary.
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T1WI

T1IWI

T2WiI

1 year after onset 2 year after onset 4 year after onset

Fig. 1. A serial MRI study in the present patient. Top panels (a, d, g), sagittal T1-weighted MRIs (TTWIs) at the level of the mesencephalic aqueduct. Middle panels (b, e, h), axial
T1WIs at the level of the superior cerebellar peduncles. Lower panels (c, f, i), axial T2-weighted MRIs (T2WIs) at the level of the middle cerebellar peduncles. Serial MRIs showed

atrophies of the midbrain (g), superior cerebellar peduncles (e, h), and frontal and temporal lobes (e, h), in addition to enlarged pontocerebellar cistern without overt dilatation of
cerebellar fissures (i).
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Fig. 2. Immunohistochemical finding of Purkinje cells. High-power magnifications
view of a Purkinje cell demonstrating granular, tau-positive profiles in the cytoplasm
by AT8 immunostain. Bar = 25 pm.
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