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Abstract

Agquaporins have recently been identified as protein channels involved in water transport. These
channels may play a role in the edema formation and alterations in microvascular function
observed in Alzheimer disease (AD) and cerebral amyloid angiopathy (CAA). We investigated the
expression of aquaporin 1 (AQP1) and aquaporin 4 (AQP 4) in 24 human autopsy brains
consisting of 18 with AD and varying degrees of CAA, and 6 with no pathologic abnormalities
using immunohistochemistry. In cases of AD and CAA there was enhanced AQP 4 expression
compared to age- and gender-matched controls. Aquaporin 4 immunoreactivity was prominent at
CSF and brain interfaces, including subpial, subependymal, pericapillary and periarteriolar spaces.
Aguaporin 1 expression in AD and CAA cases was not different from that in age- and gender-
matched controls. Double-labeling studies demonstrated that both AQP1 and 4 were localized to
astrocytes. Both enhanced AQP4 expression and its unique staining pattern suggest that these
proteins may be important in the impaired water transport observed in AD and CAA.

Keywords
Aquaporin; Alzheimer disease; Brain aging; Cerebral amyloid angiopathy

INTRODUCTION

Alzheimer disease (AD) with or without cerebral amyloid angiopathy (CAA) is a common
age-related dementing disease. CAA is defined by the deposition of amyloid proteins within
the walls of leptomeningeal and cortical arteries, arterioles and capillaries, sometimes
leading to ischemia and hemorrhage with subsequent edema formation; it is commonly
associated with AD (1-4). AD is characterized by the progressive accumulation of senile
neuritic plaques, neurofibrillary tangles, neuropil threads in the brain, as well as CAA (5),
and has also been associated with cerebral microvascular abnormalities. Endothelial cells of
arterioles and capillaries in the brains of AD patients are often characterized by atrophy,
swelling and increased pinocytic vesicles. The astrocyte end feet processes, which often
extend to the abluminal aspect of brain capillaries, appear swollen (6-8). The blood-brain
barrier (BBB) is abnormal in AD, showing ultrastructural evidence of “leakiness”(9). These
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cerebrovascular abnormalities may contribute to impaired water transport in brains of
patients with AD.

We hypothesized that alterations in the expression of aquaporin protein channels may
explain some of the vascular and structural abnormalities observed in CAA and AD.
Aquaporins have recently been identified as protein channels that are involved in water
transport in many organs, including the brain. These channels may play a role in edema
formation and alterations in the microvascular physiology of the brain. Both aquaporin 1
(AQP1) and aquaporin 4 (AQP4) have been identified in human brains. Aquaporin 1 is
thought to function in the production and maintenance of cerebrospinal fluid (CSF) in the
choroid plexus, whereas AQP4 is involved mostly in interstitial brain fluid homeostasis,
including BBB regulation (10-12).

Previous studies have suggested that aquaporins are abnormally expressed in regions of the
brain affected by edema following traumatic brain injury (13-15) and cerebral ischemia
(16-20). Furthermore, recent studies have demonstrated that the pathogenesis of
neuromyelitis optica (NMO) is mediated by antibodies (Abs) called NMO-1gG that target
AQP4. Although the exact biological role and function of NMO-1gG remain to be
determined, recent reports suggest that it recognizes AQP4 expressed by astrocytes,
destabilizes the BBB and contributes to astrocyte and oligodendrocyte damage (21-23). To
our knowledge, aquaporin expression in neurodegenerative conditions such as AD with
varying degrees of CAA have not been extensively examined. No other study to date has
examined the expression of aquaporin channels in relation to CAA.

MATERIALS AND METHODS

Patients

The autopsy brains of 18 AD patients (age range, 68-90 years) (Braak stage 111-V1) were
examined: 12 patients with AD had severe CAA (Vonsattel grade 1) and 6 with AD did not
have CAA. These specimens were obtained from the UCLA Alzheimer Disease Center
Brain Bank. There were 2 sets of controls: 4 age- and gender-matched controls without
significant AD pathologic changes (age range 71-86 years) and 4 young controls (age <40
years) (Table). In all cases, 3 brain regions (frontal, temporal and occipital lobes) were used
for immunohistochemical study.

Immunohistochemistry

Immunohistochemical studies were carried out on paraffin sections. Tissues were stained
with an unconjugated polyclonal Ab to AQP1 (#AB3065, Chemicon International,
Temecula, CA, 1:100) or with anti-AQP4 Ab (#H-80, Santa Cruz Biotechnology, Inc, Santa
Cruz, CA, 1:100). Overnight incubation of sections with primary Abs was followed by
incubation with goat anti-rabbit polyclonal Ab diluted 1:200 for 1 hour at room temperature
(RT). Sections were then treated with an avidin-biotin complex (ABC) for 30 minutes
(#SK-4100, Vector Laboratories, Burlingame, CA). Diaminobenzidine was used as a
chromogen and sections were counterstained with hematoxylin. Negative controls were
performed by omitting the primary Ab. All controls gave no detectable labeling. Normal
human choroid plexus was used as a positive control for AQP1 and a normal human brain
sample was used for positive control for AQP4. Slides were examined and photographed
using an Olympus BX 41 microscope with a microfire digital camera (Olympus America,
Inc. Melville, NY).

For double-label immunohistochemistry, primary mouse anti-glial fibrillary acidic protein
(GFAP) Ab (#M0761, Dako Cytomation, Glostrup, Denmark) was applied to the slides at a
concentration of 1:50 overnight at 4°C. Secondary horse anti-mouse Ab (Vector
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Laboratories #BA-2000) was applied to the slides and incubated for 30 minutes at RT.
Vector ABC solution (Vector Laboratories #PK-6100) was then applied for 30 minutes at
RT. Diaminobenzidine was again used as chromogen. The primary rabbit anti-AQP 1 Ab,
(1:200), Chemicon International or AQP4 Ab, (1:100), Santa Cruz Biotechnology, Inc. were
applied as primary Abs overnight at 4° C followed by incubation with a secondary goat anti-
rabbit (# BA-1000, Vector) Ab for 30 minutes at RT. Vector ABC (# PK-6100) was applied
to the slides for 30 minutes at RT. The labeling substrate used was 3-amino-9-ethylcarbazole
(#SK-4200, AEC substrate kit, VVector), resulting in a purple color. The slides were then
counterstained using hematoxylin (Fisher Scientific #BM-M10), dehydrated and mounted.

All cases (parallel sections to those used for AQP/GFAP immunohistochemistry) were
stained with anti-p-amyloid (AB) and phosphorylated tau to investigate the location of
aquaporins and astrocytes relative to senile plaques and neurofibrillary tangles, respectively.
Staining with these Abs was conducted using methods similar to those used for aquaporin
stains, with the following exceptions: The primary rabbit anti-Ap 1-40 or 1-42 Abs
(Chemicon International) were used at a dilution of 1:500. For anti-phosphorylated tau, the
primary human anti-phosphorylated tau Ab (Pierce Endogen) was used at a dilution of 1:200
while the secondary Ab used was mouse anti-human at a dilution of 1:200 (Immpress Mouse
Secondary Developing Solutions, Vector).

Grading and Data Analysis

Levels of expression were graded for both gray and white matter brain regions as follow: 0,
no expression; 1, trace expression; 2, moderate expression; and 3, strong expression. A
Mann-Whitney U test was used to compare the expression of aquaporins among AD, CAA,
and control cases. Median scores of the expression of each molecule were used for
comparisons. Values of p < 0.05 were regarded as significant. All computations were
performed in R version 2.4.1(24).

RESULTS

There was no difference in immunoreactivity (IR) staining intensity for AQP1 between AD
and CAA cases (median = 1.00) vs. age-matched controls (median = 1.00) (p = 0.91) (Fig.1,
2A, B). There was greater AQP4 IR in AD and CAA cases (median = 3.00), vs. aged-
matched controls (median = 1.00) (p = 0.009), and vs. younger controls (median =1.00) (p =
0.01) (Fig. 1, 2C, D). However, AQP1 IR was more prominent in younger controls (median
= 2.00) vs. older controls (median = 1.00) (p = 0.02) and vs. AD cases (median = 1.00) (p =
0.001) (Fig. 3). There was strong interobserver reliability in assessment of staining
intensities among the two authors (P.M., H.V.V.) who graded the slides (kx = 0.91, p < 0.01).

AQP4 IR was present in both gray and white matter (Fig.4a), and was accentuated in subpial
(Fig. 5A, C, D) and subependymal regions. AQP1 IR was predominantly localized to the
white matter (Fig. 4B) and was much less prominent in the gray matter, subpial (Fig. 5B),
and subependymal regions when compared to AQP4 labeling intensity. Furthermore, AQP4
IR was accentuated around blood vessels of AD cases that had moderate to severe CAA
(Fig. 6A, B). Blood vessels in AD cases without CAA also showed AQP4 IR; however, the
IR was not as prominent or “condensed” as it was around CAA vessels (Fig. 6C). Double
labeling with anti-AQP 1 or 4 and anti-GFAP Ab demonstrated that both AQP1 and AQP4
IR was abundant along the entire foot processes of astrocytes, particularly in regions
corresponding to AP plaques. Astrocytes more distant from A plaques did not have
prominent aquaporin IR (Fig. 7A-C).

Compared to young controls, both AQP1 and AQP44 staining in the AD and CAA cases
appeared to be in a “plaque” like distribution (Fig. 8A, B, D, E). When parallel sections
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were stained with anti-Ap, AQP1 and AQP44 IR corresponded to regions of the brain with
Ap deposition (Fig. 8C); however, in regions where there was no plaque deposition, AQP1
and AQP4 IR were not as prominent. The older controls showed plaque-like deposition and
associated AQP 1 and AQP4 IR, but the young controls did not have plaque deposition and
accordingly the IR was not in a plaque-like distribution. There was no obvious relationship
between aquaporins and neurofibrillary tangle IR. There was intense AQP1 and AQP4 IR in
brain regions that showed microvacuolation in the AD and AD + CAA cases (Fig. 9A, B).

DISCUSSION

Aquaporins are homotetramers; each monomer consists of 6 membrane-spanning a-helical
domains modeled as distinct constitutively activated water pores found in cell membranes
and various barriers, including the BBB (11, 25-27). Approximately 10 types of aquaporins
have been identified by homology cloning, many of them involved in a variety of human
diseases. AQP1 and AQP4 are the main isoforms in the human brain.

Aguaporins have been studied in a variety of pathological conditions affecting the brain (2,
15, 16, 18, 19, 28-32). Only 1 other study focused on aquaporin expression in the frontal
cortex in AD (33), but AD affects many cortical regions, such as entorhinal,
parahippocampal, and temporo-parietal cortices, depending on the disease stage (34).
Another study that mainly focused on transmissible spongiform encephalopathies and
aquaporins examined AD patient brains, also using only frontal cortex (35). Neither of these
2 studies examined the relationship of aquaporins to CAA or AP plaques in AD patients.

We show that AQP4 is the main isoform demonstrating enhanced expression in AD with or
without CAA. Previous studies investigating human or rat brain infarcts, human brain
tumors, brain inflammatory diseases, hyponatremic rats and rat brain injuries, have all
shown that AQP4 is enhanced in conditions in which water transport may be impaired (15,
16, 19, 28, 32, 37). One study has also demonstrated that in mouse models of CAA and in
humans with AD and CAA, vascular amyloid deposition results in mislocalization of
aquaporin 4 expression (33). The 2 previous reports on aquaporin expression in AD had
conflicting results. Rodriguez et al did not observe enhanced expression of either AQP1 or
AQP4 in AD (36), whereas Perez et al reported that AQP1 was enhanced in the AD cases
they investigated (34).

Why we see enhanced AQP4 and not AQP1 expression in AD remains unclear. In contrast
to other studies, we examined aquaporin expression patterns in relation to CAA and senile
plaques. Future in-depth molecular studies that distinguish between the structure, function
and regulation of these isoforms are needed to understand the true expression of aquaporins
in AD and other pathological conditions in this new and complex field. Not only are there 10
aquaporin isoforms, but each of these can have different subtypes. There are 2 AQP4
subtypes (M1 and M23), and although we do not know the functional differences between
them, the M23 isoform is at least 3-fold more abundant (38). Equally interesting, Dolman et
al recently reported that AQP1 expression in endothelial cells is suppressed by astrocytic
factors and when these astrocytic influences are absent, AQP1 expression increases (39).
Clearly, aquaporins are not merely simple water channels as once thought, but rather are
dynamic in their structure, function and regulation.

Our observation that there was prominent AQP4 IR in subpial and subependymal regions (in
addition to perivascular localization) suggests that AQP4 may be the main isoform involved
in the impaired water transport seen in AD and CAA. Regions where AQP4 is expressed
include interfaces where CSF and ions are exchanged; any alterations in expression of this
protein might contribute to the sequelae of edema formation (16). On the other hand, AQP1
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was localized predominantly to the white matter and did not show enhanced expression in
subpial or subependymal regions. Furthermore, blood vessels affected by CAA did not have
prominent AQP 1 IR.

Although there was no significant change in AQP1 IR between AD cases and age-matched
controls, there was a difference in AQP1 IR between young and elderly patients, regardless
of the presence of AD. Based on these results, it appears that with increasing age, AQP1
expression decreases with aging in the white matter.

Both AQP1 and 4 were colocalized to astrocytes, many of which had close contact with
capillaries through their foot processes. These observations suggest that the function of
AQP1 is not restricted to CSF formation in the choroid plexus (17, 20, 36). Similar to
AQP4, AQP1 IR within astrocytes suggests that these proteins may have an integral role in
maintaining fluid balance along barriers in the brain. In AD and CAA, however, AQP4
expression appears to be more prominent than AQP1.

It is well known that in CAA, the deposition of amyloid proteins and secondary
vasculopathic features (e.g. fibrinoid necrosis and vessel wall splitting) can alter the
structure of affected blood vessels and make them prone to rupture (3, 4, 40, 41) The
enhanced expression of AQP4 around CAA-laden blood vessels we observed suggests that
these channels can alter the permeability of blood vessels, and may function to mediate
CAA progression.

Our observations suggest that aquaporin expression is in a plaque-like distribution
corresponding to AP senile plaques. The senile plaques of AD can induce both immune
reactive cells and a glial response, including the upregulation of reactive astrocytes. These in
turn can directly affect disease progression by modifying the degenerative plaque
environment (42, 43). We found that both AQP1 IR and AQPR IR were localized to
astrocytes associated with ApB plaques. We also observed that there was prominent AQP1
and AQP4 IR in microvacuolar (usually subpial) brain areas. Microvacuolation is a
histopathologic feature of AD that has been extensively observed in previous studies
(44-46), but its etiology and significance remain unclear. Perhaps, these alterations in the
brain tissue occur because of fluid imbalances that reflect abnormalities in aquaporin
channels.

In conclusion, we demonstrate that AQP4 IR is significantly enhanced in cases of AD and
CAA compared to age- and gender-matched controls. The increased expression of
aquaporins may explain the fluid imbalances observed in AD and CAA (2, 8, 11, 29, 40).
The finding of enhanced AQP4 IR in areas of the brain in which fluid exchange takes place
(i.e. subpial, subependymal and pericapillary spaces) further supports the idea that
aquaporins may be involved in the formation of edema in AD and CAA (1, 2, 47). Although
AQP1 IR was not different between AD and controls, it was localized in astrocytes, which
are involved in barrier regulation. Further studies focusing not only on aquaporin expression
and regulation will provide a better understanding of the functional significance of our
findings.
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Fig. 1.

Agquaporin 1 (AQP 1) and AQP4 expression in Alzheimer disease + cerebral amyloid
angiopathy (AD + CAA), (n = 6), AD only (n = 12), elderly control, (n = 4), and young
control (n = 4) cases.
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Fig. 2.
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Immunolocalization of aquaporin 1 (AQP1) and aquaporin 4 (AQP 4) in Alzheimer disease

(AD) and cerebral amyloid angiopathy (CAA), and control cases. (A, B) There is no

difference in AQP1 immunoreactivity (IR) between the AD + CAA case (A) and the age-
and gender-matched control (B). AQP1 IR is localized to subcortical white matter. (C, D)

in both gray and white matter.
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Fig. 3.

Immunolocalization of aquaporin 1 (AQP1) in young and elderly controls and in a patient
with Alzheimer disease (AD). (A-C) There is prominent AQP1 immunoreactivity (IR) in the
white matter of a 30-year-old control (A). Aquaporin 1 IR in the elderly control (B) and in
the AD case (C) is less prominent. (Original magnification: 1x)
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Fig. 4.

Immunolocalization of aquaporin 1 (AQP1) and aquaporin 4 (AQP 4). (A, B) AQP4
immunoreactivity (IR) is present in both gray (upper half of image) and white matter (lower
half) in an Alzheimer disease + cerebral amyloid angiopathy (AD + CAA) case (A). AQP1
IR in the same patient is localized almost exclusively in subcortical white matter (lower
half) (B). In both panels, the pial surface is at top of the image. (Original magnification: 4x).
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Fig. 5.

Immunolocalization of aquaporin 1 (AQP1) and aquaporin 4 (AQP 4) in subpial regions of
Alzheimer disease + cerebral amyloid angiopathy (AD + CAA) cases. (A, B) There is
prominent AQP4 immunoreactivity (IR) in subpial areas (A) and weak AQP1 IR in the
corresponding regions from the same patient (B). (C, D) Prominent AQP4 subpial IR is
noted in 2 other cases with AD + CAA. (Original magnifications: A-C, 4x; D, 20x).
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Fig. 6.

Immunolocalization of aquaporin 4 (AQP 4) around blood vessels. (A, B) There is
prominent AQP4 immunoreactivity (IR) around blood vessels affected by cerebral amyloid
angiopathy (CAA) in Alzheimer disease (AD) cases. (C) Although not as prominent or
“condensed,” is also present around blood vessels in AD without cerebral amyloid
angiopathy (CAA). (Original magnification: 40x).
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Fig. 7.

Double labeling of aquaporin 4 (AQP 4) (purple) and glial fibrillary acidic protein (GFAP)
(brown) in Alzheimer disease (AD) + cerebral amyloid angiopathy (CAA) cases. (A-C)
AQP4 immunoreactivity (IR) colocalizes with GFAP+ astrocytes in a plaque-like
distribution, consistent with senile plaques (A, B). Not all astrocytes have associated AQP4
IR, particularly in regions with few or no associated senile plaques (C). (Original
magnifications: A, C, 10x; B, 20x).
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Fig. 8.

Immunolocalization of aquaporin 1 (AQP1), aquaporin 4 (AQP 4) and p-amyloid (AB)
plaques in Alzheimer disease + cerebral amyloid angiopathy (AD + CAA). (A-C) AQP1 (A)
and AQP4 (B) immunoreactivity (IR) appears to be in a plaque-like distribution that
corresponds to AB IR (C). (D, E) AQP4 IR in a patient with AD with no CAA also shows IR
in a plaque-like distribution. (Original magnifications: A, C, 10x; D, 20x; E, 40x).
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Fig. 9.
A, B: Immunolocalization of aquaporin 4 (AQP 4) in areas of microvacuolation in an
Alzheimer disease (AD) brain. (Original magnifications: A, 4x; B, 40x).
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