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ABSTRACT
Aquaporins (AQPs) are widely expressed in various types of tissues, among them AQP1, AQP4 and
AQP9 are expressed predominately with relatively special distributing features in various brain
regions. The aberrant changes of AQP1 and AQP4 have been observed in the brains of Alzheimer
disease (AD). To evaluate the underlying alteration of brain AQPs in prion diseases, scrapie strains
of 139A, ME7 and S15 infected mice were tested in this study. Western blots revealed markedly
increased levels of AQP1, AQP4 and AQP9 in the brain tissues of all tested scrapie-infected mice
collected at terminal stage. Analyses of the AQPs levels in the brain tissues collected at different
time-points during incubation period showed time-dependent increased in 139A and ME7-
infected mice, especially at the middle-late stage. The AQP1 levels also increased in the cortex
regions of some human prion diseases, including the patients with sporadic Creutzfeldt-Jakob
disease (CJD), fatal familial insomnia (FFI) and G114V genetic CJD (gCJD). Immunohistochemistry
(IHC) assays verified that the AQPs-positive cells were astrocyte-like morphologically; meanwhile,
numerous various sizes of AQPs-positive particles and dots were also observable in the brain
sections of scrapie-infected mice. Immunofluorescent assays (IFAs) illustrated that the signals of
AQPs colocalized with those of the GFAP positive proliferative astrocytes, and more interestingly,
appeared to overlap also with the signals of PrP in the brains of scrapie-infected mice. Moreover,
IHC assays with a commercial doublestain system revealed that distributing areas of AQPs over-
lapped not only with that of the activated large astrocytes, but also with that of abundantly
deposited PrPSc in the brain tissues of scrapie murine models. Our data here propose the solid
evidences that the expressions of brain AQP1, AQP4 and AQP9 are all aberrantly enhanced in
various murine models of scrapie infection. The closely anatomical association between the
accumulated AQPs and deposited PrPSc in the brain tissues indicates that the abnormally
increased water channel proteins participate in the pathogenesis of prion diseases.
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Introduction

Prion disease is a group of transmissible neurodegenerative
diseases that affect numerous species of mammalian
including human being [1,2]. The most representative
ones in animals are scrapie in sheep and goat, bovine
spongiform encephalopathy (BSE) in cattle and chronic
wasting disease (CWD) in elk and deer. Human prion
diseases include Creutzfeldt-Jakob disease (CJD), Kuru,
Gerstmann–Sträussler–Scheinker syndrome (GSS) and
fatal familial insomnia (FFI). The aetiological agent is so-
called prion, with the unique characteristics in biology. The
propagation of prion is conformational conversion from
the cellular prion protein (PrPC) to the pathological form
(PrPSc) [3]. The neuropathological hallmarks of prion

diseases are deposits of PrPSc, spongiform degeneration,
neuron loss and reactive astrogliosis in the central nerve
system (CNS) [1].

The aquaporins (AQPs) are a family of 13 hydrophobic
integral transmembrane water channel proteins, which
generally involve in transcellular and transepithelial water
movement and fluid transport [4]. The expressions of
AQPs are widely observed in various types of tissues and
organs. The physiological functions of AQPs cover urine
concentration, exocrine gland secretion, hydration of brain,
transduction of neuronal signalling andmetabolism, etc [5–
8]. In the brain tissues, AQP1, AQP4 and AQP9 are
expressed predominately with relatively special distributing
features in various brain regions [7] andparticipate inmany
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physiological and pathological processes such as ischaemia,
cerebral oedema, epilepsy, K+ spatial buffering, develop-
ment or integrity of blood-brain barrier, synaptic plasticity,
spatial memory, and associative fear memory [9–12].

The aberrant changes of AQP1 and AQP4 have been
repeatedly observed in the brains of Alzheimer disease
(AD) [13–15]. In the postmortem brains of the patients
of cerebral amyloid angiopathy (CAA), the level of AQP4
was significantly higher than that of age- and gender-
matched controls [16]. Aβ larger number study has verified
that perivascular AQP4 localization is significantly asso-
ciated with AD status independent of age [17]. AQPs are
also critical in the clearance of Aβ in the brains of AD.
AQP4 is responsible for the clearance of interstitial Aβ
from the brain parenchyma in animal experiments
[18,19]. AQP1-positive reactive astrocytes modify Aβ
deposition in the brain tissues of AD patients [20].
Abnormal increases of AQP1 and AQP4 in the brains of
different prion diseases have also described, e.g., the
patients of CJD and BSE-infected transgenic mice [21–23].

In this study, the levels of three AQPs isoforms in
the brains of the mice infected with scrapie agents 139A
and ME7 were evaluated. We noticed remarkable
enhanced expressions of AQP1, AQP4 and AQP9 in
the brains of scrapie-infected animals at the terminal
stage. The increases of brain AQPs in the infected mice
occurred much early than the presences of clinical
symptoms. Increases of AQP1 were also observed in
the postmortem brains of the patients with sporadic
CJD (sCJD), FFI and G114V genetic CJD (gCJD).
Immunofluorescent assays verified overlapping of
AQPs with GFAP-positive cells. Morphological coloca-
lization of AQPs with PrP was also observed.

Material and methods

Ethics statement

Usage of the stored brain specimens of human prion
diseases and experimental animals in this study was
approved by the Ethical Committee of the National
Institute for Viral Disease Prevention and Control,
China CDC under protocol 2009ZX10004-101. Animal
housing and experimental protocols were in accordance
with the Chinese Regulations for the Administration of
Affairs Concerning Experimental Animals.

Cell culture

Scrapie agent Chandler-infected cell line SMB-S15 and its
normal partner cell line SMB-PS were purchased from
Roslin Institute, UK. Cell line SMB-S15-Res was the SMB-
S15 cells treated with resveratrol and kept passage for 26

weeks, which was deprived of prion replication in vitro and
infectivity in vivo previously [ref]. Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco,
USA) with 10% foetal bovine serum (FBS) (Ausbian,
Australian) at 33°C with 5% CO2.

Experimental scrapie-infected mice

Three different scrapie-infected mouse models were
enrolled in this study, including agents 139A-, ME7- and
SMB-S15-infected C57BL/6 mice. The clinical and neuro-
pathological characteristics of these models have been
described previously [24–26]. The incubation times of
139A-, ME7-, SMB-S15-infected mice were evaluated as
183 ± 23.1, 184.2 ± 11.8, and 172.8 ± 1.8 days, respectively
[24]. The SMB-PS-inoculated mice maintained healthy
during the observation time (more than 250 days) in the
first and second passages. The surgical harvests of the
brains of infected animals were performed either under
euthanasia with an intraperitoneal injection of chloral
hydrate at the moribund time or postmortem after death.
Age-matched normal mice were used as the controls. For
dynamic study, brain samples of the mice infected with
agents 139A and ME7 collected on the 0th, 80th, 120th,
150th day post-inoculation (dpi) and at terminal stage
(representing as 180th dpi) were included.

Preparation of brain homogenates

Brain tissues were washed in Tris-buffered saline (TBS,
10 mM Tris-HCl, 133 mM NaCl, pH7.4) three times,
and then homogenized in lysis buffer (100 mM NaCl,
10 mM EDTA, 0.5% NP-40, 0.5% sodium deoxycholate,
10 mM Tris, pH 7.4) containing protease inhibitor
cocktail set III. The homogenates were centrifuged at
2000 × g for 10 min, and the supernatant fractions were
aliquoted and stored at −80°C for further experiments.

Western blots

Aliquots of brain homogenate or cell lysates were sepa-
rated by 12% SDS-PAGE and electroblotted onto nylon
membranes. Membranes were blocked in TBS contain-
ing 5% skimmed milk at room temperature (RT) for 2
h and incubated with various primary antibodies at 4°C
overnight, including anti-AQP1 antibody (1:500), anti-
AQP4 antibody (1:1,000), anti-AQP9 antibody (1:500),
anti-β-actin antibody (1:5,000, huaxingbio, HX1827),
anti-PrP antibody (1:500, Santa Cruz, sc-58,581). After
washing with TBS containing 0.1% Tween 20 (TBST),
membranes were incubated with HRP conjugated sec-
ondary antibodies (Jackson ImmunoResearch Labs,
115-035-003 and 111-035-003) at RT for 1 h. The
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blots were developed using an enhanced chemilumines-
cence system (ECL, PerkinElmer, NEL103E001EA) and
visualized on autoradiography films (General Electrics).
Images were captured by ChemiDoc TM XRS + Imager
and quantified by Image J software.

To detect the presence of proteinase K-resistant PrPSc,
the brain homogenates or cell lysates were digested with
a final concentration of 50 μg/ml proteinase K at 37°C for
1 h prior to Western blots.

Immunohistochemical (IHC) assay

Brain tissue was fixed in 10% buffered formalin solution
and paraffin sections (5 μm in thickness) were prepared
routinely. Sections were quenched for endogenous perox-
idases in 3% H2O2 in methanol for 10 min before blocked
with 5%BSA for 15min at RT. The sections were incubated
with anti-AQP1 (1:50), anti-AQP4 antibody (1:100), anti-
AQP9 antibody (1:100), at 4°C overnight. Subsequently, the
sections were incubated with HRP-conjugated goat anti-
rabbit antibody (Boster, SV0002-12) at 37°C for 1 h and
visualized by incubation with 3,3-diaminobenzidine tetra-
hydrochloride (DAB) (Boster, AR1000). The slices were
counterstainedwith haematoxylin (Boster, AR 0005), dehy-
drated, and mounted in permount. For detection of PrPSc,
the brain slices were exposed to the buffer containing 6M
GdnCl at RT for 1 h prior to the routine IHC process.

IHC with envision G|2 Doublestain system

The presences of AQPs and GAFA or PrPSc in the brain
sections were analysed with commercial EnVision G|2
Doublestain System (Dako) according to the manufac-
turer’s protocol. The procedure is a sequential double
staining where the first antigen is visualized using HRP/
DAB+ and the second antigen is visualized using AP/
Permanent Red. All specified reagents, except the primary
antibodies are provided with the kit. Briefly, after blocking
of endogenous enzymes, the brain sections were incu-
bated with anti-GFAP (1:100) at 4°C overnight, followed
by incubation with the Polymer/HRP reagent which con-
tained an HRP-conjugated dextran polymer carrying
antibodies to mouse and rabbit immunoglobulins. The
reactions were visualized by DAB + Chromogen.
Following a blocking step using the Doublestain Block
reagent, the sections were separately incubated with anti-
AQP1 (1:50), anti-AQP4 antibody (1:100) or anti-AQP9
antibody (1:100) at 4°C overnight. Then, Rabbit/Mouse
(Link) was added which was a dextran polymer carrying
antibodies to mouse and rabbit immunoglobulins, fol-
lowed by incubation with the Polymer/AP reagent.

Permanent Red Chormogen visualized the second reac-
tion. For evaluating the presences of PrPSc and AQPs, the
brain sections were firstly exposed to the buffer contain-
ing 6M GdnCl at RT for 1 h, and then, subjected into the
process of the double-staining system by incubation with
anti-PrP mAb 6D11 (1:100) at 4°C overnight.

Immunofluorescence (IF) assay

Brain sections treated with 0.3% Triton-X100 for 30 min
and blocked with 5% BSA for 1 h at RT. The sections were
incubated with primary antibodies, including anti-AQP1
(1:50), anti-AQP4 antibody (1:100), anti-AQP9 antibody
(1:100), anti-PrP antibody (6D11, 1:300, Santa Cruz, Sc-
58,581), anti-GFAP antibody (1:300, CST, #3670), at 4°C
overnight. Subsequently, brain sections were incubated
with Alexa Fluor® 488-conjugated goat anti-rabbit anti-
body (1:200, Thermo, A-11,008) or/and Alexa Fluor® 568-
conjugated goat anti-mouse antibody (1:200, Thermo,
A-11,004) at RT (brain sections at 37°C) for 1 h. After
stained with 1 μg/mL 4ʹ6-diamidino-2-phenylindole
(DAPI, Beyotime, China) for 30 min, the slices were
mounted with Permount and viewed using Operetta
(Perkinelmer) or Olympus FV1000 confocal microscopy.

Statistical analysis

Quantitative analysis of immunoblot images was carried
out using software Image J. The grey values of each target
blot were evaluated. Quantitative evaluations of fluores-
cent intensity in IFA assays were automatically per-
formed with the software Columbus in Operetta.
Statistical analyses were performed using Student’s t-test.

Results

Remarkable increases of AQP proteins in the brain
tissues of scrapie-infected mice and human prion
diseases at the terminal stage

To assess the potential changes of AQP proteins in the
brains of prion diseases, the brain homogenates of various
scrapie-infected mouse models at the terminal stage were
prepared and subjected into AQP1, AQP4 and AQP9-
specific Western blots, respectively. Compared with that
of age-matched normalmice,much stronger AQP1 signals,
migrating around 28 to 35KD in SDS-PAGE,were detected
in the preparations of 139A andME7-infected mice, show-
ing the significant difference after quantitative assays of the
grey values with the individual grey of β-actin (Figure 1(a)).
Similarly, the brain AQP1 levels in the mice infected with
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the lysates of SMB-S15 cells weremarkedly higher than that
of the mice inoculated with the lysates of the normal cell
line SMB-PS, with a statistical difference (Figure 1(a)).
Likewise, AQP4 (Figure 1(b)) and AQP9 (Figure 1(c))
specific Western blots revealed that the levels of those two
proteins in the brain tissues of 139A and ME7-infected
mice were significantly increased. Futhermore, the levels
of AQP1 in the brains of human prion diseases were eval-
uated. Compared with the data of the sample of normal
control prepared from the brain donated by a person died
of car accident, AQP1 levels in the brains of aG114V-gCJD,
a sCJD and a D178N-FFI pateint were increased
(Figure 1(d)). It illustrates an obvious increase of brain

AQP proteins in various types of prion diseases at the
terminal stage.

Continual increases of AQP proteins in the mice
brain tissues during scrapie infections

To test the dynamic changes of the brain AQP proteins
during prion infection, the brain samples of 139A and
ME7-infected mice collected at the different time-
points during incubation times (80, 120 and 150 dpi)
and at terminal stage (180 dpi) were subjected into
Western blots. The sample representing each time-
point was prepared by a mixture of the brain
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Figure 1. Increased levels of AQP1, AQP4 and AQP9 in the brain tissues of various prion diseases. The levels of three AQP isoforms in
the brain homogenates were evaluated by Western blots with the individual antibodies. (a). AQP1 in the brains of scrapie-infected
mice. (b). AQP4 in the brains of scrapie-infected mice. (c). AQP9 in the brains of scrapie-infected mice. Three mice infected with
scrapie agent 139A, ME7 or S15 were employed, while three age matched mice and three mice inoculated with the lysate of SMB-PS
cells were used as control. (d). AQP1 in the homogenates from frontal lobes of various human prion diseases, including sCJD, FFI and
G114V-gCJD. β-actin was used as an internal control. The densities of signals are determined by densitometry and showed as AQP/β-
actin after normalized with the individual values of β-actin. Graphical data denote mean+SD. Statistical differences compared with
controls are illustrated on the top.
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homogenates of three individual mice. As shown in
Figure 2, all three tested AQP proteins, AQP1 (2A),
AQP4 (2B) and AQP9 (2C), showed the similar pattern
of time-dependent increase in the brains of both 139A-
and ME7-infected mice. The increases of the levels of
brain AQP proteins, especially AQP4 and AQP9,
became much more remarkable in the samples of 150
dpi and reached to the top in those of 180 dpi.

More deposits of AQP proteins in the brain slices of
scrapie-infected mice at the terminal stage

To get more evidences of up-regulations of brain AQP
proteins in prion infection, the brain slices of 139A-
and ME7-infected mice at the terminal stage were
immunohistochemically stained with the antibodies
for various AQP proteins. Compared with the graphs
of normal mice, the specific brown signals of AQP1,
AQP4 and AQP9 in the cortex regions of both 139A-
and ME7-infected mice were much obvious, showing
more deeply staining and more widely distribution
(Figure 3). Carefully analysis of the stained brain slices
illustrated that the AQP4 and AQP9 positive signals
positive signals in the preparations of scrapie-infected

mice displayed astrocyte-like and fibrous morphologi-
cally with relatively event colour, whereas the AQP1
signals appeared various sized granular deposits inside
or outside of cells (Figure 3). Particularly, there were
numerous deposits of AQPs around the vacuoles in the
brains of the infected mice.

Colocalizations of AQP proteins with GFAP-positive
cells in the mice brain tissues

AQP proteins are considered to be predominantly
expressed in astrocytes in brain tissues. To look into the
location of the increased AQP proteins in the brains of
scrapie-infected animals, the brain sections of 139A- and
ME7-infected mice were employed into double-stained
IFA tests, together with that of normal control. The assays
of the double-stained IFA with AQP1 antibody together
with GFAP antibody showed a large amount of colocali-
zation of AQP1 singals (red) with GFAP-positive cells
(green), particularly in the brain slices of scrapie-
infected mice (Figure 4(a)). Markedly more amounts of
AQP4 and AQP9 signals were also detected in the brain
slices of scrapie-infected animals, showing overlapping
with the increased GFAP signals (Figure 4(b, c)). It
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Figure 2. Dynamic alterations of AQPs in the brains of the mice infected with scrapie agents 139A and ME7. A. AQP1. B. AQP4
C. AQP9. The tested samples of 80, 120, 150 and 180 dpi were pooled from the brains of three individual infected mice collected at
different time points. The levels of AQPs were tested by the individual specific Western blots. The densities of signals are determined
by densitometry and showed as AQP/β-actin after normalized with the individual values of β-actin.
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Figure 3. Accumulations of AQPs-specific signals in the brain slices of 139A- and ME7-infected mice. Representative images of AQP1,
AQP4 and AQP9 in the cortical regions of the infected mice at terminal stage and age-matched normal ones in IHC assays. (×100).
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Figure 4. Morphological overlapping of AQPs-specific signals with GFAP-positive cells in the brain slices of 139A- and ME7-infected
mice. (a). Representative images of AQP1 (red) with GFAP (green). (b). Representative images of AQP4 (red) with GFAP (green). (c).
Representative images of AQP9 (red) with GFAP (green). The brain slices of age-matched normal mice were used as the control. The
images were monitored and captured by high content screening system (Operetta Enspire). (×40).
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implies the increased brain AQPs in the scrapie-infected
mice locate mainly in the proliferating astrocytes.

To see the distributions of three AQPs and GFAP
signals in the brains of scrapie-infected mice, the brain
slices of 139A- and ME7-infected mice and age-
matched normal mice were subjected into IHC assay
with a commercial Doublestain System. All slices were
stained with GFAP specific antibody and developed by
DAB firstly, and then, reacted with individual AQP
specific antibodies and developed by permanent red.
As shown in Figure 5, only remarkably less and weak
GFAP- (brown) and AQPs-specific signals distributed
in the brain slices of normal mice. Contrarily, numer-
ous strongly stained red (AQPs) and brown (GFAP)
signals spread all over the brain tissues of 139A- and
ME7-infected mice, accompanied with amounts of
vacuoles. Astrocyte-like positively stained signals,
which were red and/or brown coloured, were observed
in the preparations of AQP1 (upper panel), AQP4
(middle penal) and AQP9 (low panel).

Deposits of AQP-positive signals with PrP signals in
the mice brain tissues

To test the association between the increased AQPs and
deposits of PrP in the brains of scrapie experimental

rodents morphologically, the brain slices of 139A- and
ME7-infected mice were subjected into AQP/PrP double-
stained IFA. Confocal microscopy revealed notably stron-
ger signals of both AQP1 (red) and PrP (green) in the
preparations of scrapie experimental mice than that of
normal control (Figure 6(a)). After merging the images,
large amounts of yellow signals were observed inside of
the cells. Double-stained IFA with AQP4 (red) and PrP
(green) showed yellow overlapped particles insides of the
AQP4 positive astrocytes in the brain slices of 139A- and
ME7-infected mice (Figure 6(b)). Similarly, overlapped
AQP9/PrP signals were also detectable in the brain sec-
tions of scrapie-infected mice (Figure 6(c)). It indicates
the increased AQPs and PrP in the rodent scrapie brains
closely associated each other morphologically.

Further, the morphological association between
AQPs and PrP were evaluated by IHC assays using
Doublestain System. Prior to double staining, the
deposits of PrPSc in the brains of scrapie-infected ani-
mals were evaluated by mAb 6D11-specific IHC tests
visualized either by DAB or by permanent red, after
removal of normal PrPC by exposure to 6M GdnCl. As
shown in Figure 7(a), lager amounts of fine brown
(developed by DAB, upper panel) or red (developed
by permanent red, low panel) particles distributed in
the brain slices of 139A- and ME7-infected mice. The
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Figure 5. Co-distribution of AQPs signals with GFAP signals in the brain slices of 139A- and ME7-infected mice. Representative
images of GFAP signals visualized by incubation with DAB (brown) and AQPs signals developed by incubation of permanent red
(red). The brain slices of age-matched normal mice were used as the control. The preparations reacted with the antibodies of AQP1,
AQP4 and AQP9 are showed in upper, middle and low panels, respectively. (×100).
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morphological patterns of PrPSc signals developed by
DAB and permanent red were similar. No PrPSc-
specific signal was observable in the brain slices of
normal mice.

To conduct the double staining with Doublestain
System, the brain slices were firstly treated with 6M
GdnCl and incubated with PrP-specific mAb 6D11, and
subsequently reacted with the antibodies against differ-
ent AQPs, respectively. Massive brown (PrPSc) and red
(AQPs) particles with different sizes were observed in
the brain tissues of 139A- and ME7-infected mice,
whereas only small amount of red (AQPs) signals
were detectable in the slices of normal mice (Figure 7
(b)). The distributing area of PrPSc appeared to overlap
with that of various AQPs in the brain tissues with
various sized vacuoles.

Discussion

As water channel proteins, APQs distribute overall in
various tissues and organs [27]. In CNS tissues, AQP1,
AQP4 and AQP9 are predominant, functioning various
physiopathological activates [28,29]. Our previous studies
of global protein analysis with proteomics have proposed
increased expressing profiles of AQPs in the brain tissues of
different human prion diseases and murine models of

scrapie infection [30–32]. In this study using different
methodologies, we have demonstrated the overexpressions
of AQP1, AQP4 and AQP9 in the brains of several models
of scrapie-infectedmice during incubation times and at the
terminal stage. The study here, coincidental with other
previous studies [21–23], illustrates aberrant expressions
and accumulations of the family of water channel proteins
in CNS in prion diseases.

The incubation periods of three scrapie agents on
the experimental mice are similar, displaying apparent
clinical manifestations, e.g., trembling, sluggishness,
ataxia and weight loss, approximately 180 days after
intracerebral inoculation. Marked overexpressions of
three AQP proteins in brain tissues of scrapie-infected
mice occur earlier than the onset clinically. Rapid
increases of all three AQPs accumulations in the brain
tissues seem to occur at the middle-late stage of the
disease, in which the typical neuropathological signs of
prion disease are also rapid presented, such as PrPSc

deposit, spongiform degeneration, gliosis and neuron
loss in the tested murine models [25,26]. Significant
increases of brain AQP1 and AQP4 are also observed
in BSE-infected bovine-PrP transgenic mice at the final
stage of disease, but not in the early and middle stage
[23]. Actually, numerous abnormally changed proteins,
regardless of up- or down-regulated, show the similar
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Figure 6. Morphological overlapping of AQPs-specific signals with PrP positive signals in the brain slices of 139A- and ME7-infected
mice. (a). Representative images of AQP1 (red) with PrP (green). (b). Representative images of AQP4 (red) with PrP (green). (c).
Representative images of AQP9 (red) with PrP (green). The brain slices of age-matched normal mice were used as the control. The
images were monitored and captured by confocal microscopy. (×100).
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time-dependent alternative trends, which become more
significant at the middle-late stage of prion infection
[33–38], reflecting a gradual but persistent progression
of neuropathology in prion disease.

Our IHC and IFA data herein illustrates that all tested
three AQPs colocalize well with GFAP positive cells in
brain tissues. Morphologically, the cells positively stained
by three different AQP antibodies display astrocyte-like
structures. Meanwhile, remarkably less overlapping signals
are seen between AQPs and neurons in the brain tissues

(data not shown). In the CNS tissues, AQP1 is reported to
distribute mainly in brain choroid plexus and colocalize
with Na+-, K+-ATPase [39]. AQP4 locates at the perimi-
crovessel astrocyte foot processes, glialimitans and ependy-
mal [40,41]. AQP9 is expressed in astrocytes, cerebellar
neurons, and pial vessel endothelium [42]. Although
those three AQPs are encoded by the individual-specific
genes, which locate at different chromosomes, i.e.,AQP1 in
chromosome 7, AQP4 in chromosome 18 and AQP9 in
chromosome 15, they show similar molecular weights and
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Figure 7. Co-distribution of AQPs signals with PrPSc signals in the brain slices of 139A- and ME7-infected mice. (a). Representative
images of PrPSc deposits visualized by incubation with DAB (brown) or permanent red (red). The brain slices of age-matched normal
mice were used as the control. (b). Representative images of PrPSc signals visualized by incubation with DAB (brown) and AQPs
signals developed by incubation of permanent red (red). (×100). The brain slices of age-matched normal mice were used as the
control. The preparations reacted with the antibodies of AQP1, AQP4 and AQP9 are showed in upper, middle and low panels,
respectively. (×100).

PRION 181



structures composed of a bundle of six transmembrane α-
helices [29]. More importantly, numerous evidences have
verified that astrocyte is the main resource for expressing
APQ proteins in CNS system [27,29]. Our data here are
coincidental withmany other previous reports and indicate
again that those increased brain AQPs of scrapie-infected
mice are expressed by the activated astrocytes. However,
the mechanism of astrocytes proliferation and increase of
brain AQPs remains unclear. Meanwhile, spongiform
change is likely the result of abnormal membrane homo-
eostasis and increased water content within swollen cell
processes. Therefore, the exploration of mechanisms reg-
ulating water homoeostasis seems to be a promising step
towards the understanding of the neuropathology of prion
disease.

Our IHC and IFA assays here have proposed the mor-
phological colocalizations of three AQPs with PrP, even
with PrPSc in the brains of scrapie-infectedmice.Moreover,
besides of the astrocyte-like strained signals of AQPs, mas-
sive AQPs-positive small particles and dots are also
observed. Those small AQP-associated particles locate
close to the PrPSc signals anatomically. AQP1 and AQP4
are known to be abnormally expressed in AD brains. Hoshi
and the colleagues have described that AQP1 and AQP4
positive cells locate close to Aβ42- or Aβ40-positive senile
plaques in the brains of AD patients and speculated that
AQP1-positive reactive astrocytes may modify Aβ deposi-
tion in theADbrain, while theAβ deposition processmight
alter the astrocytic expression of AQP4 [20]. Unlike the
observations in AD brains, typical amyloid plaques in
brains are observable in small portion of human prion
diseases, such as variant CJD and GSS [43]. In the scrapie
mice models used in this study, the pathological PrPSc are
extensively dispersive deposits in brain tissues. It is inter-
esting to know whether AQPs-positive astrocytes also
locate around or close to the PrP amyloid plaques.

Although the aberrant expressions of brain AQPs let
people speculate that they may account for an imbalance
in water and ion homoeostasis in prion diseases, the exact
molecular mechanism is still scanty. One of the histologi-
cal hallmarks in the brains of prion disease is spongiform
change [43]. The three AQPs-positive astrocytes or sig-
nals in this study are frequently observed to locate close
to, and even surround different-size vacuoles. Whether
and how the increased AQPs contribute to the formation
of spongiform degeneration deserves further explored.

Activation status for both astrocytes and microglia
along with secretion of cytokines and chemokines should
be considered for neuroinflammation [44]. During this
process, increases of AQPs are observed not only in the
acute phase after brain injury along with oedema, but also
in chronic neurodegeneration diseases including prion dis-
eases. AQPs, especially AQP4, are implicated in

proinflammatory features of astrocytes, which is an aggra-
vating factor in the AD pathology [45]. AQP1 is believed to
involve in cleaning out Aβ aggregation [20]. Attenuating
astrocyte activation has been shown to accelerate plaque
pathogenesis in mouse AD model [46]. Deletion of AQP4
reduces Aβ-induced activation of cultured astrocytes,
which is associated with a reduction in the uptake of Aβ
[47]. Knockout of AQP4 (AQP4−/−) in Aβ precursor pro-
tein/presenilin 1 (APP/PS1) transgenic mice not only
reduces neuroinflammation, but also aggravates brain Aβ
accumulation, subsequently exacerbating synaptic protein
loss, astrocyte atrophy and cognitive dysfunction [18]. Up-
regulation of AQP is also observed in the brains of the
patients with Parkinson disease (PD).
Immunohistochemical assay has proposed that there is
a significant negative correlation between the levels of
AQP4 and α-synuclein in layers V-VI, and between those
of AQP1 and α-synuclein in layers II-III of PD brains [48].
However, another study has showed that AQP4 KO mice
exhibit increased NF-κB activity and enhanced gliosis
(astrocytosis and microgliosis) in chronic MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)/probene-
cid PD models, companying with the increase in the pro-
duction of IL-1β and TNF-α in themidbrain [49].Whether
the increase of neuroinflammation via AQP4 knockout in
the PD mice is model special remains unknown.
Nevertheless, the marked enhanced various AQP proteins
in brain tissues of AD, PD and prion diseases strongly
reflect an active neuroinflammation in those neurodegen-
eration disorders, which probably aims to uptake or elim-
inate the accumulations of the pathological proteins.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by Chinese National Natural Science
Foundation Grants (81630062, 81572048), National Key R&D
programme of China (2016YFC1202700, 2017YFC1200500,
2018ZX10711001) and SKLID Development Grant
(2019SKLID501, 2019SKLID603, 2019SKLID307).

ORCID

Cao Chen http://orcid.org/0000-0002-5193-9283

References

[1] Prusiner SB. The prion diseases. Brain Pathol. 1998;8
(3):499–513.

[2] Chen C, Dong XP. Epidemiological characteristics of
human prion diseases. Infect Dis Poverty. 2016;5(1):47.

182 Q. SHI ET AL.



[3] Prusiner SB. Prions. Proc Natl Acad Sci U S A. 1998;95
(23):13363–13383.

[4] Day RE, Kitchen P, Owen DS, et al. Human aquapor-
ins: regulators of transcellular water flow. Biochim
Biophys Acta. 2014;1840(5):1492–1506.

[5] Yeung CH, Callies C, Rojek A, et al. Aquaporin iso-
forms involved in physiological volume regulation of
murine spermatozoa. Biol Reprod. 2009;80(2):350–357.

[6] Rojek A, Praetorius J, Frøkiaer J, et al. A current view
of the mammalian aquaglyceroporins. Annu Rev
Physiol. 2008;70:301–327.

[7] Badaut J, Fukuda AM, Jullienne A, et al. Aquaporin
and brain diseases. Biochim Biophys Acta. 2014;1840
(5):1554–1565.

[8] Verkman AS. Aquaporins in clinical medicine. Annu
Rev Med. 2012;63:303–316.

[9] Yang B, Zador Z, Verkman AS. Glial cell aquaporin-4
overexpression in transgenic mice accelerates cytotoxic
brain swelling. J Biol Chem. 2008;283(22):15280–15286.

[10] Nagelhus EA, Horio Y, Inanobe A, et al. Immunogold
evidence suggests that coupling of K+ siphoning and
water transport in rat retinal Muller cells is mediated
by a coenrichment of Kir4.1 and AQP4 in specific
membrane domains. Glia. 1999;26(1):47–54.

[11] Nagelhus EA, Ottersen OP. Physiological roles of
aquaporin-4 in brain. Physiol Rev. 2013;93
(4):1543–1562.

[12] Haj-Yasein NN, Vindedal GF, Eilert-Olsen M, et al.
Glial-conditional deletion of aquaporin-4 (Aqp4)
reduces blood-brain water uptake and confers barrier
function on perivascular astrocyte endfeet. Proc Natl
Acad Sci U S A. 2011;108(43):17815–17820.

[13] Perez E, Barrachina M, Rodríguez A, et al. Aquaporin
expression in the cerebral cortex is increased at early
stages of Alzheimer disease. Brain Res. 2007;1128
(1):164–174.

[14] Huysseune S, Kienlen-Campard P, Hébert S, et al.
Epigenetic control of aquaporin 1 expression by the
amyloid precursor protein. Faseb J. 2009;23
(12):4158–4167.

[15] Misawa T, Arima K, Mizusawa H, et al. Close associa-
tion of water channel AQP1 with amyloid-beta deposi-
tion in Alzheimer disease brains. Acta Neuropathol.
2008;116(3):247–260.

[16] Moftakhar P, Lynch MD, Pomakian JL, et al.
Aquaporin expression in the brains of patients with
or without cerebral amyloid angiopathy.
J Neuropathol Exp Neurol. 2010;69(12):1201–1209.

[17] Zeppenfeld DM, Simon M, Haswell JD, et al.
Association of perivascular localization of
aquaporin-4 with cognition and alzheimer disease in
aging brains. JAMA Neurol. 2017;74(1):91–99.

[18] Xu Z, Xiao N, Chen Y, et al. Deletion of aquaporin-4 in
APP/PS1 mice exacerbates brain Abeta accumulation
and memory deficits. Mol Neurodegener. 2015;10:58.

[19] Iliff JJ, Wang M, Liao Y, et al. A paravascular pathway
facilitates CSF flow through the brain parenchyma and
the clearance of interstitial solutes, including amyloid
beta. Sci Transl Med. 2012;4(147):147ra111.

[20] Hoshi A, Yamamoto T, Shimizu K, et al.
Characteristics of aquaporin expression surrounding
senile plaques and cerebral amyloid angiopathy in

Alzheimer disease. J Neuropathol Exp Neurol.
2012;71(8):750–759.

[21] Iwasaki Y, Mimuro M, Yoshida M, et al. Enhanced
Aquaporin-4 immunoreactivity in sporadic
Creutzfeldt-Jakob disease. Neuropathology. 2007;27
(4):314–323.

[22] Costa C, Tortosa R, Rodríguez A, et al. Aquaporin 1
and aquaporin 4 overexpression in bovine spongiform
encephalopathy in a transgenic murine model and in
cattle field cases. Brain Res. 2007;1175:96–106.

[23] Rodriguez A, Pérez-Gracia E, Espinosa JC, et al. Increased
expression of water channel aquaporin 1 and aquaporin 4
in Creutzfeldt-Jakob disease and in bovine spongiform
encephalopathy-infected bovine-PrP transgenic mice.
Acta Neuropathol. 2006;112(5):573–585.

[24] Xiao K, Zhang B-Y, Zhang X-M, et al. Re-infection of
the prion from the scrapieinfected cell line SMB-S15 in
three strains of mice, CD1, C57BL/6 and Balb/c.
Int J Mol Med. 2016;37(3):716–726.

[25] Shi Q, Xiao K, Zhang B-Y, et al. Successive passaging
of the scrapie strains, ME7-ha and 139A-ha, generated
by the interspecies transmission of mouse-adapted
strains into hamsters markedly shortens the incuba-
tion times, but maintains their molecular and patho-
logical properties. Int J Mol Med. 2015;35
(4):1138–1146.

[26] Shi Q, Zhang B-Y, Gao C, et al. Mouse-adapted scrapie
strains 139A and ME7 overcome species barrier to
induce experimental scrapie in hamsters and changed
their pathogenic features. Virol J. 2012;9:63.

[27] Rump K, Adamzik M. Function of aquaporins in sep-
sis: a systematic review. Cell Biosci. 2018;8:10.

[28] Meli R, Pirozzi C, Pelagalli A. New perspectives on the
potential role of aquaporins (AQPs) in the physiology
of inflammation. Front Physiol. 2018;9:101.

[29] Potokar M, Jorgacevski J, Zorec R. Astrocyte aquaporin
dynamics in health and disease. Int J Mol Sci. 2016;17
(7):1121.

[30] Shi Q, Chen L-N, Zhang B-Y, et al. Proteomics ana-
lyses for the global proteins in the brain tissues of
different human prion diseases. Mol Cell Proteomics.
2015;14(4):854–869.

[31] Chen LN, Shi Q, Zhang B-Y, et al. Proteomic analyses
for the global S-nitrosylated proteins in the brain tis-
sues of different human prion diseases. Mol Neurobiol.
2016;53(8):5079–5096.

[32] Shi Q, Chen L-N, Lv Y, et al. Comparative proteomics
analyses for 139A and ME7 scrapie infected mice
brains in the middle and terminal stages. Proteomics
Clin Appl. 2017;11:5–6.

[33] Xu Y, Tian C, Wang S-B, et al. Activation of the
macroautophagic system in scrapie-infected experi-
mental animals and human genetic prion diseases.
Autophagy. 2012;8(11):1604–1620.

[34] Wang SB, Shi Q, Xu Y, et al. Protein disulfide isomerase
regulates endoplasmic reticulum stress and the apoptotic
process during prion infection and PrP mutant-induced
cytotoxicity. PLoS One. 2012;7(6):e38221.

[35] Zhang RQ, Chen C, Xiao L-J, et al. Aberrant alterations of
the expressions and S-nitrosylation of calmodulin and the
downstream factors in the brains of the rodents during
scrapie infection. Prion. 2017;11(5):352–367.

PRION 183



[36] Yan YE, Zhang J, Wang K, et al. Significant reduction of
theGLUT3 level, but not GLUT1 level, was observed in the
brain tissues of several scrapie experimental animals and
scrapie-infected cell lines. Mol Neurobiol. 2014;49
(2):991–1004.

[37] Chen C, Xu X-F, Zhang R-Q, et al. Remarkable increases
of alpha1-antichymotrypsin in brain tissues of rodents
during prion infection. Prion. 2017;11(5):338–351.

[38] Guo YJ, Shi Q, Yang X-D, et al. Increases of galectin-1
and its S-nitrosylated form in the brain tissues of
scrapie-infected rodent models and human prion
diseases. Mol Neurobiol. 2017;54(5):3707–3716.

[39] Knepper MA. The aquaporin family of molecular water
channels. Proc Natl Acad Sci U S A. 1994;91(14):6255–6258.

[40] Verkman AS, Phuan P-W, Asavapanumas N, et al.
Biology of AQP4 and anti-AQP4 antibody: therapeutic
implications for NMO. Brain Pathol. 2013;23(6):684–695.

[41] Saadoun S, Papadopoulos MC. Aquaporin-4 in brain and
spinal cord oedema. Neuroscience. 2010;168(4):1036–1046.

[42] Elkjaer M, Vajda Z, Nejsum LN, et al.
Immunolocalization of AQP9 in liver, epididymis, tes-
tis, spleen, and brain. Biochem Biophys Res Commun.
2000;276(3):1118–1128.

[43] Ironside JW, Ritchie DL, Head MW. Prion diseases.
Handb Clin Neurol. 2017;145:393–403.

[44] Fukuda AM, Badaut J. Aquaporin 4: a player in
cerebral edema and neuroinflammation.
J Neuroinflammation. 2012;9:279.

[45] Li L, Zhang H, Varrin-Doyer M, et al.
Proinflammatory role of aquaporin-4 in autoimmune
neuroinflammation. Faseb J. 2011;25(5):1556–1566.

[46] Kraft AW, Hu X, Yoon H, et al. Attenuating astrocyte
activation accelerates plaque pathogenesis in APP/PS1
mice. Faseb J. 2013;27(1):187–198.

[47] Yang W, Wu Q, Yuan C, et al. Aquaporin-4 mediates
astrocyte response to beta-amyloid. Mol Cell Neurosci.
2012;49(4):406–414.

[48] Hoshi A, Tsunoda A, Tada M, et al. Expression of
aquaporin 1 and aquaporin 4 in the temporal neocor-
tex of patients with Parkinson’s disease. Brain Pathol.
2017;27(2):160–168.

[49] Sun H, Liang R, Yang B, et al. Aquaporin-4 med-
iates communication between astrocyte and micro-
glia: implications of neuroinflammation in
experimental Parkinson’s disease. Neuroscience.
2016;317:65–75.

184 Q. SHI ET AL.


	Abstract
	Introduction
	Material and methods
	Ethics statement
	Cell culture
	Experimental scrapie-infected mice
	Preparation of brain homogenates
	Western blots
	Immunohistochemical (IHC) assay
	IHC with envision G|2 Doublestain system
	Immunofluorescence (IF) assay
	Statistical analysis

	Results
	Remarkable increases of AQP proteins in the brain tissues of scrapie-infected mice and human prion diseases at the terminal stage
	Continual increases of AQP proteins in the mice brain tissues during scrapie infections
	More deposits of AQP proteins in the brain slices of scrapie-infected mice at the terminal stage
	Colocalizations of AQP proteins with GFAP-positive cells in the mice brain tissues
	Deposits of AQP-positive signals with PrP signals in the mice brain tissues

	Discussion
	Disclosure statement
	Funding
	References



