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Alterations in AQP4 expression and polarization in the
course of motor neuron degeneration in SOD1G93A mice
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Abstract. Amyotrophic lateral sclerosis (ALS) is a progres-
sive neurodegenerative disease characterized by selective
degeneration of upper and lower motor neurons. The disease
progression is associated with the astrocytic environment.
Aquaporin-4 (AQP4) water channels are the most abundant
AQPs expressed in astrocytes, exerting important influences on
central nervous system homeostasis. The present study aimed
to characterize the alterations in AQP4 expression and loca-
lization in superoxide dismutase 1 (SOD1) G93A transgenic
mice. SODIG93A mice were sacrificed during the presymp-
tomatic, disease onset and end stages and immunostaining was
performed on spinal cord sections to investigate neuronal loss,
glial activation and AQP4 expression in the spinal cord. It was
observed that global AQP4 expression increased in the spinal
cord of SODIG93A mice as the disease progressed. However,
AQP4 polarization decreased as the disease progressed, and
AQP4 polarized localization at the endfeet of astrocytes was
decreased in the spinal ventral horn of SODIG93A mice at the
disease onset and end stages. Meanwhile, motor neuron dege-
neration and decreased glutamate transporter 1 expression in
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astrocytes in SODIG93A mice were observed as the disease
progressed. The results of the present study demonstrated that
AQP4 depolarization is a widespread pathological condition
and may contribute to motor neuron degeneration in ALS.

Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive and
fatal neurodegenerative disease, characterized by selective
degeneration and death of motor neurons in the motor cortex,
brainstem and spinal cord. A total of ~90% of ALS cases
are sporadic (SALS), while 10% are familial (fALS) (1). The
clinical presentation and pathology of sALS and fALS are
similar. The superoxide dismutase 1 (SOD1) gene, encoding
Cu/Zn superoxide dismutase, was the first identified ALS risk
gene. Mutations in SOD1 account for ~20% of fALS and ~3%
of sALS cases (2). However, the precise mechanisms causing
motor neuron degeneration in ALS remain unknown. Several
mechanisms have been investigated, including oxidative
stress, mitochondrial dysfunction, excitotoxicity, endoplasmic
reticulum stress and neuroinflammation (3). In addition, the
involvement of blood-brain barrier (BBB) and blood-spinal
cord barrier (BSCB) dysfunction in ALS has been a focus of
research.

The BBB and BSCB have important roles in controlling
the homeostasis of water and other substances in the central
nervous system (CNS), by transporting substances selectively
through the systemic compartment and preventing passive
diffusion of harmful blood solutes. A number of studies have
discovered that the BSCB is impaired patients with fALS
and sALS (4-7). In addition, similar BSCB impairment was
observed in SOD1 mutant ALS animal models. Previous
studies demonstrated capillary ultrastructure alterations and
BSCB damage in SODIG93A transgenic mice (mice carrying
a mutant human SODI1 cDNA inserted randomly into the
mouse genome) at the early and late stages of the disease (8,9);
the direct effects of the SODI mutation on APQ protein func-
tion are currently unknown. Recently, a study demonstrated
that restoration of BSCB integrity at an early disease stage
delayed the onset of motor neuron impairment and degenera-
tion in ALS (10).
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Astrocytes are important components of the CNS. It has
been demonstrated that astrocytes are associated with disease
onset and progression in ALS (11). Astrocytic endfeet wrap
around the blood vessel wall and form parts of the BSCB.
In addition, astrocytes serve primary roles in maintaining
the homeostasis of water, glutamate and ions in the CNS,
depending on specific molecules expressed in astrocytes,
including water channel protein aquaporin-4 (AQP4), gluta-
mate transporter 1 (GLT-1 in rodents, EAAT?2 in humans) and
potassium inwardly-rectifying channel, Kir4.1.

AQP4 water channels are the most abundant AQPs
expressed in the CNS, permitting passive and bidirectional
water diffusion. Several studies have demonstrated that
AQP4 is involved in BBB integrity and perturbation (12). In
ovariectomized animals, AQP4 expression was demonstrated
to be increased following disruption of the BBB by intrapa-
renchymal injection of lipopolysaccharide (13). A recent study
demonstrated that remote ischemic post-conditioning was able
to alleviate brain edema and BBB permeability by downregu-
lating AQP4 (14). In addition, accumulating evidence indicates
that AQP4 serves an important role in neurological disorders,
including cerebral ischemia (14), epilepsy (15), traumatic
brain injury (16), Alzheimer's disease (17) and spinal cord
injury (18).

AQP4 overexpression has been observed in the brain
and spinal cord of SODIG93A ALS models rodent (19-21),
suggesting that AQP4 may contribute to motor neuron dege-
neration in ALS. The function of AQP4 is dependent upon
perivascular AQP4 polarization, which refers to that AQP4
that is localized primarily in perivascular astrocytic endfeet
domains. The function of AQP4 overexpression in ALS has
not been elucidated. Specifically, it remains to be investigated
whether ALS is associated with a loss of AQP4 polarization.
In the present study, alterations in AQP4 distribution were
investigated in ALS animal models.

Materials and methods

Animals. Transgenic mice carrying human G93A mSODI1
[strain B6SJL-Tg (SODI1-G93A) 1Gur/J] were obtained from
the Jackson Laboratory (Ben Harbor, ME, USA) and crossed
with female mice with a B6SJL/F1 background for =4 genera-
tions. Transgenic offspring were genotyped using polymerase
chain reaction analysis of DNA obtained from tail biopsies,
as described previously (22). According to the scoring system
used to evaluate signs of motor deficit in SODIG93A mice,
animals were divided into three stages: i) Presymptomatic
stage (60 days) with no sign of motor dysfunction; ii) disease
onset stage with hind limb tremors observed when suspended
by the tail, followed by gait abnormalities; iii) end-stage,
animal unable to right itself within 30 sec (23).

A total of 20 adult male mice (weight, 18-25 g; age,
8-10 weeks) were housed in a 12/12 h light-dark cycle and
a controlled temperature (23+2°C), with free access to food
and water. All procedures performed on the animals were
approved by the Animal Ethical Committee at Sun Yat-sen
University (Guangzhou, China), and were in accordance with
the Guidelines for the Care and Use of Laboratory Animals
of the National Institutes of Health (Bethesda, MA, USA;
publication no. 80-23; revised in 1996).
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Immunofluorescence. Transgenic and wild type (WT) mice were
deeply anesthetized with 1% pentobarbital (50 mg/kg intraperi-
toneally) and transcardially perfused with 0.9% normal saline,
followed by 4% paraformaldehyde in 0.1 mol/l PBS (pH 7.4).
The spinal cords were dissected to identify the cervical and
lumbar segments, further post-fixed in 4% paraformaldehyde
at 4°C overnight, and immersed in 20 and 30% sucrose for
2 days at 4°C. Tissues were cut into 20 ym frozen sections.
Antigen retrieval was conducted on the selected sections,
which were heated in the microwave for 7 mins in 0.01 mol/l
citric acid solution (pH 6.0). Following washing with 0.01 M
PBS for 5 mins, the sections were blocked with Immunol
Staining Blocking Buffer (cat. no. P0102; Beyotime Institute of
Biotechnology, Shanghai, China) for 1 h at room temperature.
The sections were then washed three times with 0.01 M PBS
for 5 min in an orbital shaker prior to incubation with primary
antibodies. Primary antibodies included goat anti-mouse
choline O-acetyltransferase (ChAT) polyclonal antibody (cat.
no. AB144P; EMD Millipore, Billerica, MA, USA) at 1:400
dilution; mouse anti-mouse glial fibrillary acidic protein
(GFAP) monoclonal antibody (cat. no. 3670; Cell Signaling
Technology, Inc., Danvers, MA, USA) at 1:500 dilution; rabbit
anti-mouse AQP4 polyclonal antibody (cat. no. AQP-014;
Alomone Labs, Jerusalem, Israel) at 1:400 dilution; and rabbit
anti-mouse GLT-1 polyclonal antibody (cat. no. abl06289;
Abcam, Cambridge, UK) at 1:300 dilution, overnight at4°C. The
sections were washed three times with 0.01 mol/l PBS for 5 min
in an orbital shaker, and incubated for 1 h at room temperature
with the appropriate species-specific fluorophore-conjugated
secondary antibodies: Donkey anti-goat IgG Alexa Fluor® 594
(cat. not. A-11058; Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA; 1:400) for ChAT; goat anti-mouse IgG
Alexa Fluor® 555 (cat. no. 4409; Cell Signaling Technology,
Inc.; 1:400) for GFAP; anti-rabbit IgG Alexa Fluor® 488 (cat.
no. 4412; Cell Signaling Technology, Inc.; 1:400) for AQP4 and
GLT-1. Following washing with 0.01 mol/l PBS, the sections
were mounted using Fluoroshield Mounting Medium with
DAPI (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany).

Analysis of motor neuron survival in the spinal cord. In order
to analyze the survival of motor neurons in the cervical and
lumbar spinal cord, the total number of ChAT-expressing
cells was counted in every fourth section (in 5 animals/group).
ChAT-expressing cells were counted if they exhibited a nucle-
olus that was located in the ventral horns of immunoreacted
sections. The number of motor neurons in the ventral horn of
the WT animal was used as the control value. The number
of surviving motor neurons in the ventral horn of SODIG93A
mice was described quantitatively as percentages of the
control value. Imaging was conducted at x20 objective power
using a fluorescence microscope (Olympus DP70; Olympus
Corporation, Tokyo, Japan).

Evaluation of GFAP and AQP4 expression and localization.
Free-floating immunofluorescence staining of 20 ym fixed
cross-spinal sections was performed to evaluate the protein
expression patterns of AQP4 and GFAP. Imaging was
conducted at a low magnification (x20 objective power) and
at a high magnification (x63 oil-immersion objective power
using a laser scanning confocal microscope; SP5; Leica
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Figure 1. Degeneration of motor neurons in the cervical and lumbar ventral horn of SODIG93A mice. (A) Representative images exhibiting the survival of
ChAT-positive neurons in the cervical ventral horn. (B) Representative images exhibiting the survival of ChAT-positive neurons in the lumbar ventral horn.
(C) ChAT-positive motor neurons were significantly decreased at the disease onset and end stages. "P<0.05 vs. wild type control (one-way analysis of variance;
n=>5 animals/group). Scale bar, 100 ym. SODI, superoxide dismutase 1; ChAT, choline O-acetyltransferase.

Microsystems, Inc., Buffalo Grove, IL, USA). In order to
measure regional GFAP expression, regions were uniformly
thresholded and the area coverage of GFAP immunoreactivity
(as a percentage of the whole region area) was measured. In
order to evaluate global AQP4 expression levels, the mean
AQP4 immunofluorescence intensity was measured within
each region. In order to measure AQP4 polarity, the area of
the image with a pixel intensity greater than or equal to that
of the perivascular endfeet was measured (value expressed as
a percentage of total field of view), according to a previous
study (22). AQP4 polarization was characterized within the
astrocytic endfeet associated with the soma in the spinal cord.
A total of five randomly selected sections/animal in each group
were analyzed in a blinded manner by two investigators using
Image] version 1.50b bundled with Java 1.8.0_60 software
(National Institutes of Health).

Evaluation of GLT-1 expression in the lumbar spinal cord.
In order to measure the alteration in GLT-1 expression in
the ventral horn of the lumbar spinal cord between WT and
SODIG93A mice at the end stage, imaging was conducted at
x20 objective power using the fluorescence microscope. The
area of GLT-1 immunoreactivity was expressed as a percentage
of the overall field of view. A total of five randomly selected
sections/animal in each group were analyzed in a blinded
manner by two investigators using ImagelJ software.

Statistical analysis. Data are presented as the mean + standard
error of the mean. Comparisons between different groups were
performed using one-way analysis of variance followed by

Bonferroni's post hoc test, and using a Student's t-test between
two groups. All data were processed using SPSS software
(version 20.0; IBM Corp., Armonk, NY, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results

Motor neuron degeneration in SODIG93A mice. ChAT is
considered to be a marker of motor neurons. In order to verify
the onset and progression of spinal motor neuron loss in ALS,
the survival of ChAT-positive neurons located in the ventral
horn of SODIG93A mice was investigated at the presymptom-
atic, disease onset and end stages. In order to assess disease
progression, motor neuron loss was measured in the cervical
and lumbar spinal cord at the same stage. No difference in
the number of ChAT-positive cells was observed in the spinal
and lumbar ventral horn between WT control mice and
SODIG93A mice at the presymptomatic stage (Fig. 1). The
number of ChAT-positive neurons in the cervical and lumbar
spinal cord of SODIG93A mice was decreased at disease onset,
when motor deficits presented; 67.7% ChAT-positive neurons
survived in the cervical ventral horn, and 54.7% ChAT-positive
neurons survived in the lumbar ventral horn, compared with
the control (Fig. 1). The number of ChAT-positive neurons was
observed to be further decreased at the end stage, with 34.9
and 25.0% ChAT-positive neurons in the spinal and lumbar
ventral horn, respectively (Fig. 1). Although SODIG93A mice
exhibit motor deficits primarily in the hind limbs, the results
of the present study demonstrated that motor neuron loss
occurred synchronously in the cervical and lumbar spinal cord,
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Figure 2. GFAP and AQP4 expression and localization in the ventral horn of the lumbar spinal cord. (A) GFAP and AQP4 expression and localization in wild
type control animals. (B) GFAP and AQP4 expression and localization in SODIG93A mice at the presymptomatic stage. (C) GFAP and AQP4 expression and
localization in SOD1G93A mice at the disease onset stage. (D) GFAP and AQP4 expression and localization in SOD1G93A mice at the end stage. The arrows
indicate areas of positive AQP4 staining. Scale bars, 150 ym for the left three columns and 75 pm for the far right column. (E) GFAP and AQP4 expression
was quantified at the presymptomatic, disease onset and end stages using the area fraction (percentage of GFAP or AQP4 immunoreactivity in the overall
field). Increased global expression of GFAP and AQP4 was observed as the disease progressed. (F) AQP4 polarization decreased as the disease progressed.
“P<0.05 vs. wild type control (one-way analysis of variance; n=5 animals/group). GFAP, glial fibrillary acidic protein; AQP4, aquaporin-4; SODI, superoxide

dismutase 1.

indicating that the pathological condition was widespread in
the ALS model animals.

AQP4 overexpression and depolarization in SODIG93A mice.
GFAP and AQP4 expression in the lumbar ventral horn was
analyzed in the present study (Fig. 2). An increased number of
GFAP-positive cells, coupled with swelling cell morphology,

indicates astrocyte activation. In the present study, no astrocyte
activation was observed in WT control animals (Fig. 2A).
Astrocyte activation was detected at the presymptomatic stage,
and increased in the subsequent disease onset and end stages in
the ALS model animals (Fig. 2B-D). Persistent reactive astro-
cytes with swollen cell bodies were observed at the disease
onset and end stages. Global AQP4 expression was increased as
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Figure 3. GFAP and AQP4 expression and localization in the ventral horn of the cervical spinal cord. (A) GFAP and AQP4 expression and localization in
control animals. (B) GFAP and AQP4 expression and localization in SODIG93A mice at the presymptomatic stage. (C) GFAP and AQP4 expression and
localization in SODIG93A mice at the disease onset stage. (D) GFAP and AQP4 expression and localization in SODIG93A mice at the end stage. The arrows
indicate areas of positive AQP4 staining. Scale bars, 150 ym for the left three columns and 75 ym for the far right column. (E) GFAP and AQP4 expression
was quantified at the presymptomatic, disease onset and end stages using the area fraction (percentage of GFAP or AQP4 immunoreactivity in the overall
field). Increased global expression of GFAP and AQP4 was observed as the disease progressed. (F) AQP4 polarization decreased as the disease progressed.
“P<0.05 vs. wild type control (one-way analysis of variance; n=5 animals/group). GFAP, glial fibrillary acidic protein; AQP4, aquaporin-4; SODI, superoxide

dismutase 1.

the disease progressed. Co-localization of GFAP labeling with
AQP4 labeling was observed (Fig. 2E). AQP4 expression in WT
animals and SODIG93A mice at the presymptomatic stage was
predominantly located in the astrocytic endfeet, which exhi-
bited a cord-like shape (Fig. 2A and B). However, as the disease
progressed in the SODIG93A mice, AQP4 expression was not
restricted to astrocytic endfeet domains. At high magnification,
AQP4 expression was observed to shift to the membranes of
swollen astrocytic soma at the disease onset stage and the end
stage, indicating a loss of AQP4 polarization (Fig. 2C,D and F).

The spinal ventral horn, where motor neurons are located,
is the most affected area in ALS. In order to further depict
the alteration in GFAP and AQP4 expression in ALS, protein
expression in the dorsal horn was additionally analyzed.
Similar GFAP and AQP4 expression profiles were observed in
the dorsal horn of the lumbar spinal cord, with AQP4 expres-
sion increasing and shifting to the membranes of astrocytic
soma as the disease progressed (Fig. 3). AQP4 overexpression
and depolarization were additionally observed in the cervical
spinal cord of SODIG93A mice (data not presented), indicating
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Figure 4. GLT-1 expression in astrocytes, in the lumbar ventral horn of SOD1G93A mice. (A) Representative images exhibiting GFAP and GLT-1 staining in wild
type control mice. (B) Representative images exhibiting GFAP and GLT-1 staining in SODIG93A mice at the end stage. Scale bar, 75 ym. (C) Quantification
demonstrated that GLT-1 expression decreased in the ventral horn at the end stage of disease in SOD1G93A mice. "P<0.05 vs. wild type control (Student's t test;
n=>5 animals/group). GLT-1, glutamate transporter 1; GFAP, glial fibrillary acidic protein; SODI, superoxide dismutase 1.

that the loss of AQP4 polarization existed throughout the
spinal cord in the ALS animals.

Decreased GLT-1 expression in SODIG93A mice. The altera-
tion in GLT-1 expression in ALS was analyzed in the present
study. A significant decrease in GLT-1 immunoreactivity was
observed in the lumbar ventral horn of SODIG93A mice at
the end stage, compared with the WT control (Fig. 4; P<0.01).

Discussion

The homeostasis of the CNS and the stability of its function
are dependent on the integrity of the BBB and the balance of
water, glutamate and ions. A major contributing factor to the
maintenance of these homeostatic conditions in the vicinity of
active neurons is the expression of AQP4, GLT-1 and Kir4.1,
which are co-expressed in the membrane of astrocytes. The
association between BBB and BSCB disruption, and astrocyte
dysfunction in ALS, has been demonstrated by numerous
studies (4-10). In the present study, using SODIG93A mutant
mice, the association between motor neuron survival, astrocyte
activation, AQP4 dysregulation and the alteration in GLT1
expression in ALS was investigated.

Astrocyte activation accompanied by motor neuron degen-
eration was observed in the spinal cord of SOD1G93A mice.
Astrocyte activation was observed at the presymptomatic stage
when motor deficits were not detected, suggesting that the glial
pathophysiological response in ALS is initiated prior to the
onset of clinical symptoms. The present study demonstrated
the overexpression of AQP4, and additionally demonstrated
the loss of AQP4 polarization in SODIG93A mice. In physi-
ological conditions, AQP4 exhibits a polarized distribution, with
increased density in perivascular astrocytic endfeet membranes
compared with other membrane domains. AQP4 polarization
may be an important facilitator of the function of AQP4 in main-
taining water homeostasis; a hypothesis that was supported by a
previous study using o-syntrophin knockout mice. The protein
a-syntrophin is required in order for AQP4 to anchor at the peri-
vascular endfeet membrane. In a-syntrophin knockout mice,
AQP4 localization was shifted away from the endfeet domains,
while overall AQP4 expression was not altered, which resulted
in impaired AQP4-dependent K* clearance (24) and cerebral
edema following cerebral ischemia (25). A previous study using
AQP4 knockout mice demonstrated that perivascular AQP4
served a role in regulating extracellular volume dynamics by
controlling water flux in the mammalian brain (26).
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Therefore, the loss of perivascular AQP4 may initiate a
number of pathophysiological processes. Redistribution of
AQP4 was observed to counteract early edema formation in an
animal model of brain infarction (27). In an animal model of
mesial temporal lobe epilepsy, the depolarization of perivascular
AQP4 was demonstrated to precede the development of chronic
seizures (15). A loss of AQP4 polarization has additionally been
observed in a mouse model of Alzheimer's disease (28).

Due to the physiological role of AQP4, it has been demon-
strated to serve as an important component of the paravascular
pathway that assist in the clearance of f-amyloid, and other
molecules, from the brain parenchyma (29). Additionally,
AQP4 depolarization has been observed in the aging brain, with
impaired paravascular clearance (30). In an animal model of
traumatic brain injury, an elevated global level of AQP4 protein
with a redistribution manner of depolarization was observed in
the acute stage of injury, leading to the formation and resolution
of cerebral edema (31). However, the sustained loss of AQP4
perivascular polarization impaired the paravascular pathway
clearance of interstitial solutes from the brain, contributing
to microtubule-associated protein tau aggregation and neuro-
degeneration, in the chronic phase following traumatic brain
injury (16). It is therefore likely that polarized AQP4 serves a
role in clearance of interstitial solutes from the brain.

In the present study, perivascular localization of AQP4 in
astrocytic endfeet was observed in the spinal cord prior to disease
onset, which is consistent with previous studies (19,20,32).
Depolarized AQP4 expression was observed to occur in line
with the progression of ALS. AQP4 depolarization may be a
pathological factor associated with the onset and progression of
ALS. Sustained depolarization of AQP4 impairs the function of
maintaining water balance in the spinal cord, leading to swelling
and malformation of astrocytes and interfering with neuronal
function in ALS; however, the aggregation of misfolded mutant
SODI1 proteins is known to be a cause of ALS. It is hypothesized
that the loss of AQP4 polarization has a negative impact on the
clearance of interstitial solutes, including mutant SODI proteins,
from the spinal cord, and thereby contributes to the aggregation
of misfolded mutant SODI proteins in ALS. Therefore, further
investigation is required to investigate the association between
the loss of AQP4 polarization and the aggregation of misfolded
mutant SODI proteins.

An additional molecule expressed in astrocytes is GLT-1,
a glutamate transporter that is responsible for the majority
of functional glutamate uptake in the CNS (33). It has been
demonstrated that one of the major causes of motor neuron
degeneration in ALS is excitotoxicity due to dysregulation
of extracellular glutamate homeostasis (34). Compromised
glutamate uptake, due to decreased expression and aberrant
functioning of GLT-1, has been observed in astrocytes of the
spinal cord and motor cortex in patients with ALS (35,36)
and SOD1G93A rodents (37). In the present study, decreased
expression of GLT-1 in the spinal cord in SOD1G93A mice was
observed, which is consistent with the previous studies (38).
Downregulated GLT-1 expression in astrocytes and impaired
uptake of glutamate were observed in AQP4-deficient
mice (38), indicating that AQP4 serves a role in regulating
the expression and function of GLT-1. Glutamate has been
demonstrated to increase AQP4 water permeability in astro-
cytes (39). A number of studies into various neurological
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disorders have demonstrated that AQP4 and GLT-1 exist in
astrocytic membranes as a functional complex (40-43). It is
hypothesized that the overexpression and depolarization of
AQP4 leads to abnormal functioning, which may therefore
lead to the decreased expression and aberrant functioning of
GLT-1. The association between AQP4 and GLT-1 may result
in impairment of the balance between glutamate and water
transport, dysregulation of neuronal activity, and excitotoxic
neuronal dysfunction. Further studies are required to elucidate
the interaction between AQP4 and GLT-1.

In the present study, SODIG93A mice were used as a
model to investigate the role of AQP4 in the pathological
development of ALS. Global overexpression, with decreased
polarized astrocytic localization of AQP4, was observed in
the spinal cord, indicating an impaired function of AQP4 in
ALS. The results of the present study demonstrated that AQP4
depolarization is a widespread pathological condition and may
contribute to motor neuron degeneration in ALS.
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