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AQP5 is Differentially Regulated in
Astrocytes During Metabolic and Traumatic

Injuries

Rui Chao Chai,1,2 Jiao Hua Jiang,1,2 Ann Yuen Kwan Wong,1,2 Feng Jiang,1,2 Kai Gao,1,2

Greg Vatcher,1,2 and Albert Cheung Hoi Yu1,2,3

Water movement plays vital roles in both physiological and pathological conditions in the brain. Astrocytes are responsible
for regulating this water movement and are the major contributors to brain edema in pathological conditions. Aquaporins
(AQPs) in astrocytes play critical roles in the regulation of water movement in the brain. AQP1, 3, 4, 5, 8, and 9 have been
reported in the brain. Compared with AQP1, 4, and 9, AQP3, 5, and 8 are less studied. Among the lesser known AQPs,
AQP5, which has multiple functions identified outside the central nervous system, is also indicated to be involved in hypoxia
injury in astrocytes. In our study, AQP5 expression could be detected both in primary cultures of astrocytes and neurons, and
AQP5 expression in astrocytes was confirmed in 1- to 4-week old primary cultures of astrocytes. AQP5 was localized on the
cytoplasmic membrane and in the cytoplasm of astrocytes. AQP5 expression was downregulated during ischemia treatment
and upregulated after scratch-wound injury, which was also confirmed in a middle cerebral artery occlusion model and a stab-
wound injury model in vivo. The AQP5 increased after scratch injury was polarized to the migrating processes and cytoplasmic
membrane of astrocytes in the leading edge of the scratch-wound, and AQP5 over-expression facilitated astrocyte process
elongation after scratch injury. Taken together, these results indicate that AQP5 might be an important water channel in
astrocytes that is differentially expressed during various brain injuries.
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Introduction

Aquaporins (AQPs) are a family of channel proteins which

facilitate the rapid transport of water and solutes across

membranes (Agre, 2006; Preston and Agre, 1991; Preston

et al., 1992). Water movement in the brain, in which AQPs

play a major role, is of great physiological and pathological

importance, as about 80% of the content of the brain is water

(Tait et al., 2008). Neuronal activity is accomplished by water

and ion movement across membranes, while brain edema, or

swelling, which is a result of a water homeostasis disorder, is

a life threatening side effect of many brain injuries and dis-

eases (Badaut et al., 2002). Astrocytes are the most numerous

cells in the brain and play a critical role in the maintenance

of water homeostasis, and astrocytes show the most promi-

nent swelling of all cell types during brain edema under path-

ological conditions in the central nervous system (CNS)

(Albertini and Bianchi, 2010; Tait et al., 2008). Clarifying

the expression, localization and functions of AQPs in astro-

cytes is critical to understand the complicated water flux in

the CNS.

AQP1, 3, 4, 5, 8, and 9 have been reported to be

expressed in the brain (Badaut et al., 2002; Yamamoto et al.,

2001). AQP1, 4, and 9 serve multiple functions, including

regulation of water movement, regulation of astrocyte volume
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changes, facilitation of reactive astrocyte migration, and pro-

duction of cerebrospinal fluid (Badaut et al., 2002; Badaut

and Regli, 2004; Bondy et al., 1993; Manley et al., 2000;

Papadopoulos and Verkman, 2013; Rash et al., 1998; Strange,

1992; Yool, 2007). However, the functions of AQP3, 5, and

8 are still unclear. AQP4 is the most studied AQP in astro-

cytes and is mainly localized on the cytoplasmic membrane

and end feet, where it plays a crucial role in regulating water

flow into and out of the brain. AQP4 is also involved in

brain edema caused by ischemia and other injuries, and the

reactive astrocyte migration and glial scar formation that

occurs after traumatic brain injuries (Manley et al., 2000;

Meng et al., 2004; Papadopoulos et al., 2004; Saadoun et al.,

2005; Sun et al., 2003; Zador et al., 2009). However, AQP4-

null mice have normal brain vascular anatomy and morphol-

ogy, and normal astrocytic proliferation and adhesion func-

tions (Manley et al., 2000; Papadopoulos and Verkman,

2013; Saadoun et al., 2005). The speed of cell migration in

AQP4-null mouse astrocytes was only reduced by 34.2% after

scratch injury (Saadoun et al., 2005), and the cellular vol-

umes of both AQP4(2/2) and AQP4(1/1) astrocytes were sig-

nificantly increased after hypoxia injury (Fu et al., 2007). All

these facts suggest that there might be other AQPs in astro-

cytes that compensate for the loss of AQP4. AQP1 and

AQP9 expression in astrocytes is also upregulated after trau-

matic brain injury (McCoy and Sontheimer, 2010). AQP5

mRNA is downregulated after hypoxia injury (Yamamoto

et al., 2001), indicating that AQP5 may be another important

water channel in astrocytes, in addition to AQP1, 4, and 9.

AQP5 is expressed on the membranes of epithelial cells

in corneal, pancreatic, and bronchial epithelium, the secretory

cells in salivary and lacrimal glands, airway submucosal

glands, and Type I pneumocytes of the respiratory tract (Sid-

haye et al., 2012). Some of the known functions of AQP5

include: conveying a high degree of membrane water perme-

ability (King et al., 2004; Krane et al., 2001; Ma et al.,

1999), regulating water movement through the paracellular

pathway (Kawedia et al., 2007; Sidhaye et al., 2008), gas per-

meability (Musa-Aziz et al., 2009), and cell cytoskeleton regu-

lation (Sidhaye et al., 2008, 2012). Recently, AQP5 has been

considered as a marker protein for cell proliferation and

migration in breast cancer and plays an important role in

facilitating tumor metastasis (Jung et al., 2011; Shi et al.,

2012; Zhang et al., 2010). AQP5 is expressed in several com-

mon human glioma cell lines and acute patient biopsies

(McCoy and Sontheimer, 2007). However, compared with

the well-understood water channels in the brain, such as

AQP1, 4, and 9 (Papadopoulos and Verkman, 2013), less is

known about AQP5. The fact that the expression of AQPs is

differentially regulated during different brain injuries also sug-

gests that AQPs are important factors involved in brain dys-

function. For example, AQP4 expression fluctuates in

astrocytes during brain edema (Tait et al., 2008) and is differ-

entially regulated in different injuries, such as brain ischemia

and traumatic brain injury (Meng et al., 2004; Sun et al.,

2003). Clarifying the expression of AQP5 during different

injuries in astrocytes is a first step towards understanding the

roles of AQP5 in astrocytes under physiological and patholog-

ical conditions.

In this study, we confirmed that AQP5 was expressed in

both mouse primary cultures of astrocytes and rat brain.

AQP5 was also differentially expressed in ischemic and trau-

matic injuries, in both in vitro and in vivo models. These

results indicated that AQP5 might be another important

water channel in astrocytes, in addition to AQP1, 4, and 9,

which facilitates astrocytic responses to different injuries.

Materials and Methods

Primary Cultures of Cerebral Cortical Astrocytes
and Neurons
Primary cultures of cerebral cortical astrocytes were prepared, as pre-

viously described (Dong et al., 2009; Yang et al., 2011; Yu et al.,

2001; Zhou et al., 2010), from newborn (within 24 h after birth)

ICR mice. Briefly, meninges-free cerebral cortices were cut into small

cubes and suspended in modified Dulbecco’s Modified Eagle’s

Medium (DMEM). After mechanical dissociation, the cell suspen-

sion was sequentially passed through 70 mm and 10 mm nylon filters

(Spectra/Mesh, Spectrum Medical Industries). 10% (v/v) fetal bovine

serum (FBS; Hyclone, Australia) was added to the medium contain-

ing filtered cell suspensions. Cells were seeded in 35 mm tissue cul-

ture dishes (Corning) at 3.5 3 105 cell/mL. Cultures were then

incubated at 37�C, with 95% air/5% CO2 (v/v) and 95% humidity.

Culture medium was changed twice per week with DMEM contain-

ing 10% (v/v) FBS for the first 2 weeks and 7% (v/v) FBS after-

ward. Astrocytes were used for experiments after 4 weeks.

Primary cultures of cortical neurons were prepared from

embryonic ICR mice (Day 16) as previously described (Zhou et al.,

2010). In brief, meninges-free cerebral cortices were cut into small

pieces and digested with 0.25% trypsin. Cells were suspended in

modified DMEM and passed through a 70 mm nylon filter. Cells

were grown in modified DMEM with 5% horse serum (Hyclone,

Australia) in 35 mm tissue culture dishes (Corning) precoated with

poly-D-lysine (25 lg/mL, Sigma-Aldrich) overnight. Cytosine arabi-

noside (40 lM; Sigma-Aldrich) was added on Day 3 to inhibit the

growth of astrocytes. Neurons were used for experiments on Day 7.

Reverse Transcription Polymerase Chain Reaction
and Real-Time Polymerase Chain Reaction
Gene expression of AQPs in mouse tissues, astrocytes, and neurons

was measured with reverse transcription polymerase chain reaction

(RT-PCR). Total RNA from mouse tissues and cultured cells was

extracted using TRIzol reagent (Invitrogen) according to the manu-

facturer’s instructions. 1 lg of total RNA was used as template for

reverse transcription (RT). PCR (with 30 cycles of 94�C, 30 s;
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65�C, 30 s; 72�C, 30 s; and a final extension at 72�C for 10 min)

was performed using 2 lL of cDNA in a total volume of 20 lL.

GAPDH was used as an internal control. AQP5 mRNA expression

in astrocytes with ischemia treatment or scratch treatment was meas-

ured with real-time PCR. cDNA and GoTaqVR qPCR Master Mix

(Promega) were used to perform the real-time PCR according to the

standard procedure instructions with an ABI Prism 7500 real-time

PCR system (Applied Biosystems). GAPDH was also used as an

internal control. Primers used for amplifying the AQP genes and

GAPDH were based on sequences of murine AQP isoforms and

GAPDH retrieved from the PubMed database (http://

www.ncbi.nlm.nih.gov/pubmed). The sequences of primers used in

RT-PCR were as follows: for AQP1: forward: 50-GGC CAT GAC

CCT CTT CGT CTT CA-30; reverse: 50-AGG TCA TTG CGG

CCA AGT GAA TT-30. For AQP4: forward: 50-CTG GAG CCA

GCA TGA ATC CAG-30; reverse: 50-TTC TTC TCT TCT CCA

CGG TCA-30. For AQP5: forward: 50-CTC TGC ATC TTC TCC

TCC ACG-30; reverse: 50-TCC TCT CTA TGA TCT TCC CAG-

30. For AQP7: forward: 50-GAG TCG CTA GGC ATG AAC TCC-

30; reverse: 50-AGA GGC ACA GAG CCA CTT ATG-30. For

AQP9: forward: 50-CCT TCT GAG AAG GAC CGA GCC-30;

reverse: 50-CTT GAA CCA CTC CAT CCT TCC-30. For GAPDH:

forward: 50-TCA CCA CCA TGG AGA AGG C-30; reverse:

50-GCT AAG CAG TTG GTG GTG CA-30. PCR products were

separated on 2% agarose gels with ethidium bromide and photo-

graphed under an ultraviolet illuminator.

Ischemia Treatment
Ischemia treatment was performed as previously described (Chen

et al., 2005; Dong et al., 2009; Lau and Yu, 2001; Yu et al., 2001;

Zhou et al., 2010). The medium used in ischemia experiments was

glucose and serum-free modified DMEM, and was equilibrated with

anaerobic gas (85% N2, 10% H2, 5% CO2), the treatment was per-

formed in an anaerobic chamber (85% N2, 10% H2, 5% CO2,

37�C; Forma Scientific). Astrocytes were washed twice with ischemic

medium, and then incubated with 0.8 mL ischemic medium per 35

mm culture dish for 0, 0.5, 2, 4, and 6 h.

Middle Cerebral Artery Occlusion
All animal studies were approved by the Institutional Animal Care

and Use Committee of Peking University. Middle cerebral artery

occlusion (MCAO) was performed as reported (Guo et al., 2012;

Hu et al., 2011; Shi et al., 2012). Briefly, adult male Sprague–Daw-

ley (SD) rats (280 g to 320 g) were anesthetized with 4% isoflurane

and maintained with 2.0% isoflurane, 30% oxygen, and 70% air.

The right common carotid artery was exposed, and the internal

carotid artery was ligated, then the external carotid artery was

divided with a stump of 3–4 mm. The stump of the external carotid

artery was opened, a 4.0 monofilament nylon suture was inserted up

to 18–20 mm, or until resistance was felt, through the internal

carotid artery. After occlusion for 2 h, the suture was withdrawn.

The heart rate and blood glucose levels before, during, and after

ischemia were monitored. After reperfusion for the designated time,

rats were then perfused through the heart with phosphate-buffered

saline (PBS) to remove all blood, and fixed with 4% paraformalde-

hyde (PFA) after the suture was withdrawn. The brains were isolated

from the rats and frozen until analyzed.

Scratch-Wound Injury Treatment
Scratch-wound injury experiments were performed as previously

described (Lau and Yu, 2001; Yang et al., 2012; Yu et al., 1993).

Cultures were scratched with a 200 lL sterile plastic pipette tip

according to a grid. The scratch caused an average of 37% injury to

the plated culture. The culture medium was changed immediately

following the scratch-wound to remove most of the detached cells

and debris, and then the cultures were incubated in fresh modified

DMEM containing 10% FCS in an incubator (5% CO2, 37�C).

Stab-Wound Injury
Stab-wound injury was performed as reported (Anderova et al.,

2004; Koyama et al., 1999; Simon et al., 2011). Briefly, male

Sprague Dawley rats (280 g–320 g) were anesthetized with chloral

hydrate (0.4 g/kg, i.p.), and all the following operation procedures

were performed on a stereotaxic apparatus (David Kopf Instru-

ments). The scalp was incised, and a small slit made with a dental

drill, and a number 23 dissection blade was inserted through the slit

(3.8 mm right/left side, from 1.5 mm anterior to 1.5 mm posterior

of the bregma, and 5.0 mm depth from surface of the skull). The

rats, 7 days after stab-wound injury, were perfused through the heart

with PBS, and then fixed with 4% PFA. The brains were isolated

from the rats and frozen until analyzed.

Subcellular Fraction Preparation
The subcellular fractions were prepared according to the AbcamVR

protocol. Confluent astrocytes were washed three times with ice-cold

PBS, then 200 lL of ice-cold fractionation buffer [0.25 M sucrose,

25 mM KCl, 10 mM MgCl2, 20 mM HEPES (pH 7.4), 1 mM

DTT, and 0.1 mM phenylmethylsulfonyl fluoride (PMSF)] was

added to the 35 mm culture dishes, and the cell lysate was collected

in a 1.5 mL Eppendorf tube on ice. The lysate was then passed

through a 25 G needle 10 times with a 1 mL syringe, and incubated

on ice for 15 min. Centrifugation at 720g, 4�C for 5 min produced

the crude nuclear pellet (P1). The supernatant was transferred into a

fresh tube, and then centrifuged again at 10,000g, 4�C for 10 min,

the resulting supernatant contained the cytoplasm and membrane

fraction (S1), while the pellet formed the crude mitochondria frac-

tion (P2). The P1 was washed by adding another 200 lL of fractio-

nation buffer, dispersed with a pipette, passed through a 25 G

needle 10 times, and centrifuged at 1,000g, 4�C for 10 min, and the

resulting pellet contained the nuclear fraction. To further separate

the membrane fraction and cytosolic fraction, the S1 was centrifuged

at 100,000g, 4�C for 1 h, the supernatant was the cytosolic fraction,

and the pellet was the membrane fraction. The P2 was washed by

adding another 200 lL of fractionation buffer, dispersed with a pip-

ette, passed through a 25 G needle 10 times, and centrifuged at

10,000g, 4�C for 10 min, the pellet was the mitochondria fraction.

Western Blot Analysis
After washing with ice-cold PBS three times, cells or isolated cell

fractions were lysed in ice-cold lysis buffer [150 mM NaCl, 0.1%
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(w/v) NP-40, 50 mM Tris (pH 8.0), 0.5% (w/v) sodium deoxycho-

late, 1% (w/v) SDS, 1 mM DTT, 0.1 mM PMSF, and protease

inhibitor cocktail (Roche, Sweden)]. A Lowry protein assay was used

to measure the total protein content. The proteins were boiled and

analyzed with a standard Western blot procedure. Briefly, proteins

were electrophoresed on a 12% sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) gel, and were then

electrophoretically transferred onto PVDF membranes (Millipore).

The PVDF membranes were blocked with 5% (w/v) nonfat milk in

TBST buffer [0.1 M Tris-HCl (pH 8.0), 0.9% (w/v) NaCl, and

0.1% (v/v) Tween-20], and the target proteins were probed with

diluted primary antibodies to AQP5 (1:1,000; Santa Cruz), AQP1

(1:1,000; Abcam), AQP4 (1:1,000; Millipore), Lamin A (1:1,000;

Santa Cruz), b-Tubulin (1:2,000; Cell Signaling Technology), COX4

(1:2,000; Abcam), or transferrin receptor (1:2,000; Abcam) in block-

ing solution overnight at 4�C. The membranes were then incubated

with the second antibody conjugated with horse-radish peroxidase

(1:2,000; Santa Cruz) for 1 h at room temperature. Finally, an

enhanced chemiluminescent Western blot detection kit (Santa Cruz)

was used to detect the expression of the target proteins.

Immunofluoresent Staining
Immunofluoresent staining was performed as previously described

(Chen et al., 2005). Confluent astrocytes were washed three times

with ice-cold PBS, fixed with 4% PFA for 20 min, and permeabil-

ized with 0.3% Triton X100 for 15 min. The cultures were then

blocked with 3% BSA in PBS for 30 min at room temperature and

incubated with primary antibody (anti-AQP5 1:50, Santa Cruz;

anti-GFAP 1:200, Santa Cruz; anti-AQP4 1:50, Millipore) at 4�C

overnight. After washing three times with PBS, the cultures were

incubated with secondary antibody conjugated with DyLight 488 or

Cyanine Dye 3.5 or DyLight 594 (1:200, Invitrogen) for 1 h at

room temperature. Hoechst 33342 (2 lg/mL, Sigma-Aldrich) was

used to stain nuclei. Finally, the cultures were observed with a confo-

cal microscope (Olympus, Japan). All the photographs shown in the

results were representative photographs from at least three

experiments.

Plasmid Construction
The AQP4-EGFP plasmid was a kind gift from K. Nakahama

(Department of Anatomy, Kinki University School of Medicine,

Osakasayama City, Osaka, Japan). For the construction of the

AQP1-EGFP, AQP5-EGFP, and AQP9-EGFP, total RNA was

extracted from astrocytes using TRIzol reagent and was reverse-

transcribed using the Moloney Murine Leukemia Virus RT-PCR sys-

tem (Promega) with random hexamer (Promega). The AQP1, 5, and

9 coding domain sequence without termination codon was inserted

into the pEGFP-N1 or other vectors (Clontech). The constructed

plasmids were sequenced to confirm the correct AQP1, 5, and 9

sequence as published in GenBank.

Transfection
For transfection of primary astrocytes cultured in 35-mm dishes, 2

lg of plasmid DNA and 2 lL of LipofectamineVR 2000 (Invitrogen)

were used. Plasmid DNA and LipofectamineVR 2000 reagent were

separately diluted in 0.05 mL DMEM for 5 min, then mixed and

incubated for 30 min at room temperature. The DNA/Lip-

ofectamineVR 2000 mixture was then added to cells prewashed with

DMEM and incubation continued for 6 h at 37�C with 95% air/

5% CO2 (v/v) and 95% humidity. Subsequently, medium was

replaced by fresh DMEM supplemented with 10% (v/v) FBS. Trans-

fected astrocytes were maintained for 48 to 72 h before further

experimentation.

Statistical Analysis
Experiments were repeated at least three times with different batches

of cultures in independent experiments. Results were analyzed using

PRISM 5.0 software (GraphPad Software). Data was expressed in

the form of mean 6 S.E.M. Statistical analysis was performed using

a Student’s t-test or one-way analysis of variance (ANOVA) with

Bonferroni post test for multiple comparisons. Results were consid-

ered as statistically significant when P < 0.05.

Results

AQP5 Expression in Brain Tissue and Primary
Cultures of Astrocytes
The expression of AQP1, 4, 5, 7, and 9 in mouse brain cere-

bral cortex was examined by RT-PCR. The expressions of

AQP1 and AQP7 in mouse kidney, as well as the expression

of AQP5 in lung tissue, were used as positive controls. There

were strong bands for AQP1 and AQP7 in the kidney sam-

ples, and a strong band for AQP5 in lung tissue. The mouse

brain cerebral cortex samples showed positive bands for

AQP1, 4, 5, and 9, but not for AQP7 (Fig. 1A). The results

indicated that AQP5 was expressed in mouse cerebral cortex.

To examine the expression of AQP5 in astrocytes and

neurons in mouse cerebral cortex, the mRNA levels of AQP4

and AQP5 in 4-week-old primary cultures of cerebral cortical

astrocytes and in 1-week-old primary cultures of cerebral cort-

ical neurons was measured by RT-PCR (Fig. 1B). The brain

cerebral cortex and lung samples were used as positive con-

trols for AQP4 and AQP5, respectively. In astrocyte samples,

bands for both AQP4 and AQP5 were clearly observed. In

neurons, a band for AQP5 was detected, while a weak band

for AQP4 was also detected. These results indicated that

AQP5 was expressed both in astrocytes and neurons.

The level of AQP4 and AQP5 mRNA in 1- to 4-week

old primary cultures of astrocytes were measured by RT-PCR

(Fig. 1C,D). Both AQP4 and AQP5 expression was detected

in 1- to 4-week-old primary cultures of astrocytes, and the

expression of AQP5 mRNA significantly increased in 2-week-

old and 3-week-old primary cultures of astrocytes. AQP5

expression was also increased in 4-week-old primary cultures

of astrocytes, but without a statistical difference when com-

pared with 1-week-old primary cultures of astrocytes. AQP5

protein expression also increased similarly to the mRNA

expression in 1- to 4-week-old primary cultures of astrocytes
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(Fig. 2). AQP5 protein was significantly increased in 2- to 4-

week-old primary cultures of astrocytes compared with 1-

week-old primary cultures. These results indicated that both

AQP5 mRNA and protein were expressed in 1- to 4-week-

old primary cultures of astrocytes, and that the expression

was increased in 2- to 4-week-old cultures compared with

1-week-old cultures.

Subcellular Localization of AQP5 in Primary
Cultures of Astrocytes
To confirm the specificity of the AQP5 antibody and study

the localization of different AQPs in primary cultures of astro-

cytes, we performed AQP5 immunostaining with the AQP5

antibody in astrocytes transfected with AQP1, 4, 5, and 9-

EGFP (Fig. 3). The results indicated that prominent increased

AQP5 immunostaining signals could only be observed in

AQP5-EGFP-positive astrocytes, and the immunostaining sig-

nals were co-localized with AQP5-EGFP signals, while AQP5

staining signals did not co-localize with AQP1, 4, or 9-EGFP

signals in astrocytes. In addition, AQP5 immunostaining and

AQP5-EGFP signals were observed in both the cytoplasm and

cytoplasmic membrane. We also observed the AQP1, 4, and 5

protein expressions in astrocytes with a Western blot (Supp.

Info. Fig. S1). In the three samples separated from the same

astrocyte total cell lysate, all the bands (with different molecu-

lar weights) for AQP1, 4, and 5 proteins were detected.

To further elucidate the localization of AQP5 in pri-

mary cultures of astrocytes, we compared the localization of

AQP5 and AQP4 in the same astrocytes (Fig. 4A,B). The

results revealed that AQP5 localized to both the cytoplasm

and the cytoplasmic membrane, while AQP4 mainly accumu-

lated at the cytoplasmic membrane. This result was consistent

FIGURE 1: Expression of AQP5 in brain and primary cultures of astrocytes. (A) The expression of AQP mRNAs (AQP1, 4, 5, 7, and 9)
were detected in the brain tissue of ICR mice with reverse transcription PCR (RT-PCR), mouse kidney was used as positive control for
AQP1 and AQP7, and mouse lung for AQP5. GAPDH was used as internal control. (B) The expression of AQP4 and AQP5 mRNA was
detected in primary cultures of astrocytes and neurons. Positive controls for AQP4 and AQP5 were brain tissue and kidney tissue,
respectively. GAPDH was used as internal control. (C) The mRNA level of AQP4 in primary cultures of astrocytes of different ages was
measured with RT-PCR. The mRNA of AQP4 was detected in 1-, 2-, 3-, and 4-week-old primary cultures of astrocytes. GAPDH was used
as internal control. The bottom panel is a quantification of the mRNA level of AQP4 in 1-, 2-, 3-, and 4-week-old primary cultures of
astrocytes. n 5 3 from three different experiments. (D) The mRNA level of AQP5 in primary cultures of astrocytes of different ages was
measured by RT-PCR. The mRNA of AQP5 was detected in 1-, 2-, 3-, and 4-week-old primary cultures of astrocytes. GAPDH was used as
internal control. The bottom panel is a quantification of the mRNA level of AQP5 in differently-aged primary cultures of astrocytes. n 5

3 from three different experiments. *P < 0.05.
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with the localizations of AQP5 and AQP4-EGFP in primary

culture of astrocytes (Supp. Info. Fig. S2). In addition, the

AQP4 and AQP5 immunostaining signals on the astrocyte

cytoplasmic membranes did not co-localize (Fig. 4B). To con-

firm the distribution of AQP5 in astrocytes, we isolated the

nuclear fraction and cytoplasmic fraction, which included the

cytoplasm and cytoplasmic membrane, from astrocytes, and

measured the expression of AQP5 in these fractions with

Western blots (Fig. 4C). In primary cultures of astrocytes,

there was only one detectable band for AQP5 (a little lower

than the 26 kDa protein molecular weight marker) in the

total cell lysate and cytoplasmic fraction, but no band in the

nuclear fraction. b-Tubulin was only detected in the total cell

lysate and cytoplasmic fraction of primary cultures of astro-

cytes, while Lamin A was only detected in the total cell lysate

and nuclear fraction of primary cultures of astrocytes. These

results were consistent with the observations of AQP5 immu-

nostaining. To confirm the detailed distribution of AQP5

observed by immunostaining, we further isolated the cytoplas-

mic membrane, cytosolic, nuclear, and mitochondrial frac-

tions from astrocytes and examined the expression of AQP5

with Western blots (Fig. 4D,E). AQP5 was only detected in

the total cell lysate, cytoplasmic membrane, and cytosolic

fractions, but could not be detected in the nuclear or mito-

chondrial fractions. b-Tubulin was only detected in the total

cell lysate, cytoplasmic membrane, and cytoplasm fraction,

Lamin A was only detected in the total cell lysate and nuclear

fraction, the transferrin receptor (TfR) was mainly detected in

the cytoplasmic membrane fraction, and COX4 was mainly

localized in the mitochondrial fraction. The immunostaining

and Western blot data confirmed that AQP5 was localized in

both the cytoplasm and cytoplasmic membrane.

Expression of AQP5 in Rat Brain
To investigate the expression of AQP5 in vivo, the AQP5

expression in rat brain was also studied with immunostaining

(Fig. 5A). The results showed that there were significant

AQP5 signals in GFAP-positive astrocytes in rat cerebral cort-

ical slices. In addition, AQP5 was also localized in GFAP-

negative cells in rat cerebral cortical slices. Meanwhile, omit-

ting the AQP5 primary antibody totally eliminated all the red

fluorescence signals (Fig. 5B) in the immunostaining results.

Expression Changes of AQP5 in Astrocytes under
Ischemia Treatment
Cytoplasmic membrane localization of AQP5 implicated that

AQP5 could be involved in water movement across the mem-

branes of astrocytes. We used real-time PCR to study the

expression changes of AQP5 in astrocyte primary cultures

under ischemia injury (Fig. 6A). The AQP5 mRNA expres-

sion was downregulated with ischemia treatment from 0.5 to

6 h. AQP5 mRNA expression significantly decreased by

40%–45% after ischemia treatment for 1 h, and its expression

was decreased by 80% after ischemia treatment for 6 h. To

investigate whether the protein expression of AQP5 also

decreased with ischemia treatment, we studied the AQP5 pro-

tein expression in primary cultures of astrocytes under differ-

ent lengths of ischemia treatment by Western blot (Fig. 6B).

The AQP5 protein expression was also continually downregu-

lated with ischemia treatment from 0.5 to 6 h. The AQP5

protein expression was significantly decreased by 40% after

ischemia treatment for 2 h, and its expression decreased by

50% after ischemia treatment for 6 h. Thus, both the mRNA

and protein expression of AQP5 were downregulated in pri-

mary cultures of astrocytes under ischemia treatment. The

downregulation of AQP5 in primary cultures of astrocytes

during ischemia treatment was also confirmed by immuno-

staining (Fig. 6C). Laser confocal microscopy revealed that

the AQP5 signals were downregulated by ischemia injury, and

they were localized on the cytoplasmic membrane and

cytoplasm.

We have compared the expression changes of AQP1, 4,

and 5 in astrocytes under ischemia treatment with Western

blot (Supp. Info. Fig. S3). The results revealed that AQP5

was downregulated under ischemia treatment, AQP4 was

upregulated under ischemia treatment, and there was no

FIGURE 2: Expression of AQP5 protein in primary cultures of
astrocytes of different ages. AQP5 protein was detected by West-
ern blot analysis. The protein was detected in 1-, 2-, 3-, and 4-
week-old primary cultures of astrocytes. b-Actin was used as inter-
nal control. The bottom panel is a quantification of the protein
levels of AQP5 in primary cultures of astrocytes of different ages.
n 5 4 from three different experiments. *P < 0.05, **P < 0.01.
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significant change in AQP1 expression. The quantitative

results confirmed the relatively stable expression of AQP1 in

astrocytes under ischemia treatment (Supp. Info. Fig. S3B).

These findings indicated that AQP5 was regulated differently

from other AQPs under ischemia treatment.

Expression of AQP5 was Downregulated in MCAO
The MCAO model was used to study AQP5 expression dur-

ing brain injury in vivo. The expression changes of AQP5 in

the cerebral cortex of rats during ischemia and reperfusion

injury caused by MCAO was investigated with immunostain-

ing (Fig. 7A,B). AQP5 was downregulated in the infarction

in the cerebral cortex of rats after 2 h of ischemia treatment

caused by MCAO, and its expression was continually downre-

gulated during the reperfusion from 0 to 24 h both in

GFAP-positive astrocytes and other GFAP-negative cells.

Changes in the percentage of AQP5-positive cells in GFAP-

positive cells were also analyzed. The percentage of AQP5-

positive astrocytes decreased significantly after ischemia and

reperfusion injury caused by MACO, dropping from 75% in

uninjured brain to 10% in the infarct area (Fig. 7C). The

percentage of AQP5-positive astrocytes did not change in the

FIGURE 3: Specificity of AQP5 antibody and localization of AQP-EGFPs in primary cultures of astrocytes. AQP5 immunostaining was per-
formed with astrocytes transfected with AQP-EGFPs (AQP1, 4, 5, and 9-EGFP), and observed with a laser confocal microscope. AQP5
immunostaining signals were shown in red, and other AQP-EGFP signals were shown in green. Increased AQP5 immunostaining signals
were co-localized with AQP5-EGFP signals in AQP5-EGFP positive astrocytes (white arrowheads), and cytoplasmic membrane localization
of both AQP5 immunostaining and AQP5-EGFP signals were identified with white arrows. Bar 5 10 lm. All the pictures shown in the fig-
ure were representative pictures from at least three cultures from at least two independent experiments. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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penumbra area (Fig. 7D). The AQP5 fluorescence intensity

was also significantly decreased in the infarct area during

injury (Fig. 7E) and did not change in the penumbra area

(Fig. 7F). These results confirmed that AQP5 expression was

downregulated during ischemia injury in vivo.

Expression of AQP5 was Upregulated in Astrocytes
after Scratch-Wound Injury
We investigated the expression changes of AQP5 during trau-

matic injury. The scratch-wound injury model in primary cul-

tures of astrocytes was used to investigate the expression of

AQP5 in astrocytes after traumatic injury. The AQP5 mRNA

expression changes in primary cultures of astrocytes at differ-

ent times after scratch-wound injury were examined by real-

time PCR (Fig. 8A). AQP5 mRNA expression decreased non-

significantly at 4 h after scratch injury, followed by a steady

increase that became significant at 12 and 24 h. We examined

the AQP5 protein expression in primary cultures of astrocytes

at different times after scratch injury by Western blot (Fig.

8B). The AQP5 protein was significantly increased at 6 and

12 h after scratch injury. Thus, both the mRNA and protein

expressions of AQP5 were upregulated in primary cultures of

astrocytes after scratch injury. The expression and distribution

of AQP5 in primary cultures of astrocytes during scratch

injury was also investigated with immunostaining (Fig. 8C–

E). Astrocytes at the margin of the scratch wound injury

FIGURE 4: Localization of AQP5 in primary cultures of astrocytes. (A,B) Double immunostaining was performed with AQP5 and AQP4
primary antibodies in primary cultures of astrocytes. AQP5 was labeled red, AQP4 was labeled green, and nuclei were identified by
Hoechst (blue). (B) Higher magnifications of the area shown in the white boxes from the upper panels were shown in the lower panels.
Bar 5 10 lm. (C–E) Expression and distribution (Western blots) of AQP5 in astrocytes in primary culture. (C) b-Tubulin and Lamin A were
used as controls. Total 1, Total 2, total cell lysates from two cultures; Cytoplasm, cytoplasmic fraction including the cytoplasmic mem-
brane; Nucleus, nuclear fraction. (D,E) b-Tubulin, Lamin A, transferrin receptor (TfR), and COX4 were used as controls. Total, total cell
lysate; Membrane, cytoplasmic membrane fraction; Cytoplasm, cytoplasmic fraction; Nucleus, nuclear fraction; Mitochondria, mitochon-
drial fraction. All the pictures were representative pictures from at least three different cultures. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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became hypertrophic, and the astrocyte processes migrated

into the wound 12 h after the scratch injury. The expression

of AQP5 was significantly increased along the processes

undergoing migration (Fig. 8C,D) but not in cells further

away from the scratch wound (Fig. 8D). The expression of

AQP5 in the processes undergoing migration into the scratch

persisted for at least 48 h after scratch (Fig. 8E).

Overexpression of AQP5 Increased the Process
Lengths of Reactive Astrocytes after Scratch-
Wound Injury
Increased expression of AQP5, in the processes undergoing

migration and the cytoplasmic membrane after scratch injury,

indicated that AQP5 may play important roles in astrocyte

process migration. To study the role of AQP5 in astrocyte

migration after scratch injury, we compared the process

lengths of astrocytes with or without AQP5 overexpression in

the leading edge of scratch-wounds at 12, 24, and 36 h after

scratch injury (Fig. 9A,B). The lengths of astrocyte processes

in the leading edges of scratch-wounds increased with time

after scratch injury, and the process lengths were significantly

increased in AQP5-EGFP transfected astrocytes, but not in

EGFP-N1 transfected astrocytes, compared with untransfected

astrocytes. These results indicated that upregulation of AQP5

in astrocytes may be involved in cell migration after scratch

injury.

AQP5 Expression was Increased in Reactive
Astrocytes during In Vivo Stab-Wound Injury
To study the expression changes of AQP5 in astrocytes in
vivo after traumatic injury, the AQP5 expression in rat cere-

bral cortex after stab-wound injury was examined with immu-

nostaining (Fig. 10). The expression of AQP5 was

significantly increased around the lesion site (Fig. 10A,B).

FIGURE 5: Expression of AQP5 in rat brain. Localization of AQP5 in cerebral cortex of rat brain was detected by immunostaining. The
brain slice was observed with a laser confocal microscope. (A) AQP5 was labeled red, GFAP was labeled green, and nuclei were labeled
with Hoechst (blue). AQP5 in GFAP-positive cells was indicated with white arrowheads, and AQP5 in GFAP-negative cells was indicated
with white arrows. The lower panel showed the expression and localization of AQP5 in the GFAP-positive astrocyte with high magnifica-
tion. Bar 5 10 lm. All the pictures shown in the figure were representative pictures from at least three different slices. (B) Immunostain-
ing was performed without AQP5 primary antibody (instead with goat serum) with normal rat brain slices. Bar 5 10 lm. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The expression of GFAP was also significantly increased

around the lesion site, and an increased AQP5 signal in both

GFAP-positive astrocytes and GFAP-negative cells was

observed. In addition, the change in the percentage of AQP5-

positive cells in GFAP-positive cells in the glial scar caused by

stab-wound injury was also analyzed. The percentage of

AQP5-positive astrocytes increased significantly in the glial

scar caused by stab-wound injury, increasing from 75% in

un-injured brain to about 90% in the glial scar (Fig. 10C).

To confirm that our observations from immunostaining were

not caused by the unspecific binding of our red fluorescence-

labeled secondary antibody, we also performed immunostain-

ing without AQP5 primary antibody, and the results showed

that there was no detectable red signal in the stab wound sites

where GFAP increased expression was observed (Supp. Info.

Fig. S4).

Discussion

Astrocytes exhibit the most prominent swelling during brain

edema (Albertini and Bianchi, 2010; Badaut et al., 2002; Tait

et al., 2008; Yang et al., 2011). AQPs in astrocytes therefore

play a critical role in water homeostasis in the brain. Reports

have suggested that the expression and distribution of differ-

ent AQPs in astrocytes should be considered when determin-

ing the contribution of AQPs to brain water flux regulation

(Albertini and Bianchi, 2010; Badaut et al., 2002; Liu and

Wintour, 2005). In this study, we confirmed the expression

of AQP4 and AQP5 in the cerebral cortex and astrocytes. We

also detected both AQP4 and AQP5 in 1- to 4-week-old pri-

mary cultures of astrocytes. For this initial study of AQP5

protein expression in primary cultures of astrocytes and rat

brain in normal, ischemia and traumatic injured conditions,

we have carefully used a specific AQP5 antibody. This anti-

body has been used in previous studies and was shown to

detect AQP5 without cross-reaction with other AQPs (Kumar

et al., 2011; Moon et al., 2003; Zhang et al., 2008). We also

performed experiments to re-confirm the specificity of the

AQP5 antibody, and the results indicated that it specifically

reacted with only AQP5, but not AQP1, 4, or 9. The impor-

tant roles of AQP5 that have been reported (Krane et al.,

FIGURE 6: AQP5 expression in astrocytes with ischemia treatment. (A) The mRNA expression of AQP5 in primary cultures of astrocytes
under 0–6 h of ischemia treatment was measured by real-time PCR. n 5 8 from four different experiments. *P < 0.05, ***P < 0.001. (B)
The protein expression of AQP5 in primary cultures of astrocytes under 0–6 h of ischemia treatment was measured by Western blot.
b-Actin was used as internal control. The bottom panel is a quantification of the protein levels of AQP5 in primary cultures of astrocytes
under 0–6 h of ischemia treatment. n 5 8 from four different experiments. *P < 0.05, **P < 0.01. (C) The expression level of AQP5 in pri-
mary cultures of astrocytes under 0, 2, and 4 h of ischemia treatment was compared after immunostaining and observed with a laser
confocal microscope. AQP5 was labeled green and nuclei were identified by Hoechst (blue). Bar 5 10 lm. All the pictures shown were
representative pictures from at least three different cultures. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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FIGURE 7: Expression of AQP5 in brains of rats with 2 h treatment of MCAO with different reperfusion times. (A) AQP5 expression lev-
els in the infarct area (shown with a dotted line and white star) and surrounding areas of rat cerebral cortex with different reperfusion
times after 2 h MCAO treatment were compared after immunostaining, and were observed with a laser confocal microscope. AQP5 was
labeled red, GFAP was labeled green, and nuclei were identified with Hoechst (blue). Bar 5 50 lm. (B) Higher magnifications of the
regions shown in the white boxes from A. Bar 5 10 lm. (C,D) Percentage of AQP5-positive cells in GFAP-positive cells in infarct areas
(C) and penumbra areas (D) of rat cerebral cortex with different reperfusion times after 2 h MCAO treatment. ***P < 0.001, n 5 3–5.
(E,F) Relative AQP5 fluorescence intensity in infarct areas (E) and penumbra areas (F) of rat cerebral cortex with different reperfusion
times after 2 h MCAO treatment. **P < 0.01, ***P < 0.001, n 5 3–5. All the pictures were representative pictures from at least three dif-
ferent experiments. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 8: AQP5 expression in astrocytes after scratch. (A) Quantification of AQP5 mRNA expression in primary cultures of astrocytes
after scratch injury was measured by real-time PCR. n 5 6 from three different experiments. *P < 0.05, **P < 0.01. (B) The protein
expression of AQP5 in primary cultures of astrocytes at 0–48 h after scratch injury was measured by Western blot. b-Actin was used as
control. The bottom panel is a quantification of the protein levels of AQP5 in primary cultures of astrocytes at different times after
scratch injury. n 5 6 from three different experiments. **P < 0.01. (C) Expression and distribution of AQP5 in astrocytes along the
scratch-wound edge at 12 h after scratch injury was detected by immunostaining. AQP5 was labeled green (white arrowheads), nuclei
were identified with PI (red), and the initial scratch injury edge was shown by the blue dotted line. The fluorescence intensity of AQP5
(the district between the two white dotted lines in the upper panel) at different distances from the initial scratch edge were shown in
the lower panel. Bar 5 10 lm. (D) The expression and localization of AQP5 (red, white arrows) in astrocytes at the leading edge of the
scratch-wound and AQP5 (red, white arrowheads) in astrocytes far from the scratch-wound at 12 h after scratch was compared through
immunostaining, and observed with a laser confocal microscope. Nuclei (blue) were stained with Hoechst 33342. Bar 5 10 lm. (E) The
expression and localization of AQP5 (red) in the migrating processes of astrocytes at 12, 24, and 48 h after scratch was compared
through immunostaining and observed with a laser confocal microscope. Bar 5 10 lm. All the pictures shown in the figure were repre-
sentative pictures from at least three different cultures. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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2001; Ma et al., 1999; Sidhaye et al., 2006, 2012; Song and

Verkman, 2001), taken together with our findings, indicate

that AQP5 should also be considered when determining the

functions of AQPs in astrocytes.

Different subcellular localizations of AQPs can indicate

the different functions of these water channels. Previous stud-

ies showed that AQP4 is involved in astrocyte swelling (Fu

et al., 2007; Gunnarson et al., 2008; Thrane et al., 2010)

FIGURE 9: AQP5 overexpression facilitated astrocyte process growth after scratch injury. Primary cultures of astrocytes were scratched
12 h after AQP5-EGFP transfection and observed with a fluorescence microscope and a phase contrast microscope at 12, 24, and 36 h
after scratch injury. (A) AQP5-EGFP (green) and nuclei (blue) were shown in fluorescence pictures. The processes of an astrocyte with
(surrounded by a red dotted line) or without AQP5-EGFP overexpression at the leading edges of the scratch-wound were shown in
phase contrast photographs. The lengths of the processes in astrocytes (from the nucleus to the leading edge of the process) were
shown with blue dotted lines. Bar 5 20 lm. (B) Quantification of the lengths of astrocyte processes at the leading edges of the scratch-
wound at different times after scratch injury. For untransfected cells at least 100 cells were measured, for EGFP-N1 and AQP5-EGFP at
least 20 cells were measured. **P < 0.01, ***P < 0.01. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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and is also involved in K1 flux as a result of its functional

coupling with Kir 4.1 in the cytoplasmic membrane (Con-

nors and Kofuji, 2006; Fort et al., 2008; Nagelhus et al.,

1999). AQP3, localized on the cytoplasmic membrane, was

reported to be involved in regulating signaling transduction

(Miller et al., 2010). AQP8 and AQP9, localized in the mito-

chondrial membrane, participate in mitochondrial volume

regulation and energy metabolism regulation (Amiry-Mog-

haddam et al., 2005; Calamita et al., 2005). AQP5 is

involved in cytoplasmic membrane water permeability, para-

cellular water permeability, gas transduction, and transporting

signaling molecules or coupling with other proteins in the

membrane (Kawedia et al., 2007; Krane et al., 2001; Musa-

Aziz et al., 2009; Sidhaye et al., 2006; Woo et al., 2008). In

addition, AQP5 takes part in lung, breast, and colorectal can-

cer cell proliferation and migration (Jung et al., 2011; Wang

et al., 2012; Zhang et al., 2010) and specifically interacts

with microtubules to enhance their organization and stability

in the cytoplasm (Sidhaye et al., 2012). Herein, we showed

by co-staining in the same astrocytes, that AQP4 was mainly

localized on the cytoplasmic membrane of astrocytes, which is

consistent with the work of others (Rash et al., 1998; Saa-

doun et al., 2005; Thrane et al., 2010), while AQP5 was

localized on both the cytoplasmic membrane and in the

FIGURE 10: AQP5 expression in rat brain after stab-wound injury. The expression and distribution of AQP5 in rat cerebral cortex at 7
days after stab-wound injury was observed with a laser confocal microscope. AQP5 was labeled red, GFAP was labeled green, and nuclei
were identified with Hoechst (blue). (A) The site of the stab-wound injury entry point was indicated with a white arrow, and glial scaring
was indicated by white arrowheads. Bar 5 200 lm. (B) AQP5, GFAP, and nuclei in the noninjury brain slice and stab-wound injury slice
(7 days after stab wound injury). Bar 5 100 lm. All the pictures shown in the figure were representative pictures from at least three sli-
ces. (C) Percentage of AQP5-positive cells in GFAP-positive cells in glial scar caused by stab-wound injury and noninjured cortex. **P <
0.01, n 5 5. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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cytoplasm of astrocytes, suggesting that AQP5 may be

involved in multiple functions in astrocytes.

Brain ischemia is a frequent cause of brain edema, and

ischemic injury results from a combination of substrate depri-

vation, severe hypoxia and failure to remove toxic metabolic

products (Yu et al., 1995). AQPs play an important role in

brain edema caused by ischemia injury. AQP4 is being con-

sidered as a potential target for brain ischemia treatment

(Papadopoulos and Verkman, 2013; Zador et al., 2009).

When it was knocked out in mice, the brain edema caused

by focal ischemia during MCAO is reduced (Manley et al.,

2000). In this study, we demonstrated that AQP5 expression

was downregulated in primary cultures of astrocytes when

treated with ischemia in our in vitro ischemia model. There

has also been a report on AQP5 mRNA downregulation in

rat astrocytes after hypoxia treatment (Yamamoto et al.,

2001), which is consistent with our findings. Our study also

indicated that AQP5 expression changes in astrocytes under

ischemia treatment were different from the changes in AQP1

and AQP4. It is interesting to observe that AQP5 expression

in astrocytes under ischemia injury was downregulated, while

AQP4 was upregulated, both in this study and others (Nito

et al., 2012; Qi et al., 2011; Tang et al., 2012). A similar

downregulation of AQP5 was observed in vivo, as shown by

the decreases in AQP5 immunostaining signals and the per-

centage of AQP5-positive astrocytes in the infarct areas after

MCAO; these changes were not observed in the penumbra

areas. This result also differs from AQP4, which was upregu-

lated in astrocytes in the core and border of infarct areas

(Meng et al., 2004; Ribeiro Mde et al., 2006). This difference

in response to ischemia between AQP5 and 4 in astrocytes

might have been caused by different intra-cellular mecha-

nisms. HIF-1a and proteasomes have been indicated as the

key molecular participators involved in the decreased expres-

sion of AQP5 during hypoxia injury in mouse lung epithelial

cell line MLE-12 (Kawedia et al., 2013), while upregulation

of MAPK signal pathways is reported to be responsible for

the increase of AQP4 during ischemia injury (Nito et al.,

2012; Qi et al., 2011). We also observed that AQP1 protein

expression did not change during ischemia treatment, which

is consistent with the stable expression of AQP1 in brain dur-

ing ischemia treatment (Ribeiro Mde et al., 2006). These

findings indicated that AQP5 may play different roles from

AQP1 and AQP4 in astrocytes under ischemia. AQP5 has

been shown to be involved in cell volume regulation, and a

decrease in AQP5 affects the volume-sensing machinery of

salivary acinar cells (Krane et al., 2001). AQP5 expression

also dynamically responds to different pathological conditions

and is involved in epithelial barrier function, membrane per-

meability, and water homeostasis in the respiratory epithelia

(Sidhaye et al., 2006, 2008). Although the exact functions of

AQP5 in astrocytes during ischemia injury still requires fur-

ther investigation, our findings suggested that AQP5, together

with AQP4, may possibly participate in the regulation of

astrocyte volume during ischemia.

Brain trauma can cause edema, astrocyte activation, and

the formation of glial scars, which can initially limit the

extent of the injury, but may become an obstacle to subse-

quent neuronal regeneration (Lau and Yu, 2001; McCoy and

Sontheimer, 2010; Saadoun et al., 2005; Serrano-Perez et al.,

2011; Yang et al., 2012; Yu et al., 1993). AQPs play impor-

tant roles in astrocytes after brain trauma injury. AQP1

expression is upregulated and plays a role in astrocyte swelling

after such injury (McCoy and Sontheimer, 2010). Although

AQP4 regulation in brain trauma injury is still controversial

(Finnie et al., 2011; Ke et al., 2001; Kiening et al., 2002;

Sun et al., 2003), it has been shown that AQP4 is polarized

to the leading edge of migrating astrocytes to facilitate astro-

cyte migration and scar formation after scratch-wound injury

and cerebral cortical stab-wound injury (Saadoun et al.,

2005). Herein, we studied AQP5 expression using a scratch-

wound injury model in primary cultures of astrocytes to sim-

ulate brain trauma injury (Lau and Yu, 2001; Yu et al.,

1993). We demonstrated that AQP5 expression was upregu-

lated after scratch-wound injury in primary cultures of astro-

cytes, which was confirmed in a cerebral cortical stab-wound

injury in rat brain, indicating a potential role of AQP5 in

astrocyte response to brain trauma injury. The AQP5 protein

changes occurred before mRNA changes after scratch injury,

which may have been caused by activation of translation

before transcription, and the nonsignificant decrease in the

expression of AQP5 mRNA at 4 h after scratch injury was

also consistent with this conjecture. AQP5 is involved in cell

proliferation and cell migration in cancer and has become a

marker for cell proliferation and migration of breast cancer

cells (Jung et al., 2011; Wang et al., 2012). AQP5 expression

also facilitates tumor metastasis, and AQP5 has been detected

in commonly used human glioma cell lines and acute patient

biopsies (Jung et al., 2011; McCoy and Sontheimer, 2007;

Shi et al., 2012; Wang et al., 2012; Zhang et al., 2010).

Recently, the mechanisms behind brain tumorigenesis and

reactive astrocyte migration in our scratch-wound injury

model have been shown to be similar (Yang et al., 2012).

Our findings here revealed that AQP5 was polarized to the

leading processes of migrating astrocytes after scratch injury,

and its expression was also increased in glial scars in stab-

wound injured rat brain. In addition, overexpression of

AQP5 increased the length of the migrating processes of

astrocytes after scratch injury. These results indicated that

AQP5 could possibly be involved in astrocyte activation and

glial scar formation after traumatic brain injury. AQP5 abun-

dance is associated with changes in actin organization, and
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AQP5 directly and specifically interacts with microtubules to

enhance microtubule organization and stability in primary

human bronchial epithelial cells (Kawedia et al., 2007; Sid-

haye et al., 2012). Cytoskeleton depolymerization and repoly-

merization are required for cell migration, and these processes

have been shown to be the mechanism by which AQPs facili-

tate cell migration (Papadopoulos et al., 2008). Increased

AQP5 in both the cytoplasm and cytoplasmic membrane of

migrating processes of astrocytes after scratch could possibly

participate in the astrocyte response to scratch injury, and

may therefore be involved in facilitating astrocyte migration.

The differential regulation of AQP5 in astrocytes under

ischemia injury and traumatic injury may be caused by differ-

ent mechanisms under these two different injuries types (Lau

and Yu, 2001). As mentioned before, ischemia injury may

downregulate AQP5 through activating the HIF-1a signal

pathway as reported during hypoxia injury (Kawedia et al.,

2013). However, the mechanism behind AQP5 upregulation

after traumatic injuries is still unclear, although traumatic

injury activates p38 MAPK signal pathways, which have been

reported to be involved in upregulating various AQPs, includ-

ing AQP1, 4, 5, and 9 (Arima et al., 2003; McCoy and Son-

theimer, 2010). p38 MAPK activation is also accompanied by

AQP5 downregulation in A549 cells treated with transform-

ing growth factor-b1 (Chen et al., 2013). Ischemia upregu-

lates AQP4 expression through activation of MAPK signal

pathways (Nito et al., 2012), but our results show that AQP5

was downregulated under ischemia. Therefore, the exact

mechanism for the differential regulation of AQP5 in astro-

cytes under ischemia injury and traumatic injury will be an

important topic for future studies and will also provide new

evidence for understanding the mechanisms of the differential

regulations of AQPs under different injuries.

In this study, we have examined AQP5 expression in

astrocytes under normal, ischemic, and traumatic injury con-

ditions in both mouse primary culture and rat animal models.

There may be a potential variation in the expression of AQPs

between mouse and rat, for example, AQP8 is expressed in

mouse heart, but is not expressed in rat heart (Butler et al.,

2006). Our data, however, confirmed that AQP5 was

expressed in both mouse and rat astrocytes. We also demon-

strated that AQP5 could be detected in mouse brain, mouse

primary cultures of astrocytes, and astrocytes in rat brain tis-

sues. Furthermore, the responses of AQP5 in rat brain astro-

cytes and mouse primary cultures were consistent under

ischemic and traumatic injuries. Therefore, the expression and

regulation of AQP5 in astrocytes of mouse and rat are poten-

tially similar. We also observed AQP5 expression in cultured

neurons and GFAP-negative cells in rat brain, and the level

of AQP5 in GFAP-negative cells was decreased in MCAO

injury but increased in stab-wound injury. AQP4 expression

has been detected in activated microglia after stab-wound

injury and is involved in immunological functions during

glial scar formation (Ikeshima-Kataoka et al., 2013). AQP5

expression and function in neurons and microglia will there-

fore be an important topic for future studies.

In summary, this study has demonstrated that AQP5

was localized in the cytoplasm and on the cytoplasmic mem-

brane of astrocytes, and its expression was increased during

the development of astrocytes. AQP5 expression in astrocytes

was downregulated during ischemia injury, but was upregu-

lated after traumatic injury both in vitro and in vivo. We also

showed that over-expression of AQP5 increased the process

lengths of activated astrocytes after scratch injury. These find-

ings indicated that AQP5 is a new addition to the important

water channels in astrocytes, and revealed that AQP5 may

participate in astrocyte responses to different injuries.
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