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Abstract

Objectives: In this study, we investigated AQP4 expression in injured astrocytes in vitro, as 
well as the influence of AQP4 levels on pathology using gene silencing.

Methods: Astrocytes were cultured and the mechanical scratch method was used to simulate 
an injury. Cells were randomly divided into the control group, injury group, Scramble 
group (P-AQP4), and RNA interference group (siRNA-AQP4), and each group was divided 
into subgroups that were evaluated after 1, 3, 6, 12, 24, 48, and 72 h. Cell morphology and 
pathological changes were observed, and AQP4 protein abundance was measured.

Results: The morphology of the interference group was unchanged at 12 h, but cellular edema 
was significantly reduced at 24-72 h in comparison with the injury and Scramble groups. In 
interference group, AQP4 abundance was reduced after 1 h and reached its minimum level 
after 12 h, then increased to a peak level at 48 h, after which it declined from 48-72 h. With the 
exception of the 1 h time point, AQP4 protein levels in the interference group and the control 
group were significantly different throughout the observation period. In the interference 
group, AQP4 protein abundance decreased during the first 12 h of observation, increased 
from 24-48 h, then decreased at 72 h.

Conclusion: These results suggest that up-regulation of AQP4 in injured astrocytes mediates 
the delayed occurrence of edema in vitro, and AQP4 gene silencing effectively prevents 
edema in the mechanical scratch injury model. AQP4 down-regulation in astrocytes in the 
early stages of injury is likely a self-protective response.
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Introduction

The total number of glial cells is about 50 times that 
of cerebral neurons, and astrocytes are the most 
important glia. Under physiological conditions, 
astrocytes nourish, protect, and repair neurons, 
but they are involved in the pathological processes 
of many diseases. Astrocyte-mediated cerebral 
edema is a pathological phenomenon that is 
common to conditions such as cerebral ischemia, 
cerebral hemorrhage, brain injury, and status 
epilepticus [1,2]. Therefore, the investigation 

of the molecular mechanisms of astrocyte-
mediated cerebral edema is of significant clinical 
value [2]. Aquaporin-4 (AQP4) is thought to 
play an important role in rapid transmembrane 
water diffusion in astrocytes [3-5], and it may 
also be involved in edematization in hypoxic 
glia [6]. However, the effects of AQP4 mRNA 
silencing in astrocytes subjected to mechanical 
damage have not been reported. Therefore, we 
investigated the role of AQP4 in edematization 
of damaged glial cells and provide an important 
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foundation for further study of the molecular 
mechanism of brain trauma.

Methods

 � In vitro culture and identification of 
astrocytes

Wistar rats aged 0–2 days were provided by the 
Laboratory Animal Center of the West China 
Medical Center of Sichuan University. After 
the rats were decapitated, cortical tissue was 
harvested and immersed in Hank’s Balanced Salt 
Solution. The meninges and blood vessels were 
stripped from the tissue and cell suspensions 
were prepared. The filtrate was collected, 
transferred to 70 mL flasks, and cultured in a 5% 
CO2 incubator at 37 °C for 24 h. After the cells 
reached 80% confluence (12-14 d), they were 
digested with 0.25% trypsin, passaged, purified, 
and identified by GFAP. Third-generation cells 
were used in the experiments reported herein.

 � Design of shRNA (short hairpin RNA) 
and construction of expression vectors
Three pairs of shRNA sequences were designed 
based on the nucleotide sequences of AQP4 
registered in the GenBank database (Gene ID: 
NM_012825). The sequences were synthesized 
by Shanghai GenePharma Co., Ltd. (Shanghai, 
China). Preliminary experiments were conducted 
to identify the most efficient shRNA sequences, 
which were used in subsequent experiments. The 
selected siRNA-AQP4 sequence was: 
(5′-GACAUUUGUUUGCAUUUCAAUUU
UGAUUGCAAACAAAUGUCCA-3′). 
Double-stranded interference RNA sequences 
without significant homology to the human 
transcriptome (nonsense shRNA) was 
synthesized with the following sequence: 
5′-AGUUCGGUCACUCAGUGA
CAUUCAAGCAGUGAGU-3′. The culture
 medium was replaced 1 day before the 
transfection. The astrocyte concentration was 
adjusted to 2 × 105/mL and the cell suspensions 
were seeded in 6-well plates (2 mL per well). 
Liposomes-mediated transfection was performed 
using Lipofectamine 2000TM (Shanghai 
GenePharma Co., Ltd., Shanghai, China) 
according to the manufacturer’s instructions.

 � Injured astrocyte model and grouping

Coverslips with marks on 2 corners at a 0.5cm 
interval were disinfected prior to use. Third-
generation cells were used to prepare the cells 
that were grown on the coverslips. When the 
cells reached 80% confluence, model injuries 
were produced by dragging a 10 μL plastic 

pipette tip through them. The extent and scope 
of the model injuries were kept consistent across 
the samples. After the injury was produced, 
D-Hanks solution was added to remove cellular 
debris, after which complete medium was added 
and the cells were placed in a CO2 incubator. The 
coverslips were randomly assigned to 4 treatment 
groups: control (without treatment), injury, 
placebo (P-AQP4), and interference (siRNA-
AQP4). Each group was further divided into 
7 subgroups based on the incubation time that 
was allowed to pass before the cells were assayed 
(l, 3, 6, 12, 24, 48, and 72 h). The cells grown 
on coverslips were harvested at the appropriate 
time-points and fixed in 4% paraformaldehyde.

 � Hematoxylin and eosin staining 
and electron microscopy of cells and 
organelles

Cells were stained by routine hematoxylin and 
eosin (H & E) staining, and photographed 
observed under an optical microscope and 
photographed. The cells were also subjected to 
lead-uranium double-staining. Nerve cells and 
organelle morphology, as well as the structure 
of the blood-brain barrier, were photographed 
under an EX-2000 transmission electron 
microscope. The cells and organelles were 
evaluated for the presence of edema.

 � Immunocytochemistry

In vitro cultured astrocytes were soaked in 
hydrogen peroxide solution for 15 min. The 
cells were added to 100 μL of normal serum 
and incubated for 10 min, and then incubated 
with the AQP4 primary antibody (rabbit anti-
rat, 1:200, Santa Cruz Biotechnology Inc., Santa 
Cruz, CA, USA) for 24 h at 4 °C. After the 
incubation, the cells were washed 3 times with 
PBS and incubated in the biotinylated secondary 
antibody (goat anti-rabbit, 1:200, Santa Cruz 
Biotechnology Inc., Santa Cruz, CA, USA), for 
10 min. After rinsing with PBS, the samples were 
incubated with alkaline phosphatase labeled-
streptavidin for 10 min, and rinsed again. An 
alkaline phosphatase chromogenic kit and DAB 
were used for coloration. The samples were 
counterstained with hematoxylin and sealed. An 
untreated negative control group was established 
simultaneously for comparison. The presence or 
absence of APQ4 expression was observed.

 � Detection of AQP4 protein expression 
by western blotting

The samples were homogenized under liquid 
nitrogen. Total protein was extracted using 
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RIPA buffer, and the total protein concentration 
was measured by the BCA Protein Assay Kit 
(Beijing Mecomedia Bio-Tech. Co., Ltd. 
Beijing, China). SDS-PAGE (12%) was 
performed and proteins were transferred to a 
nitrocellulose membrane. The membrane was 
blocked in PBST blocking buffer containing 
5% defatted milk at room temperature for 2 h. 
The membrane was incubated with the AQP4 
primary antibody (rabbit anti-rat, 1:200, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) for 
2 h at 37˚C. After the membrane was washed, it 
was incubated with the secondary antibody (goat 
anti-rabbit, 1:200, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) at 37˚C for 2 h. The 
membrane was washed, developed, exposed to 
film. The film was scanned and the target bands 
were analyzed using a Bio-Rad gel imaging 
system (Bio-Rad, Hercules, CA, USA).

 � Statistical analysis

Data are expressed as mean ± standard deviation. 
SPSS 18.0 statistical software was used for analysis 
(IBM Corp., Armonk, NY, USA). Comparisons 
of means were performed using paired t-tests. A 
result of P<0.05 indicated statistical significance.

Results

 � Glial cell culture and identification

In the subcultures of the third generation glial 
cells, GFAP was stained green and AQP4 was 
stained red. Representative images are shown in 
Figure 1.

 � Observations of morphological and 
pathological changes in glial cells

Morphological changes in the cells were evaluated 
by immunocytochemical staining of AQP4. 
Pathological changes were evaluated by electron 
microscopy after H & E staining. Glial cells in 
the control group had normal morphology and 
did not undergo pathological changes. Changes 
in the injury and Scramble groups were similar. 
The morphology of AQP4-positive glial cells at 
1, 3, 6, and 12 h after injury was not significantly 
different from that of the cells in the control 
group; however, at 24 h and 48 h after injury the 
injured glial cells were significantly more swollen 
than the control cells, and the swelling was only 
slightly alleviated after 72 h (Figure 2). The 
cells in the interference group had no significant 
morphological and pathological changes at 
1, 3, 6, and 12 h after injury, but edema was 
significantly improved at 24, 48, and 72 h after 
injury (Figures 3 and 4).

 � AQP4 protein expression 

Only a few cultured glial cells in the control 
group were AQP4-positive. The results in the 
injury group and the Scramble group were 
similar: significantly fewer AQP4-positive cells 
were present at 1, 3, 6, and 12 h after injury, 
but the number of AQP4-positive cells was 
significantly increased at 24 h and 48 h after 
injury, and subsequently decreased after 72 
h (Figure 5). The number of AQP4-positive 
cells in the interference group was not changed 
significantly at 1, 3, 6, and 12 h after injury, 
but the number of AQP4-positive cells was 
significantly decreased at 24, 48, and 72 h 
after injury (Figure 6). Results from the semi-
quantitative analysis of AQP4 protein expression 
are shown in Figure 7.

Discussion

Cerebral edema is a major complication of 
brain injury that is associated with increased 
intracranial pressure and hernia formation. It 
has been estimated that 50% of deaths due to 
brain trauma were associated with brain edema 
and related complications [7]. Traumatic 
brain edema includes the vasogenic cerebral 
edema and cytotoxic brain edema subtypes [8]. 
Cytotoxic edema (intracellular edema) occurs 
mainly in the early stage of brain injury [9,10], 
and primarily affects astrocytes [11]. Available 
therapeutic interventions against cytotoxic 
edema in astrocytes caused by mechanical injury 
are very limited and achieve poor results in most 
cases [12]. AQP4 is the most highly expressed and 
most frequently investigated aquaporin in the brain 
[3,13], and it is involved in brain edema caused by 
ischemia, hypoxia, and contusion [3]. However, 
the mechanisms through which AQP4 produces 
intracellular edema after traumatic brain injury are 
not well understood. In vitro cellular experiments 
eliminate the influence of many external factors 
that can interfere with the interpretation of basic 
mechanistic results, and studies of this type are 
instrumental in elucidating the function of AQP4 
in the brain during the development of cellular 
edema [14]. Therefore, in in vitro investigations 
of intracellular edema, astrocytes merit particular 
focus. In the present study, astrocyte injury 
was modeled in vitro and combined with RNA 
interference methods to reveal the mechanisms 
through which AQP4 influences brain edema.

The present experiment found that AQP4 
distribution and expression were stable in third-
generation astrocytes. Furthermore, in the early 
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stage of mechanical injury, AQP4 expression was 
stable in cells without obvious morphological 
changes. This result confirms that AQP4 
expressed on astrocyte cell membranes plays an 
important role in the maintenance of normal 
cell morphology and function [5]. In this study, 
astrocyte-mediated cerebral edema primarily 
occurred 24-48 h after mechanical injury, 

but not within 1-12 h, which corroborated 
previously reported results. Furthermore, we 
found that obvious swelling occurred in the 
early stage of mechanical injury (2-24 h) [9]. 
These results indicated that the influence of a 
variety of factors, including vasogenic edema, 
various cytokines such as ONS, MAPKs, and 
mPT, and the external environment, could be 

Figure 1: GFAP-AQP4 double-staining to identify glial cells (light microscope, 400X magnification). GFAP appears green, and AQP4 appears red. 
Imposition of the 2 images appears brownish red.

Figure 2: Morphological observations of the glial cells in the control group and the injury group (immunocytochemical staining, light microscope, 
400X magnification). a: normal glial cells in the control group; b, c, d, e: glial cells without obvious swelling at 1, 3, 6, and 12 h after injury; f, g: enlarged 
glial cells with obvious swelling at 24 h and 48 h after injury; h: glial cells with alleviated swelling at 72 h after injury.

Figure 3: Pathological changes in glial cells at 24 h in the experimental groups (hematoxylin and eosin staining, 200X magnification). a: control group; 
b: injury group; c: placebo group; d: interference group. Normal glial cells in the control group were observed under a light microscope. Glial cells with 
obvious swelling were observed in the injury and placebo groups. Glial cells with alleviated swelling were observed in the interference group.
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excluded [14-16]. Astrocyte morphology and 
function are mainly determined by membrane 
proteins and the intracellular environment. In 
addition, during the early stage of mechanical 
injury, AQP4 expression in astrocyte membranes 
in the injury group declined continuously, but 
mildly, indicating that decreased AQP4 protein 
expression was not significantly correlated with 
the worsening of intracellular edema in astrocytes 
after injury, and that this change in expression 
was probably a self-protection mechanism for 
the cells [17,18]. AQP4 expression was rapidly 
increased from 24-48 h after mechanical injury, 
while cell swelling appeared and was significantly 
aggravated. AQP4 was down-regulated 72 h 
after injury, and intracellular edema was also 

Figure 4: Morphologies of glial cells in the experimental groups at 24 h (scanning electron microscope, 6000X magnification). a: control group; b: injury group; 
c: placebo group; d: interference group. Normal glial cells were observed in the control group, apparent mitochondrial swelling was observed in the injury and 
placebo groups, and significantly alleviated mitochondrial swelling was observed in the interference group.

Figure 5: AQP4 expression in the injury group (immunocytochemical staining, 200x magnification). a: control group; b–g: injury groups (b, 3 h; c, 6 h; d, 12 
h; e, 24 h; f, 48 h; g, 72 h). The number of AQP4-positive cells decreased after the injury and reached a minimum at 12 h after the injury, but this number was 
increased after 24 h and reached a maximum at 48 h, after which it was decreased at 72 h after the injury.

improved. These results suggested that changes 
in AQP4 expression in astrocyte cell membrane 
might be a direct mediator of changes in cellular 
edema. Comprehensive semi-quantitative 
analysis of the expression and distribution of 
AQP4 using immunohistochemical staining and 
western blot assays showed that AQP4 protein 
expression in astrocyte membranes began to 
decrease at 1 h, and reached a minimum level 
12 h after mechanical injury. After the 12 h 
time-point, AQP4 expression quickly increased 
to a peak level at 48 h, and then gradually 
decreased until the 72 h measurement. The 
markers for the development, aggravation, and 
alleviation of intracellular edema after injury that 
were observed under the electron microscope 
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Figure 6: Comparison of AQP4 expression between the interference group and the placebo group. There was no significant difference in the number 
of AQP4-positive cells (immunocytochemical staining, 200x magnification) between the (a) placebo group and (b) RNA interference group at 3 h after 
the injury. The number of AQP4-positive cells (immunocytochemical staining; 100X magnification) in the RNA interference group (b) was significantly 
decreased in comparison with that of the placebo group at 48 h after the injury.

Figure 7: Comparison of AQP4 expression between the experimental groups. AQP4 
expression in the injury group was similar to that of the placebo group (P>0.05). AQP4 
expression was down-regulated at 1 h after the injury and reached a minimum level after 
12 h. AQP4 expression subsequently increased and reached a peak level at 48 h after the 
injury, and it was decreased at 72 h after the injury. In comparison with the control group, 
with the exception of the 1-h time-point (P>0.05), the differences in AQP4 expression 
between the control group and the other groups were statistically significant (P<0.05), not 
indicated in the figure. The difference in AQP4 expression between the interference group 
and the placebo group was not statistically significant from 1 h to 12 h after the injury 
(P>0.05), but this difference was statistically significant from 24 h to 72 h after the injury 
(P<0.05), indicated as “*”.

showed a time-course consistent with that of 
AQP4 variation. Thus, it was demonstrated 
that changes in AQP4 protein expression had a 
causal relationship with brain edematization in 
astrocytes after mechanical injury. This finding 
suggests that inhibition of AQP4 expression may 
be an effective way to prevent intracellular edema 
mediated by astrocytes after mechanical injury.

siRNA is a specific and highly effective method 
for inhibiting a target protein that has been 
widely utilized in the study of AQP4 gene 
function [5,17,19]. In the present study, AQP4 
gene silencing in the astrocyte-mediated cerebral 
edema model was achieved using siRNA. The 

mechanisms through which AQP4 influences 
cellular edema in astrocytes after mechanical 
injury were investigated. We found that AQP4 
protein in astrocytes 1-12 h after mechanical 
injury was decreased slightly in the interference 
group in comparison with the injury group, but 
this difference was not statistically significant. 
No differences in the extent of cellular edema 
between the interference group, injury group, 
and control group were identified by electron 
microscopy. This result showed that AQP4 
expression was not induced as a stress response 
in the early stage of mechanical injury; instead, 
AQP4 expression was found to change slowly 
and continuously. Because siRNA functions 
mainly by inhibiting the synthesis of target 
proteins rather than inducing their degradation 
[20], the regulation of AQP4 protein levels in 
the cell membrane and the development of 
cellular edema in the interference group were 
also delayed. However, in the following 12–48 
h, AQP4 protein expression in the injury group 
increased rapidly. Immunofluorescence showed 
that AQP4 expression in the astrocyte cell 
membrane increased continuously from 12-48 h 
after injury. This sustained increase in expression 
may be have been caused by differences in 
intracellular and extracellular osmotic pressure 
caused by disordered self-protection mechanisms 
in the early stage of injury, as well as changes in 
extracellular ion concentrations [21], which 
induced AQP4 overexpression in the cell 
membrane. After AQP4 inhibition by siRNA, 
AQP4 protein expression was significantly 
reduced in the interference group at 24 h and 48 
h (by 58.2% and 30.6%, respectively) after injury 
in comparison with that of the injury group 
(P<0.05). In addition, the extent of astrocyte-
mediated cerebral edema was found to be 
significantly alleviated via electron microscopy. 
These findings further confirmed the key role 
of AQP4 in the edematization of astrocytes after 
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mechanical injury. siRNA-AQP4 was shown to 
be an effective treatment for cellular edema after 
injury. In addition, empty vector RNA was used 
as a control treatment in the Scramble group. The 
results of the Scramble group experiments showed 
that AQP4 expression was not inhibited and that 
intracellular edema was not alleviated, suggesting 
that siRNA treatment was highly specific.

In the present study, we found that after 
mechanical injury of astrocytes, AQP4 protein 
expression in the cell membrane first declines 
and then rises, showing a V-shaped curve. Up-
regulation of AQP4 protein expression in the cell 
membrane is the direct cause of glial cell edema, 
and AQP4 down-regulation in the early stage of 
injury may be a protective response by the cell. 
siRNA interference specifically and effectively 

inhibited AQP4 expression and relieved edema in 
glial cells. The present study provides experimental 
evidence that supports the further development of 
gene therapies for traumatic brain edema.
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