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 Background: Traumatic brain injury (TBI) induces edema on the uninjured side (i.e., contralateral brain tissue; CBT). We eval-
uated the role of AQP4 in CBT edema formation following TBI.

 Material/Methods: Mild or severe TBI was induced using a controlled cortical impact model in rats, immediately followed by intra-
ventricular siRNA infusions. The effects of AQP4 siRNA on CBT edema were assessed at up to 168 h.

 Results: Mild or severe TBI induced different patterns of CBT edema. Furthermore, following mild TBI, brain water con-
tent (BWC) was increased at 72 h thereafter and AQP4 expression was increased after 168 h, relative to non-
injured rats (i.e., sham). AQP4 interference reduced AQP4 expression 48 h thereafter and BWC 72 h thereafter, 
relative to control siRNA. In contrast, following severe TBI, BWC was increased 1 h thereafter and AQP4 expres-
sion was transiently enhanced after 1 h, relative to sham. However, AQP4 interference reduced AQP4 expres-
sion after 1 h and BWC 24 h thereafter, relative to control siRNA. Finally, apparent diffusion coefficient (ADC) 
value in CBT was positively correlated with AQP4 expression level following severe, but not mild, TBI. AQP4 in-
terference disrupted this correlation.

 Conclusions: AQP4 interference reduces CBT edema formation, and ADC value may predict TBI severity.
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Background

Traumatic brain injury (TBI) is an increasingly common clinical 
condition resulting from unforeseen and sudden causes, such 
as traffic accidents, falls, and gunshot wounds [1]. One of the 
most critical pathological changes following TBI is the devel-
opment of brain edema, which is a potentially fatal patholog-
ical state that often is a direct factor leading to death of pa-
tients [2–4]. During the development of brain edema, excess 
extracellular fluid accumulates and results in elevation of in-
tracranial pressure, which will impair the surrounding nerve 
functions [5]. In general, the pathogenesis of brain edema is 
classified as vasogenic edema or cytotoxic edema [6–8]. While 
the former is largely due to the disruptiona of the blood-brain 
barrier (BBB), leading to extracellular accumulation of fluid, the 
latter is characterized by cell swelling induced by intracellular 
accumulation of fluid [9]. Previous research has focused on the 
brain edema around the injured brain tissue area. However, 
little attention has been given to the edema in the contralat-
eral brain tissue (CBT), which also often occurs after TBI [10].

While the mechanisms underlying the TBI-induced brain ede-
ma is very complex, the pathogenesis of brain edema on a 
cellular level must be taken into account for the development 
of effective therapeutic methods. For example, aquaporin 4 
(AQP4) was most studied in several brain pathological condi-
tions including stroke, traumatic brain injury, and autoimmune 
neurodegenerative diseases [11,12]. Studies have shown that 
AQP4 is the most abundant water channel protein in brain 
tissue [13]. Increased expression of AQP4 is associated with 
the formation of brain edema after TBI [14,15]. Additionally, 
it has been shown that prophylactic inhibition of AQP4 may 
prevent the subsequent formation of edema after TBI. For ex-
ample, previous studies have demonstrated that intracranial 
infusions of AQP4 siRNA can reduce subsequent formation of 
brain edema in brain tissue surrounding the injured area [16]. 
However, it is still not clear whether prophylactic inhibition of 
AQP4 could prevent the brain edema in the CBT following TBI.

In addition, the emergence of different types of brain edema 
is likely dependent on the severity of TBI [17]. Hence, another 
focus of the present study was to evaluate the effects of dif-
ferent degree of TBI on the type of cerebral edema formation 
in CBT in vivo. Apparent diffusion coefficient (ADC) is likely a 
good indicator for different types of edema. The value of ADC 
is measured by using magnetic resonance diffusion imaging 
technique. It can reflect the Brownian motion of water mol-
ecules in vivo. Thus, ADC value can indicate the difference in 
the number of cells and volume in a tissue unit, and to a cer-
tain extent reflect the tissue extracellular space size and the 
amount of water influx. Previous studies have shown that 
ADC value is reduced during the intracellular edema due to 
the decreased extracellular space, and ADC value is increased 

when vasogenic edema occurs due to the influx of water mol-
ecules [6,16,17].

Taken together, the present study was designed to evaluate 
the role of AQP4 in brain edema formation in CBT following 
mild or severe TBI. To this end, mild or severe TBI was induced 
using a controlled cortical impact model in Sprague-Dawley 
rats, immediately following a direct intraventricular delivery of 
either control siRNA or AQP4 siRNA. The effects of AQP4 siR-
NA on CBT edema were then assessed after 1 h, 24 h, 48 h, 
72 h, or 168 h, using MRI, immunohistochemistry, and histol-
ogy. Additionally, ADC value was measured in order to evalu-
ate the process of brain edema in the CBT after TBI.

Material and Methods

Animals

Adult male Sprague-Dawley rats (n=198) weighing at 300-
350 g were purchased from the Experimental Animal Center 
of Sichuan University (animal license number: SCXK (Chuan) 
2008-24), and were housed individually at 22°C to 25°C under 
a 12-h light/dark cycle and had free access to food and water. 
We randomly divided rats into 3 experimental groups: sham 
group (n=18), control siRNA group (n=90), and AQP4 siRNA 
group (n=90). According to time points (i.e., 1 h, 24 h, 48 h, 
72 h, and 168 h) after TBI, each of the latter 2 groups were 
further divided into 5 subgroups (n=18/group). Within each 
group of rats, 2 rats were used for pathological observations, 
6 rats were used for measure the protein levels of AQP4 in the 
CBT using semi-quantitative Western blotting, and 10 rats were 
used to measure the water content of the brain. All animal ex-
periments were approved by the Institutional Animal Care and 
Use Committee of Central South University. The housing and 
treatment of the rats followed the guidelines of the “Guide for 
the Care and Use of Laboratory Rats” (Institute of Laboratory 
Animal Resources, Commission on Life Sciences 2011).

Controlled cortical impact model

The controlled cortical impact model was modified based on 
Feeney’s model of cerebral contusion. Briefly, rats were anes-
thetized using intraperitoneal injection of 100 g/L chloral hy-
drate (4ml/kg), and then were place in the prone position. 
The body temperature of the rats was measured with a rec-
tal thermometer and maintained at +37°C using a CMA 450 
temperature controller (Harvard Apparatus, Holliston, MA). 
The heads of rats were fixed in a stereotactic head frame (ST-
7Setagaya-Ku, Tokyo, Japan), and the head skin was disin-
fected and cut along the midline of the scalp for about 2 cm. 
The skull was drilled open 2.5 mm away from the middle line 
and in the middle of the bregma and lambda, using a dental 
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drill (307-2B type, the Shanghai Ling Kawasaki Precision Tool 
Technology Co., Ltd., Shanghai, China) with 1.5-mm drill bit at 
the of speed 4000 rpm. Next, a 5-mm diameter center was 
cut open with mosquito forceps around the drilled hole, and 
the dura was kept intact. Traumatic brain injury was induced 
using a PinPoint™ Impactor (Hatteras Instruments, Cary, NC) 
aiming at the targeted open center on the skull. Based on our 
pilot studies, the impact time was set as 0.1 s, and the impact 
velocity was 2.5 m/s. In order to induce mild or severe TBI in 
the right hemisphere, a striking head size 4 or size 6 and im-
pact depth of 1.5 mm or 3.5mm were selected, respectively. 
In addition, the sham group underwent the same procedure 
without receiving TBI. Subsequently, an injection needle was 
inserted at the center and lowered into the ventricles (5 mm 
from brain surface). A total volume of 10 μl of either control 
siRNA or AQP4 siRNA was injected into the ventricles at an 
infusion rate of 1 μl/min using a Hamilton syringe (Figure 1). 
The injection needle was left in place for 1 min after infusion. 
Immediately after removing the injection needle, skin tissue 
was sutured, and rats were then placed on a heating pad 
(+37°C) until awake. AQP4 siRNA was designed using BioEdit 
software based on AQP4 mRNA in rat sequence according to 
National Center for Biotechnology Information.

AQP4 siRNA target sequence: 5’-AGATCAGCATCGCCAAGTC-3’ 
(registration number: 012825, located at AQP4 cDNA first 
326-3456 p).

Target dsRNA sense strand is 5’-AGAUCAGCAUCGCCAAGUCUU-3’, 
antisense strand is 5’-UUUCUAGUCGUAGCGGUUCAG-3’.

Magnetic resonance imaging

A respiratory monitoring pad (SA Instruments, Inc., Stony 
Brook, NY) was placed in the abdomen of the rat to monitor 
breathing in rats. The MRI was taken using Bruker 7T BioSpin 
MR spectrometer (Bruker, Germany) with a pore size of 16-
cm diameter, the maximum gradient strength of 300 mT/m, 
and 24-channel pulse coil surface. The imaging parameters 
were set as follows: T2WI: TR/TE=1200.0 m/50.0 ms, ma-
trix=256×256, NEX=4, FOV=3.6×3.6 cm, slice thickness=1.0 
mm, spacing=0.00 mm. Echo planar imaging was used for 
DWI sequence: TR/TE=9000 ms/102 ms, b value=800 s/mm2, 
FOV=3 cm, NEX=2. After the MRI scan was completed, imag-
es were transferred to the workstation, and the ADC value 
within CBT was measured using ParaVision software by 2 ex-
perienced physicians using a double-blind method. Three ROI 
were selected from the CBT region, and the data is shown as 
mean ±SD (standard deviation).

Hematoxylin and eosin staining

Rats were anesthetized using 100 g/L chloral hydrate (4 ml/kg, 
i.p.), followed by left ventricular perfusion of 40 g/L parafor-
maldehyde until colorless liquid flowed out of the right atria. 
The brains were quickly removed and placed in 40 g/L para-
formaldehyde for fixation over 24 h. Coronal sections of the 
sham control, Control siRNA, or AQP4 siRNA-treated brain tis-
sues were embedded in paraffin, sectioned, and stained with 
hematoxylin and eosin (H&E). H&E staining sections were ob-
served under a light microscope and photographed.

A B

Figure 1.  Representative image showing the siRNA injection site (A) and schematic showing the TBI and CBT areas and representative 
MRI image (B). Black arrow represents the track of the injection needle through the damaged area to intraventricular (a 
visible black dye diffused in the ventricle and within reach of the lateral ventricle). Dark area represents the TBI area, and 
grey area represents the CBT area. White circle represents the area for ADC value measurement.
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Immunohistochemistry and DAB staining

Immunohistochemical staining of IgG was conducted using 
EnVision™ System (GLK500705, DAKO, Denmark). Paraffin sec-
tions were deparaffinized and dehydrated, washed 3 times with 
PBS, and were incubated in 16.7 mol/L hydrogen peroxide at 
room temperature for 10 min. Sections were then washed 3 times 
with PBS and were incubated with primary antibody (IgG, 1:800, 
Santa Cruz, CA) overnight at 4°C. Sham control, Control siRNA, 
or AQP4 siRNA-treated brain sections were washed with PBS 3 
times, and were incubated with secondary antibody (Zhongshan 
Golden Bridge Biotechnology, Beijing, China) at room temperature 
for 20 min. Sections were finally washed 3 times with PBS, and 
mounted with DAB fluorescent mounting media and coverslip.

Western blot

Brain tissue of the uninjured area was isolated and ground in liq-
uid nitrogen with rapid tissue lysate (RIPA) to extract total pro-
tein lysate samples. Tissue samples were boiled in a dry heat 
block at 100°C for 10 min. The protein concentration of the sam-
ples was determined using the BioRad DC Protein™ Assay kit. 
Proteins were separated on 10% Tris-HCl polyacrylamide gel at 
120 V for 1 h, and transferred to a polyvinylidene difluoride mem-
brane (Millipore Co., Billerica, MA) for 1 h at 100 V. Membranes 
were then blocked in 5% milk for 1 h, and incubated with an-
tibody (rabbit anti-rat AQP4, 1:200, Chemicon, USA) overnight 
(16–20 h) at 4°C. Membranes were then incubated in second-
ary antibody (goat anti-rabbit, 1:200, Zhongshan Golden Bridge 
Biotechnology, Beijing, China) conjugated to horseradish perox-
idase (HRP) for 1 h, followed by development with an enhanced 
chemiluminescence (ECL) system (Pierce Biotech, Rockford, IL). 
Protein levels were quantified by densitometry using the BioRad 
imaging system (Zhongshan Golden Bridge Biotechnology, Beijing, 
China). AQP4 levels were normalized to the levels of the load-
ing control, b-actin, and then to the AQP4 levels in sham group.

Brain water content

Rats were anesthetized using 100 g/L chloral hydrate (4 ml/kg, 
i.p.), and were decapitated. The brains were removed, and the 
hemisphere of the non-injured side was quickly isolated and 
weighed immediately, using an electronic balance (BSAl24S-
CW, Sartorius Scientific instrument, Beijing, China). Brain tis-
sue was then dried in an electric oven dried at 105°C for 48 
h to constant weight (difference between 2 dry weight mea-
surements <0.0002 g), and brain water content was calculat-
ed as [(wet weight − dry weight)/wet weight]×100%.

Statistical analysis

Data are expressed as mean ± standard deviation (Mean ±SD) 
or mean ± standard error (Mean ±SEM). All data analysis was 

performed using SPSS 13.0 statistical software or unpaired t 
test. One-way ANOVA was used for multiple-group compari-
son with post hoc Tukey test. Pearson correlation test was used 
to examine the correlation between ADC value and AQP4 ex-
pression level. p<0.05 was considered statistically significant.

Results

Different patterns of edema in CBT following mild or 
severe TBI

In the sham group, neural cells exhibited normal morphology 
and the microvascular endothelium was intact. Following mild 
TBI (Figure 2A), cells in the CBT exhibited normal morphology 
and normal intracellular space after 1 h, 24 h, or 48 h in rats 
receiving intracranial infusions of control siRNA, as compared 
with sham rats. Immunohistochemical staining of IgG further 
demonstrated the structural integrity of blood-brain barrier com-
pared with the sham control (Figure 2B). However, swollen gli-
al cells with abundant lightly staining cytoplasm started to be 
visible in CBT after 72 h, suggesting the emergence of cytotoxic 
edema (Figure 2C). Furthermore, cytotoxic edema became more 
noticeable with widened tissue spaces and lightly staining cy-
toplasm, and mixed edema appeared after 168 h (Figure 2D). 
However, intracranial infusions of AQP4 siRNA abated intracellu-
lar edema after 72 h (Figure 2E, 2G) and reduced mixed edema 
after 168 h, with improved glial cell morphology (Figure 2F, 2G).

In contrast, following severe TBI (Figure 3A), vasogenic edema 
exhibited as early as 1 h after intracranial infusions of control 
siRNA, as compared with the sham group. Immunohistochemical 
staining of IgG further showed the blood-brain barrier damage 
(Figure 3B), indicating severe trauma group CBT area with a 
certain degree of contrecoup injury. Additionally, swollen gli-
al cells with abundant lightly staining cytoplasm started to be 
visible in CBT after 1 h, suggesting the emergence of cytotoxic 
edema (Figure 3C). Similar intracellular edema in CBT appeared 
24 h thereafter (Figure 3E). Additionally, mixed edema appeared 
in CBT 72 h thereafter (Figure 3G). Interestingly, intracranial 
infusions of AQP4 siRNA failed to abate vasogenic edema af-
ter 1 h (Figure 3D, 3I), but alleviated the intracellular edema 
24 h thereafter (Figure 3F, 3I) and reduced mixed edema af-
ter 168 h, with improved glial cell morphology (Figure 3H, 3I).

Effects of intracranial infusions of AQP4 siRNA on AQP4 
expression in CBT after TBI

Following mild TBI, the expression of AQP4 was not altered af-
ter intracranial infusions of control siRNA, as compared with 
the sham group (Figure 4A). Furthermore, the expression level 
of AQP4 was increased robustly after 168 h (Tukey test, p<0.05; 
Figure 4A). However, intracranial infusions of AQP4 siRNA 
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Figure 2.  Pathological changes in rat brain tissue on the uninjured side (i.e., CBT) after mild TBI. Representative images of (A) whole-
brain coronal section, (B) IgG immunohistochemical stainings for sham control (middle panel) and after 1-h mild TBI (right 
panel), (C) control siRNA treatment after 72 h, (D) AQP4 siRNA after 72 h, (E) control siRNA treatment after 168 h, and (F) 
AQP4 siRNA after 168 h. Figure 2G is a bar graph summary of the swollen individual cells from each group. * Indicates, 
P<0.05, ** indicates, P<0.01 by unpaired t tests. Scale bars represent (A) 4 mm, (B) 150 μm or (C–F) 100 μm.
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Figure 3.  Pathological changes in rat brain tissue on the uninjured side (i.e., CBT) after severe TBI. Representative images of (A) whole-
brain coronal section, (B) IgG immunohistochemically staining for sham control (middle panel) and after 1-h severe TBI (right 
panel), (C) control siRNA treatment after 1 h, (D) AQP4 siRNA after 1 h, (E) control siRNA treatment after 24 h, (F) AQP4 
siRNA after 24 h, (G) control siRNA treatment after 168 h, and (H) AQP4 siRNA after 168 h. Figure 3I is a bar graph summary 
of the swollen individual cells from each group. ** Indicates, P<0.01 by unpaired t test. Scale bars represent (A) 4 mm or 
(B–H) 100 μm.
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attenuated the expression of AQP4 48 h thereafter, as compared 
with control siRNA group (Tukey test; p<0.05; Figure 4A, 4B).

In contrast, following severe TBI, the expression of AQP4 in CBT 
was rapidly increased as early as after 1 h (Tukey test, p<0.05; 
Figure 4A, 4B), but continued to decline to a similar expression 
level as in the sham group 24 h thereafter (Figure 4B). However, 
intracranial infusions of AQP4 siRNA attenuated the expression 
of AQP4 in CBT 1 h thereafter (Tukey test, p<0.05; Figure 4B), 
and returned to a similar level after 168 h, as compared with 
the control siRNA group (Tukey test, p<0.05; Figure 4B).

Effects of intracranial infusions of AQP4 siRNA on water 
content in CBT after TBI

Following mild TBI, water content in CBT was increased 72 h 
thereafter, after intracranial infusions of control siRNA, as 

compared with the sham group (Tukey test; p<0.05; Figure 5A). 
However, intracranial infusions of AQP4 siRNA attenuated wa-
ter content in CBT 72 h thereafter, as compared with control 
siRNA group (Tukey test; p<0.05; Figure 5A).

In contrast, following severe TBI, water content in CBT was in-
creased 1 h thereafter, after intracranial infusions of control 
siRNA, as compared with the sham group (Tukey test; p<0.05; 
Figure 5B). However, intracranial infusions of AQP4 siRNA at-
tenuated water content in CBT 24 h thereafter, as compared 
with the control siRNA group (Tukey test; p<0.05; Figure 5B).

Apparent diffusion coefficient values in CBT following mild 
or severe TBI

Following mild TBI, ADC value in the CBT region was not altered 
after 1 h, 24 h, 48 h, or 168 h after intracranial infusions of 
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Figure 4.  Relative repression levels of AQP4 in sham control and CBT after mild or severe TBI. (A) Representative Western blot samples 
shown in sham control (A1), mild TBI (A2), and severe TBI (A3). (B) Bar graphs summary shown AQP4 relative expression 
levels in each group. * (p<0.05) represent the ANOVA simple main effects, as compared to sham group. # (p<0.05) represents 
the ANOVA simple main effect, as compared to the control siRNA group.
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Figure 5.  Water content in CBT after (A) mild or (B) severe TBI. * (p<0.05) represent the ANOVA simple main effects, as compared to 
sham group. # (p<0.05) represents the ANOVA simple main effect, as compared to control siRNA group.

4815
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS] [Index Copernicus]

Chen J.-Q. et al: 
Aquaporin 4 and brain edema
© Med Sci Monit, 2016; 22: 4809-4819

ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



control siRNA, as compared with the sham group (Tukey test; 
p<0.05; Figure 6C). Interestingly, ADC value was transiently 
reduced after 72 h (Tukey test; p<0.05; Figure 6C). However, 
intracranial infusions of AQP4 siRNA attenuated ADC value 
48 h thereafter as compared with the sham group (Tukey test; 
p<0.05; Figure 6C), but exhibited higher ADC value in CBT as 
compared with control siRNA group after 72 h (Tukey test; 
p<0.05; Figure 6C).

In contrast, following mild TBI, ADC value was robustly in-
crease in CBT area after 1 h, after intracranial infusions of 
control siRNA, as compared with sham group (Tukey test; 
p<0.05; Figure 6D). Furthermore, ADC value was then gradu-
ally decreased in CBT 24 h thereafter as compared with sham 
group (Tukey test; p<0.05; Figure 6D). However, intracranial 
infusions of AQP4 siRNA failed to attenuate ADC value in CBT 
1 h thereafter as compared with control siRNA group (Tukey 
test; p<0.05; Figure 6D). Instead, intracranial infusions of AQP4 
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Figure 6.  ADC values in CBT after (A, C) mild or (B, D) severe TBI. Representative MRI images are shown in (A1) control siRNA 
treatment after 72 h, (A2) AQP4 siRNA after 72 h, (A3) control siRNA treatment after 168 h, and (A4) AQP4 siRNA after 168 
h, after mild TBI. Representative MRI images are shown in (B1) control siRNA treatment after 1 h, (B2) AQP4 siRNA after 1 
h, (B3) control siRNA treatment after 24 h, (B4) AQP4 siRNA after 24 h, (B5) control siRNA treatment after 72 h, (B6) AQP4 
siRNA after 72 h, (B7) control siRNA treatment after 168 h, and (B8) AQP4 siRNA after 168 h, after severe TBI. White Arrows 
shown the traumatic areas and white boxes show the areas for ADC values measured.
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siRNA increased ADC value in CBT after 72 h as compared with 
control siRNA group (Tukey test; p<0.05; Figure 6D).

The correlations of apparent diffusion coefficient values 
with AQP4 expression level in CBT following mild or 
severe TBI

Following mild TBI, ADC value in the CBT region was not cor-
related with AQP4 expression level in CBT in rats receiving 
intracranial infusions of control siRNA (Pearson correlation 
test, p=0.24, R=0.64; Figure 7A) or in rats receiving intracrani-
al infusions of AQP4 siRNA (Pearson correlation test, p=0.10, 
R=0.80; Figure 7C).

Following severe TBI, ADC value in the CBT region was posi-
tively correlated with AQP4 expression level in CBT in rats re-
ceiving intracranial infusions of control siRNA (Pearson corre-
lation test, p=0.04, R=0.89; Figure 7B), but not in rats receiving 
intracranial infusions of AQP4 siRNA (Pearson correlation test, 
p=0.43, R=0.46; Figure 7D).

Discussion

The present study found that varying degrees of TBI could 
cause different patterns of pathological edema and progno-
sis to uninjured CBT region. Specifically, mild TBI did not cause 
abnormality of blood-brain barrier structures, alter cell mor-
phology, or enlarge gaps between adjacent cells in CBT dur-
ing the early post-TBI period. In the later phase, mild cytotoxic 
edema in CBT emerged, and was exacerbated after 168 h with 
mixed edema. This could be caused by the reduction of CBT 
perfusion due to compression of the contralateral edematous 
hemisphere. It has been shown that apparent mixed edema 
peaks in damaged regions after 72 h following TBI [18,19]. In 
contrast to mild TBI, severe TBI caused significant vasogenic 
edema in CBT in the early phase (i.e., 1 h). Pathological anal-
ysis revealed that blood-brain barrier damage was likely the 
main cause. The breakdown of the blood-brain barrier likely 
induced extravasation of tissue fluid within blood vessels and 
increased extracellular osmotic pressure, which led to sub-
sequent intracellular edema 24 h thereafter and mixed ede-
ma 72 h thereafter. Such pathological changes in CBT follow-
ing severe TBI were consistent with our previous report [20].

Figure 7.  Correlations of ADC values in CBT and AQP4 protein expression levels in CBT with (A) control siRNA or (C) AQP4 siRNA 
treatments following mild TBI, or (B) control siRNA or (D) AQP4 siRNA treatments following severe TBI.
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While numerous studies have demonstrated the critical role 
of AQP4 in brain edema formation after TBI, the dynamic ex-
pression levels of AQP4 following TBI are likely altered by the 
pattern of edema. Specifically, following mild TBI, the corre-
sponding AQP4 expression level in CBT was not changed dur-
ing the early post-TBI period either, but was robustly increased 
in the late phase (i.e., 168 h) when mixed edema occurred. In 
contrast to mild TBI, following severe TBI, AQP4 expression in 
CBT was greatly enhanced in the early phase of the post-TBI 
period. These results are different from the findings in previ-
ous studies that AQP4 mRNA expression is attenuated in the 
early phase of post-TBI period (i.e., 1 day) in the edematous 
contusional cortex with impaired blood-brain barrier integ-
rity [21]. Surprisingly, AQP4 expression in CBT was gradual-
ly decreased later on, indicating that damage to the blood-
brain barrier may trigger the self-protection mechanisms to 
suppress AQP4 expression [21]. Thus, the onset of such self-
protection mechanisms may be delayed in CBT, but not in the 
edematous contusional brain regions.

Consistent with previous studies, the present study demon-
strated that preventive AQP4 siRNA interference alleviated 
the brain edema in CBT following TBI. Such effects of AQP4 
siRNA interference are likely due to the reduction of subse-
quent cytotoxic edema, but not the early emerged vasogen-
ic edema, in the CBT area. Specifically, AQP4 siRNA interfer-
ence was able to decrease AQP4 protein expression in the 
CBT area after 48 h when pathological edema was not appar-
ent. Such an interference therapy continuously suppressed 
AQP4 protein expression and significantly abated edema and 
reduced water content in CBT after 72 h and 168 h, when in-
tracellular edema exacerbated in control siRNA-treated rats. 
However, AQP4 siRNA did not reduce early vasogenic edema 
caused by blood-brain barrier damage after severe TBI. Thus, 
AQP4 siRNA-induced reduction in brain water content of CBT 
during the early phase of post-TBI period may be due to the 
attenuation of cytotoxic edema. Hence, AQP4 siRNA interfer-
ence may be a good prophylactic therapy for mild TBI, and an 
adjunct therapy for severe TBI.

Clinically monitoring the status of brain edema is always a 
challenge. While the present study has shown that ADC value 
may not be a good index for evaluating the therapeutic out-
comes of AQP4 siRNA interference, it may help distinguish the 
pattern of brain edema during the early phase of the post-TBI 
period. Specifically, following mild TBI, edema occurred in CBT 
72 h thereafter, and ADC value was not altered at the early 
phase, but was transiently decreased at 72 h and recovered 
at 168 h. Furthermore, AQP4 siRNA interference continuously 

suppressed ADC value in CBT 48 h thereafter. Hence, the chang-
es of ADC value are not able to reflect the status of brain ede-
ma after mild TBI. A robust increase in ADC value was ob-
served in CBT, but was gradually decreased during the late 
phase of post-TBI period. Notably, AQP4 siRNA interference 
robustly increased ADC value at 72 h. In fact, the fluctuating 
ADC value may be results of the complexity of brain edema 
patterns induced by various degrees of TBI. Previous studies 
have shown that ADC value is reduced during the intracellu-
lar edema due to the decreased extracellular space, and ADC 
value is increased when vasogenic edema occurs due to the 
influx of water molecules [6,16,17]. Thus, it is difficult to eval-
uate status of edema in CBT using ADC value during the late 
phase of post-TBI period. Additionally, previous studies have 
demonstrated that AQP4 expression level correlates with ADC 
value in periventricular brain region and hydrocephalus sever-
ity in the rat brain [16]. Adding to the literature, the present 
study has shown that AQP4 expression level in CBT is posi-
tively correlated with ADC value in CBT only after severe TBI, 
but not after mild TBI. Furthermore, AQP4 siRNA interference 
disrupted such a correlation. In general, our results indicated 
that vasogenic edema, which occurs during the early phase 
of post-TBI period, may enhance the ADC value, and thus can 
reflect the severity of TBI.

Conclusions

Despite the seriousness of brain edema, only symptomat-
ic treatments to remove edema fluid are currently available. 
The present study showed that intraventricular infusions of 
AQP4 siRNA alleviated the progress of brain edema by reduc-
ing AQP4 expression in the CBT area, but did not alleviate the 
early vasogenic edema after severe brain injury. Furthermore, 
the development of a fast and sensitive diagnostic tool will be 
highly beneficial for identification of edema type and deter-
mination of subsequent therapy. The present study has also 
demonstrated that different levels of TBI caused different pat-
terns of pathological edema in CBT. While mild TBI caused ad-
vanced secondary cytotoxic edema, severe TBI led to early va-
sogenic edema, followed by secondary intracellular edema and 
mixed edema. Functional magnetic resonance ADC values may 
be used in the early phase to discern any pathological chang-
es in CBT, but it is difficult to evaluate status of edema in CBT 
using ADC value during the late phase of the post-TBI period.
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