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Abstract Aquaporin-4 (AQP4), a water-channel protein,
controls water fluxes into and out of the brain parenchyma.
The role of AQP4 in brain edema formation and resolution
remains controversial. This study therefore determined the
roles of AQP4 in brain edema and explored the underlying
molecular mechanism. We established hypoxia-ischemia (HI)
neonatal rat model in vivo and HI cell model in vitro, which
were administrated with lentiviral or shRNA vector, respec-
tively. We found that the neurologic deficit and motor dys-
function could be induced by HI with more serious brain dam-
age after longer HI time, and swollen cells with enlarged sur-
rounding space were observed after HI induction. The quan-
tity of water in the brain tissues was significantly increased in
the HI rats when compared with the control group. However,
the downregulation AQP4 by lentiviral or shRNA vector re-
versed the brain edema and neurologic deficit induced by HI.
The underlying mechanism of beneficial effects of AQP4
downregulation may be due to interactive regulation of
AQP4 and inflammatory cytokines including IL-1β, IL-6,
IL-10, and TNFα. Our data demonstrate that the silence of
AQP4 results in a significant decrease in the expression of
IL-1β, IL-10, and TNFα, but had no direct effect on IL-6
expression. AQP4 could indirectly regulate the expression of
IL-6 via IL-1β, IL-10, and TNFα. In summary, these findings

provide a novel mechanism to explain the role of AQP4 in HI
pathogenesis and are instrumental for the development of
treatment for HI-induced brain edema.
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Introduction

Cerebral edema, an abnormal increase in brain water content,
usually leads to an increase in intracranial pressure (ICP),
brain ischemia, herniation, and death [1]. Regarding the brain
edema resulting from an imbalance of water transportation in
cells or blood vessels, maintenance of the balance of water
transport between extracellular and intracellular is the key
element. The discovery of aquaporins (AQPs) has provided
a molecular basis for understanding water transport in several
tissues, including the nervous system [2, 3].

Aquaporin-4 (AQP4), a member of AQPs family, is a water-
channel protein expressed predominantly in astrocyte foot
processes at the borders between the brain parenchyma and
major fluid compartments, suggesting that AQP4 controls wa-
ter fluxes into and out of the brain parenchyma [4–6]. However,
the regulatory roles of AQP4 in the water balance of the central
nervous system (CNS) are diverse under different physiology
conditions.

Recent studies have indicated a key role of AQP4 in brain
edema formation and resolution [7, 8]. But these studies have
provided conflicting roles of AQP4 in brain edema.
Downregulation of AQP4 has a beneficial role in brain edema
produced by brain ischemia or meningitis [9]. AQP4 knock-
down may protect against water influx in the formation of
astrocyte swelling during hypoxia ischemia and may also de-
lay water clearance in the resolution of astrocyte swelling
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during reoxygenation in vitro [10]. In the adult mouse stroke
model, AQP4 deletion has a protective role from edema, sug-
gesting that AQP4 may increase edema [11, 12]. However, in
the juvenile rat HI models, the over-expression of AQP4 de-
creases brain edema [13]. Based on these findings, the exact
roles of AQP4 in brain edema formation and resolution remain
unclear and need to be solved urgently.

Recent studies have indicated an increased inflammatory
response associated with brain swelling [14–18].
Lipopolysaccharide (LPS) treatment prior to hypoxia chal-
lenge causes cerebral edema, which was associated with an
increase in TNFα, IL-1β, and IL-6 expression in cultured rat
microglia via NF-κB and cAMP/PKA pathways [14]. The
expression of several pro-inflammatory cytokines, including
TNFα, IL-1β, IL-6, and NF-κB, is increased in HI rat model
established by left common carotid artery ligation [15]. In
addition, premature infants under hypoxic conditions may
show increased expression of inflammatory factors such as
TNFα and IL-6 [16]. Hypertonic saline can alleviate cerebral
edema by inhibiting TNFα and IL-1β-induced Na-K-Cl
cotransporter upregulation [17]. In neonates, cerebral
hypoxia-ischemia (HI) is the primary cause of brain edema
that leads to neurodevelopmental disabilities [19]. Therefore,
we used neonatal rat HI model and cell model to investigate
the functional interaction between AQP4 and inflammatory
factors in HI-induced brain edema.

Methods

Hypoxia-Ischemia Animal Model

Animal Groups

This study was in accordance with the National Institute of
Health guidelines for the treatment of animals and all experi-
ments were approved by the guide for the Care and Use of
Laboratory Animals of Tianjin Medical University, Tianjin,
China. Sixty postnatal day-3 Sprague-Dawley (SD) rats
(∼8 g) were randomly divided into the following groups: sham
groups, hypoxia ischemia groups for 4-h (HI 4 h, n = 12), 8-h
(HI 8 h, n = 12), 16-h (HI 16 h, n = 12), and 24-h (HI 24 h,
n = 12).

Animal Treatment

HI animal model was produced as described previously [20].
Briefly, after anesthesia by using inhalation diethylether, 3-
day-old SD rat pups were fixed in a supine position and
underwent the right carotid artery ligation with 5–0 silk
through a longitudinal midline neck incision. The procedure
lasted less than 5 min and the incision site was infiltrated with
2 % lidocaine. Following surgery, rats were returned to their

mother for recovery and feeding for 30 min. Then, the pups
were exposed for hypoxia (8 % O2, 92 % N2) by placing them
in an air-tight chamber at a constant 37 °C. Sham operation
was also put silk around common carotid artery, but not ligat-
ed. The rats in HI groups were further divided into four sub-
groups and sacrificed at 4, 8, 16, and 24 h later, respectively.

Hematoxylin and Eosin (HE) Staining

The biopsies of the cortex tissue, obtained at the scheduled
time points, were submitted to routine hematoxylin-eosin
analysis. A piece of the cortex tissue (0.1 cm3) was cut,
washed in phosphate-buffered saline (PBS), dehydrated with
gradient alcohol, cleared with xylene, immersed in paraffin,
and then embedded. Finally, 4-μm paraffin sections from this
tissue were prepared for HE staining.

Assessment of Neurobehavioral Deficits

Neurologic examinations were performed 4, 8, 16, and 24 h
after HI treatment by longa score scale. Longa score scale
shows the grading of severity of brain function. The neurolog-
ic findings were scored on a five-point scale (Table 1).

Detection of Water Quantity in the Brain Tissue

For each group, the brains of six rat pups were harvested. The
tissue was incised along sagittal suture. After the wet weight
was measured, the tissue was then dried at 100 °C for 24 h,
and its dry weight was measured. Water quantity of brain
content (as a percentage) = (wet weight − dry weight)/wet
weight × 100 %.

Immunofluorescence Analysis

The brain from HI24h group was obtained and placed in 20 %
sucrose solution in 0.1 M phosphate buffer (PB). After the
specimens had sunk to the bottom of the bottle, they were
placed on a freezing microtome (Leica CM1900, Wetzlar,
Hesse, Germany) and serial horizontal sections were cut at
12 μm thickness. For consistent representation of the data,
five sections, the 10th, 20th, 30th, 40th, and 50th sections of

Table 1 Longa score scale

Score Grading Profile

0 No deficit Normal

1 Mild Failure to extend left forepaw fully

2 Moderate Circling to the left

3 Severe Falling to the left

4 Severe No spontaneous walk and had
a depressed level of consciousness
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each animal, were stained with rabbit anti-GFAP antibody
(1:200; Santa Cruz, Delaware, CA) at 4 °C for 24 h. After
washing, sections were incubated with fluorescence-labeled
secondary antibody IgG (anti-rabbit Cy3: red) for 4 h at
37 °C. The control sections were incubated in PBS to replace
the primary antibody. After mounting, slides were observed
by fluorescence microscopy.

Construction of RNA Interference Expression Vectors

Prepared siRNA Vectors

Three candidate target sequences of shRNA vectors were de-
signed and synthesized by Ruibo Company GuangZhou,
China. The sequence information was showed in Table 2.
We examined AQP4, IL-1β, IL-6, IL-10, and TNFα gene
expression to find the siRNAwith the most significant inhib-
itory effect.

Primary Culture of Rat Cerebral Astrocytes

The cortex was gently separated from 1∼3-day-old neonatal
rat pups, and the meninges were gently peeled. Cortices were
dissociated into a cell suspension using mechanical digestion.
Then, cells were plated in 75 cm2 tissue culture flasks with
modified DMEM/F12 culture media at a concentration of
1.5 × 106 cells/ml. Incubating at 37 °C in a moist 5 % CO2

atmosphere for 72 h before moving provided the cells suffi-
cient time to adhere and begin multiplying. Flasks were shak-
en at 350 rpm for 6 h at 35 °C to separate the oligodendrocytes
from the astrocytes, and then changed with fresh medium, and
were shaken for another 18 h for harvested purified astrocytes.

siRNA Transfection

Astrocytes were transfected by three candidate target se-
quences of AQP4, IL-1β, IL-6, IL-10, and TNFα siRNAvec-
tors to select the one with the maximum interference efficien-
cy. Experiment was designed to include the following groups:
normal group, tansfection reagent group, scrambled siRNA
group, and target siRNA group. Transfection protocol was

performed according to the manufacturer’s instruction.
Briefly, after 80 % confluent of cells, 4-μl siRNA vectors
and 3-μl transfection reagent diluted with 100 μl transfection
buffer were transfected into astrocytes. Cells were incubated
for 12 h, exchanged fresh medium and subcultured at incuba-
tor. After 2, 4, and 7 days transfection, cell samples were
collected for gene analysis.

Quantitative RT-PCR

Total RNA was extracted from cortex tissue using Trizol re-
agent (superfecTRI) according to the manufacturer’s protocol
and reversed transcription to cDNA with the RevertAid™
First Strand cDNA Synthesis kit (TaKaRa Biotechnology).
For QRT-PCR, the primer sequences were shown as Table 3.
PCR was performed in a DNA thermal cycler (ABI 7300)
according to the following standard protocol: one cycle of
95 °C for 2 min; 40 cycles of 95 °C for 15 s, annealing for
20 s, and 60 °C for 40 s. Relative expressions were calculated
with normalization to β-actin values by using the 2−△△Ct

method.

Preparation of Lentiviral Vector

To construct AQP4 recombinant lentiviral vector, the
segment of highest interference efficiency was insert in-
to pcDNAIII plasmid, then enveloped by HIV, by
routing method. Briefly, segment sequence of highest
interference efficiency was provided to GeneCopoeia,
GuangZhou, China and constructed AQP4-lentiviral ex-
pression vector (AQP4-RNAi-LV). Thereafter, the rat
AQP4 expression vector (5 μg) and viral packaging
vectors (1 μl) were co-transfected into 293 T cells to
produce lentiviral particles. The viral supernatant was
harvested at 48 h post-transfection and filtered through
a 0.45-μm cellulose acetate filter. Then, the 5 ml cell
supernatant containing lentivirus was centrifuged
(3500g, 25 min). And the precipitate was re-dissolved
in 500 μl PBS. Finally, the recombinant AQP4-RNAi-
LV was stored at −80 °C till use. The control plasmid
was also packaged, designated as no-targeting-LV.

Table 2 Sequence information of siRNA vectors

Name F1 target sequences F2 target sequences F3 target sequences

AQP4 CCAAGTCCGTCTTCTACAT CAGGTGCACTTTACGAGTA CAGCATGAATCCAGCTCGA

IL-1β GGAAGGCAGTGTCACTCAT GCACAGACCTGTCTTCCTA CTGCAGGCTTCGAGATGAA

IL-6 GAAAGCACTTGAAGAATTT GAAACTTCCAGAAATACAA CAGGAAATTTGCCTATTGA

IL-10 CATAGAAGCCTACGTGACA ACAACATACTGCTGACAGA CCATGAATGAGTTTGACAT

TNFα CCCACAACGAGGACTACA CGTGAAGAATGTGCGAGAC GCCCGTAGCCCACGTCGTA

6428 Mol Neurobiol (2017) 54:6426–6435



Injection of AQP4-RNAi-LV in Cortex In Vivo

AQP4-RNAi-LV Transduction of Brain Tissue In Vivo

HI neonatal rats were randomly assigned to no-targeting-LV
and AQP4-RNAi-LV group (n = 8). The animal was deeply
anesthetized and fixed in a stereotaxic apparatus. The dorsal
surface of the skull was then exposed and cleaned. And lenti-
virus (4 μl) was injected in cerebral cortex motor area of
hemisphere. The skin was sutured after surgery. Animals were
given the optimum temperature and maintained in cage
comfortable.

Verification of the Interference Efficiency of AQP4-RNAi-LV
by Western Blotting Analysis

Brain tissue injected by AQP4-RNAi-LV was removed to
extract protein and detect AQP4 expression. Protein samples
were boiled for 10 min and fractionated on 15 % SDS-PAGE
gels. After electrophoresis for 120 min at 75 V, the proteins
were transferred to PVDF membranes (Millipore). The mem-
branes were then blocked in 5 % nonfat milk in PBS for
120 min at room temperature and incubated with primary
antibody of AQP4 (Santa Cruz Biotechnology), diluted
1:1000 in TBS overnight at 4 °C. After washed in three chang-
es of PBS, the membranes were incubated for 2 h with sec-
ondary antibody (goat anti-rabbit IgG) diluted 1:5000. Finally,
the immune complexes were revealed using Alpha Innotech
(Bio-Rad) with ECL.

Behavior Analyses and Astrocytes Morphology Change
after Lentivirus Injection

The blinded longa scale score test for neural impairment
was performed after AQP4-RNAi-LV injection, as de-
scribed in the dedicated paragraph. To examine the changes
of astrocyte morphology following AQP4-RNAi-LV injec-
tion, the horizontal sections of brain tissue via injection
point were performed immunofluorescence staining. A pan-
el of primary antibodies included rabbit anti-GFAP (1:200)
and mouse anti-AQP4 (1:100). Primary antibodies were
detected using Cy3 (red) and dylight 488 (green)-conjugat-
ed secondary antibodies.

Statistical Analysis

All data were expressed as means ± S.E.M. Number of ani-
mals used is indicated by n. The significance of the difference
between the groups was calculated by one-way analysis of
variance followed by Fisher’s least significant difference post
hoc test. Probability values (P) of less than 0.05 were consid-
ered to significant differences.

Results

Detrimental Outcomes After Hypoxia Ischemia

Morphology of the brain tissues following HI was examined
by HE straining under light microscopy. The space surround-
ing capillaries of cells widened slightly and no swelling or
necrosis cells were observed in sham group. They looked
morphologically normal with clear cell borders and nucleolus.
In contrast, signs of edema were observed in the brain tissue of
the HI groups (4 h, 8 h, 16 h, 24 h). Despite that the arrange-
ment of nerve cells remained almost normal in HI group, the
cells were swollen, decreased in number, lost polarity with
abnormal circular shape, and the defects were more severe
with longer time after hypoxic ischemic treatment. We also
found increased space around cells, and the vacant area prob-
ably resulted from cell death (Fig. 1a). Consistent with the
morphological data, the quantity of water in the brain tissues
was significantly increased in the HI groups when compared
with control group (P < 0.05) (Fig. 1b). To determine neural
dysfunction induced by hypoxia ischemia, longa score scale
was used to assess the neural function. Compared with the
control group, the longa score was significantly increased in
HI groups, indicating neurologic defect and motor dysfunc-
tion in HI rats with increased severity after longer time of HI
(Fig. 1c).In addition, compared with sham group, the expres-
sion of AQP4 protein was significantly decreased after HI
treatment (P < 0.05, P < 0.01; Fig. 1d).

HI Induces Astrocyte Swelling

To determine the effect of HI on the morphology of astrocytes,
GFAP, a specific maker of astrocyte, was used to identify

Table 3 Detailed information on
the selection of primers for QRT-
PCR experiments

Name Primer sequence (sense) Primer sequence (antisense)

β-actin GAAGATCAAGATCATTGCTCCT TACTCCTGCTTGCTGATCCA

AQP4 GACATTTGTTTGCAATCAAT AACCCAATATATCCAGTGGTT

IL-1β GAGCTGAAAGCTCTCCACCT TTCCATCTTCTTCTTTGGGT

IL-6 AGAAGACCAGAGCAGATTTT GAGAAAAGAGTTGTGCAATG

IL-10 CAGAAATCAAGGAGCATTTG CTGCTCCACTGCCTTGCTTT

TNFα GCCCACGTCGTAGCAA GTCTTTGAGATCCATGCCAT
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astrocytes. Compared with GFAP positive cells in sham
group, the soma of GFAP positive cells subjected to HI for
24 h was greatly increased (P < 0.01), implying that astrocyte
swelling was induced by HI (Fig. 2).

Selection of the Most Effective siRNA and the Optimal
Time Point of Transfection

To select the most effective siRNA, three AQP4-siRNA se-
quences (F1, F2, F3) were transfected into astrocytes. Data
indicate that the reduction of the expression of AQP4 by F1,
F2, and F3 was 0.411, 0.767, and 1.035, respectively, indicat-
ing that F1 was the most effective AQP4-siRNA sequence to
silence AQP4 expression (Fig. 3a). F1 was transfected into
astrocytes to determine the silencing efficiency at different
time points (2, 4, and 7 days) after transfection. The expres-
sion of AQP4 gene was significantly decreased 2 days after
transfection into cells, while the effect of gene silencing was
eliminated 4 and 7 days after transfection (Fig. 3b). We also
identified the most effective siRNA sequence to silence the
expression of IL-1β, IL-6, IL-10, and TNFα, respectively
(data not shown).

Cell Swelling Was Reversed by AQP4 Silencing in Vitro

Astrocyte morphologic images were collected and observed
by a phase contrast microscopy after 24 h HI and AQP4
siRNA administration. The size soma of astrocyte was signif-
icantly increased 24 h after HI (P < 0.01 vs. normal), but was
significantly decreased following AQP4 siRNA administra-
tion (P < 0.01 vs. HI24h), suggesting that HI-induced cell
swelling was reversed by AQP4 silencing (Fig. 3c, d).

Silencing AQP4 in Brain Tissue with Lentivirus
Transduction

After AQP4-RNAi-LV was injected into rats’ cortex, we con-
firmed the silencing effect on the expression of AQP4 by
Western blotting and immunofluorescent staining. The ex-
pression of AQP4 was significantly decreased following
AQP4-RNAi-LV injection (P < 0.01 vs. no-targeting-LV
group), indicating that the expression of AQP4 protein was
successfully silenced by lentiviral vector (Fig. 4a, b). As ex-
pected, the expression of AQP4 (green) was decreased and the
cell soma size was smaller in the HI brain of AQP4-RNAi-LV
group, suggesting that AQP4-RNAi-LV has successfully

Fig. 1 Pathologies induced by HI. a HE staining analysis indicated that
swollen cells, abnormally circular and enlarged space around cells, were
observed following HI, and these defects were more severe with longer
time of hypoxic ischemia (400×, 4 h, 8 h, 16 h, 24 h). At least five fields
were analyzed in each case (n = 12). b Water quantity in the brain is
increased significantly after HI when compared to the sham group. c

The longa score scale was increased beginning 4 h after HI and
sustained until 24 h. The extent of brain function damage was increased
with the time of HI. d The expression of AQP4 was significantly
decreased after HI compared with sham group. The arrows indicate the
edema cells. Bar = 20 μm, shown in a. *P < 0.05 and #P < 0.01
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reduced the AQP4 expression and astrocyte swelling induced
by HI (Fig. 4c, d). GFAP-positive cells (red) were simulta-
neously labeled by AQP4 antibody (green), indicating
AQP4 expression in astrocytes (Fig. 4c, d).

Effect of Downregulation AQP4 on HI-Induced
Pathologies In Vivo

HE staining was performed to assess the cell morphology
changes of the brain tissue after HI following AQP4 interfer-
ence; compared with the control group, AQP4 interference

partially reversed the pathologic phenotypes induced by HI,
including cell swelling, cellular necrosis, and illegible cellular
borders (Fig. 4e). And longa score scale result showed that the
downregulation of AQP4 could attenuate neural dysfunction
induced by HI (P < 0.05 vs. no-targeting-LV group; Fig. 4f).

Interaction Between AQP4 and Inflammatory Factors

To further understand the roles of AQP4, qRT-PCR was per-
formed to examine the AQP4, IL-1β, IL-6, IL-10, and TNFα
expression following downregulation on one of them.
Compared with control group, AQP4 interference resulted in
a significant decrease of IL-1β, IL-10, and TNFα, but had no
effect on IL-6 expression (P < 0.01; Fig. 5a). AQP4 and IL-6
were significantly increased following the silencing of IL-1β,
IL-10, and TNFα when compared with control one (P < 0.01;
Fig. 5b–e). While AQP4 was significantly increased after IL-6
interference, no significant difference was observed in IL-1β,
IL-10, and TNFα expression after IL-6 silencing when com-
pared with control group (Fig. 5c). Therefore, AQP4 could
directly increase the expression of IL-1β, IL-10, and TNFα
expression and indirectly decreased IL-6 expression.
Moreover, IL-1β, IL-6, IL-10, and TNFα negatively regulat-
ed the expression of AQP4 (Fig. 5f).

Discussion

Brain edema is caused by abnormal water homeostasis follow-
ing hypoxia ischemia [1, 21]. During the early events of HI,
there are at least three causes for brain edema formation: (1)
the permeability of sodium and potassium of the cell mem-
brane is increased [22]; (2) the activation of transport pumps
(Na/K ATPase pump) fails [23]; and (3) the osmotic pressure
of cells is enhanced [23, 24]. Passive water transport into the

Fig. 2 Astroctyes swelling is induced by HI. Compared with the sham
group (a–c), the size soma of astrocyte was significantly increased in
HI24h group (d–f). DAPI staining is presented in a and d. GFAP
staining is presented in b and e. Merged image is presented in c and f.
Quantitative analysis of soma is shown in g (n = 5, #P < 0.01). The arrows
indicate the edema positive GFAP cells. Bar = 50 μm

Fig. 3 Cellular swelling was
reversed by AQP4 silencing
in vitro. a Comparative analysis
showed F1 was more effective in
silencing AQP4 expression than
F2 and F3. b AQP4 gene
expression was significantly
decreased 2 days after
transfection of F1. c, d
Morphologic analysis showed
that the cellular swelling induced
by HI was attenuated by AQP4
siRNA interference. Bar = 20μm,
shown in c.*P < 0.05 and
#P < 0.01
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cell caused by the increased osmotic gradient results in brain
edema. AQP4 is highly expressed in astrocytes throughout
CNS, especially at the blood-brain and brain-cerebrospinal
fluid barriers [6, 25], and plays multiple roles in water trans-
port [11, 26]. Therefore, as a self-protective mechanism, a
decrease in AQP4 expression reduces further water flowing
into astrocytes and thus relieves cellular edema.

In this study, by establishing a brain edema HI rat model,
which was developed by Rice and colleagues in 1981 [27], we
examined in greater detail the HI-induced functional (neuro-
logic deficit and motor dysfunction) and morphological (cell
swollen, cell necrosis, and water quantity increased) changes
at different time points (2, 4, and 7 days) after HI. Our results
indicate that the combination of unilateral carotid artery liga-
tion and hypoxia could be used to establish a HI model. A
consistent AQP4 protein expression pattern was detected as in
our previous study [10]. The protein expression of AQP4 was
significantly decreased following HI in a time-dependent

manner, suggesting a self-protective mechanism from cellular
edema. Given that AQP4 is richly expression in astrocytes, we
cultured the primary astrocytes originated from cerebral cortex
of rat, and study AQP4 function and regulation. In addition,
cell in vitro makes it a good candidate and excludes many
complex pathological elements which exist in vivo.
Therefore, we selected the highest inhibition rate of siRNA
fragment and further examined the best time point of interfer-
ence. Our results showed F1 had the highest inhibition effi-
ciency and then was used to construct lentivirus vector of
AQP4 for following research; considering the best inhibition
efficiency for transfection at 2 days but not at 4 and 7 days, we
remained hypoxia ischemia administration for 24 h.

To explore the exact effect of HI on astrocytes, immuno-
fluorescence stain of GFAP was performed. Despite the ar-
rangement of cells remained neat to some extent, the astro-
cytes were swollen, irregular shapes and fragmented nuclei.
Quantitative analysis showed astrocytes soma was

Fig. 4 Effects of AQP4 silencing on cell morphology and neural function
in vivo. a, b Compared with the control (no-targeting-LV) group, the
AQP4 protein levels were prominently decreased in AQP4-RNAi-LV
group. Western blot bands were shown in a, and quantitative analysis
was shown in b (n = 5, #P < 0.01). c, d GFAP-positive (red) cells were
also positive for AQP4 (green), confirming that AQP4 was expressed in
astrocytes. In addition, when compared with no-targeting-LV group, the
green fluorescence and the size soma of astrocytes were remarkably

decreased following AQP4 silencing. The arrows indicate the GFAP-
positive astrocytes (red) and AQP4-positive cells (green). Bar 20 μm,
shown in c–e. e HE straining analysis indicated brain edema induced by
HI was relieved in AQP4 interference group. At least five fields were
analyzed in each case. fLonga score scale data showed downregulation of
AQP4 could attenuate neural dysfunction induced by HI. *P < 0.05 and
#P < 0.01

6432 Mol Neurobiol (2017) 54:6426–6435



significantly increased after 24 h of HI compared with control,
consistent with the HE staining.

In further support of this notion, downregulation of AQP4
protein reverses the HI-induced brain edema, improving the
neural function after HI. This conclusion also agrees with the
observation that AQP4 promotes brain edema and AQP4 de-
letion reduces brain damage and brain swelling [14, 28].
Recent studies showed AQP4 expression was increased in
response to HI and AQP4 enhanced water influx into astro-
cytes under HI pathological state [29, 30].

The fetal inflammatory response plays a pivotal role in
the pathogenesis of preterm birth and neonate brain injury.
A neuro-inflammatory response to infection in CNS and/or
systemic inflammation is a likely cause of damage to the
developing brain. The concurrent activation of anti-
inflammatory mechanisms can provide negative feedback
loops and generate neuroprotective and even repair mech-
anisms in the developing brain [31–34]. In this study, we
unveil the underlying molecular mechanism of beneficial

effects of the downregulation of AQP4, closely associated
with anti-inflammatory response. In this context, our data
show the expression of the inflammatory factors is signif-
icantly decreased after AQP4 interference, indicating
AQP4 upregulates the expression of IL-1β, IL-10, and
TNFα. Previously studies found that the expression of IL-
1β and TNFα is increased significantly following HI enceph-
alopathy of infants when compared to control [35]. Therefore,
downregulation of IL-1β and TNFα expression could attenu-
ate the development of brain edema. In addition, our data
showed IL-6 was significantly increased following IL-1β,
IL-10, and TNFα silencing, suggesting IL-6 is mediating
downstream inflammatory response after HI. Consistent with
this finding, our published data indicate that the downregula-
tion of IL-1β protects the brain from edema induced by HI
and is associated with increasing IL-6 expression [36]. In ad-
dition, we show that all those inflammatory factors negatively
regulate AQP4. Therefore, AQP4 silencing could decrease IL-
1β, IL-10, and TNFα expression, leading to increased IL-6

Fig. 5 Interaction between
AQP4 and inflammatory factors
including IL-1β, IL-6, IL-10, and
TNFα. a Compared with the
control group, AQP4 silencing
results in a significant decrease in
the expression of IL-1β, IL-10,
and TNFα, but had no effect on
IL-6. b, d, e AQP4 and IL-6 were
significantly increased following
IL-1β, IL-10, and TNFα interfer-
ence when compared with control
one. c The expression of AQP4
was significantly increased after
IL-6 interference, which had no
significant impact on IL-1β, IL-
10, and TNFα expression. f The
functional loop AQP4/IL-1β, IL-
10, TNFα/IL-6 signaling path-
ways. #P < 0.01
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expression, which further suppress the expression of AQP4.
We reason that the functional interaction between AQP4/IL-
1β, IL-10, and TNFα/IL-6 signaling pathways plays impor-
tant roles in water accumulation, transfer, and clearance in
brain edema.

In conclusion, our findings demonstrated that AQP4 en-
hances water flux into astrocytes during brain edema induced
by HI. In addition, the downregulation of AQP4 reverses the
neural defects induced by HI through the functional loop in-
volving AQP4/IL-1β, IL-10, and TNFα/IL-6 signaling path-
ways. These findings support the notion that silence of AQP4
expression may represent an attractive strategy in the therapy
of brain edema followed HI in neonates.
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