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Inhibition of HIF‑1α‑AQP4 
axis ameliorates brain edema 
and neurological functional deficits 
in a rat controlled cortical injury 
(CCI) model
Ao Xiong1,2, Junxia Li3, Renping Xiong1, Yiming Xia1, Xu Jiang2, Fuyang Cao2, Hong Lu4, 
Jianzhong Xu2* & Fabo Shan1*

Traumatic brain injury (TBI) is an important cause of death in young adults and children. Till now, the 
treatment of TBI in the short‑ and long‑term complications is still a challenge. Our previous evidence 
implied aquaporin 4 (AQP4) and hypoxia inducible factor‑1α (HIF‑1α) might be potential targets for 
TBI. In this study, we explored the roles of AQP4 and HIF‑1α on brain edema formation, neuronal 
damage and neurological functional deficits after TBI using the controlled cortical injury (CCI) model. 
The adult male Sprague Dawley rats were randomly divided into sham and TBI group, the latter group 
was further divided into neutralized‑AQP4 antibody group, 2‑methoxyestradiol (2‑ME2) group, and 
their corresponding control, IgG and isotonic saline groups, respectively. Brain edema was examined 
by water content. Hippocampal neuronal injury was assessed by neuron loss and neuronal skeleton 
related protein expressions. Spatial learning and memory deficits were evaluated by Morris water 
maze test and memory‑related proteins were detected by western blot. Our data showed that 
increased AQP4 protein level was closely correlated with severity of brain edema after TBI. Compared 
with that in the control group, both blockage of AQP4 with neutralized‑AQP4 antibody and inhibition 
of HIF‑1α with 2‑ME2 for one‑time treatment within 30–60 min post TBI significantly ameliorated 
brain edema on the 1st day post‑TBI, and markedly alleviated hippocampal neuron loss and spatial 
learning and memory deficits on the 21st day post‑TBI. In summary, our preliminary study revealed 
the short‑term and long‑term benefits of targeting HIF‑1α‑AQP4 axis after TBI, which may provide 
new clues for the selection of potential therapeutic targets for TBI in clinical practice.
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BBB  Blood–brain barrier
CCI  Controlled cortical injury
HIF-1α  Hypoxia inducible factor-1α
MAP2  Microtubule associated protein 2
MMP-9  Matrix metallopeptidase 9
NeuN  Neuron-specific nuclear protein
SDS  Sodium dodecyl sulfate
SYN  Synaptophysin
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TBI  Traumatic brain injury
VEGF  Vascular endothelial growth factor
2-ME2  2-Methoxyestradiol

Traumatic brain injury (TBI) is a major cause of death in young adults and children with high prevalence of 
long-term neurological functional deficits in  survivors1,2. Brain edema is one of the most important pathophysi-
ological characteristics of TBI and intractable clinical problem and has been proven to be an critical cause of 
intracranial hypertension and cerebral hernia, thereby leading to elevated morbidity and poor prognosis for TBI 
 survivors3–5. The occurrence and development of traumatic brain edema is closely related to the dysfunction 
or structural damage of blood–brain barrier (BBB)6,7, and is disclosed to be linked with aquaporins (AQPs) by 
our studies and  others8–10.

AQPs are a family of water channels distributed in the plasma membrane in endothelial cells and astrocytes, 
and play a key role in maintaining brain water  homeostasis11,12. Among them, AQP4 is the most abundant 
aquaporin in the  brain13. Despite of a water specific channel, AQP4 has been demonstrated to play various roles 
in neurotransmission, potassium transport, BBB integrity and so  on14–16. Recently, accumulating evidences 
indicated that brain edema was closely associated with AQP4 in several cerebral diseases, and targeting AQP4 
was responsible for tissue regulation of osmolarity and be beneficial for short-term and long-term outcomes, 
such as brain edema formation, neuronal damage and neurological functional  deficits9,17. Although a positive 
relationship between the upregulated AQP4 protein expression and brain edema after TBI was revealed by our 
and other’s  studies10,18, the effects of treatments by targeting the channel from short-term to long-term remains 
largely obscure.

Hypoxia-inducible factor-1 (HIF-1) is an essential transcription factor responsible for the induction of a series 
genes that facilitate adaptation under hypoxic  conditions19,20. HIF-1 consists of a constitutively expressed β subu-
nit and an oxygen-sensitive α subunit which is rapidly degraded in normoxia, whereas stabilized in  hypoxia21. 
Similar to hypoxia, when TBI occurs, HIF-1α is prevented from being degraded, resulting in higher cellular level 
in 5 min which in turn leads to activation of the HIF-1 complex inducing the transcription of certain genes such 
as  AQP422. However, whether upstream suppression of HIF-1α could reduce AQP4 expression and thereby bring 
some short- and long-term benefits after TBI is still unclear.

The goal of this study was to explore the roles of AQP4 and its crucial upstream transcription factor HIF-1 
on brain edema formation, neuronal damage and neurological functional deficits using CCI model, which might 
be helpful to seek new potential therapeutic targets for TBI.

Methods
Controlled cortical impact (CCI) injury model of rats. All animal procedures were performed accord-
ing to protocols approved by the Laboratory Animal Welfare and Ethics Committee of the Army Medical Uni-
versity (Chongqing, China), and complied with the ARRIVE guidelines for the Care and Use of Laboratory 
Animals. The methods were carried out in accordance with the approved guidelines. Adult male Sprague Dawley 
rats weighing 220–260 g (g) were obtained from the Experimental Animal Center of the Research Institute of 
Surgery, Daping Hospital, Army Medical University, Chongqing, China. The animals were randomly divided 
into a sham group and TBI groups, the latter groups were further divided into neutralized-AQP4 antibody 
group, 2-ME2 group, and the corresponding IgG and isotonic saline control groups. The moderately controlled 
cortical impact model was established by modified Feeney  method23 using a PinPoint craniocerebral injury 
impact device (Hatteras Instruments, Inc., Cary, NC, USA). After rats were anesthetized by intraperitoneal injec-
tion of pentobarbital sodium (40 mg/kg) and a circular bone window with a diameter of 5 mm was prepared, 
then subjected to impact tests. The impact parameters of brain tissue were as follows: diameter of impact head 
was 4.0 mm, impact depth was 4.0 mm, impact velocity was 2.5 m/s, impact time was 0.85 ms. Then, the bone 
window was immediately closed with bone wax. Rats in sham group performed the same surgical procedure 
except for impact.

Inhibition of AQP4 and HIF‑1α. In order to inhibit AQP4 and HIF-1α, TBI rats were intravenously 
injected via the tail vein with 0.25 ml isotonic saline containing AQP4 antibodies (1 μg/kg, Sigma Aldrich, USA, 
Cat#A5971) or 2-methoxyestradiol (2-ME2, 2.5 mg/kg of body weight, sigma Aldrich, USA, Cat#M5383-50MG) 
within 30–60 min after TBI, the corresponding controls were injected with IgG and isotonic saline, respectively. 
Molecular pathological detection and behavior tests were conducted on the 1st and 21st day following injury.

Assessment of brain edema. Assessment of brain edema was performed as described as follows. Briefly, 
rats were anesthetized with intraperitoneal injection of 800 mg/kg pentobarbital sodium and sacrificed, the pro-
cedure is complied with American Veterinary Medical Association (AVMA) Guidelines for the Euthanasia of 
Animals, the whole brain was carefully harvested and immediately weighed the wet weight, then the dry weight 
was determined after drying for 72 h in heated oven at 80 °C. The brain water content is calculated as tissue water 
(%) = (wet weight-dry weight)/wet weight × 100.

Western Blot assays. Brains were harvested and the hippocampal tissue beneath the injury side were 
excised for western blotting. Briefly, the total protein concentration was determined by Coomassie brilliant blue 
method. Western blot analysis was performed according to the standard procedures as previously  described10. 
Samples were electrophoretic separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and 
transferred to the PVDF membrane. Then, the membranes were probed with the following primary antibod-
ies overnight at 4 °C: anti-HIF-1α (1:1000, Cat. no. Ab216842, Abcam), anti-AQP4 (1:1000, Cat. no. ab128906, 
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Abcam), anti-MAP2 (1:1000, Cat. no. Ab32454, Abcam), anti-SYN (1:1000, Cat. no. Ab32594, Abcam), anti-
tau-5 (1:1000, Cat. no. Ab76128, Abcam), anti-pTau (ser404) (1:1000, Cat. no. Ab92676, Abcam), anti-MMP9 
(1:1000, Cat. no. Ab76003, Abcam), anti-VEGFA (1:1000, Cat. no. Ab1316, Abcam), anti-occludin (1:1000, Cat. 
no. Ab240150, Abcam), anti-claudin-5 (1:1000, Cat. no. Ab131259, Abcam), anti-beta actin (1:10000, Cat. no. 
Ab4990, Abcam). After incubation with horseradish peroxidase-conjugated secondary antibodies, the mem-
branes were visualized using chemiluminescence. Biotinylated protein ladder were used as an indicator to deter-
mine the protein molecular weight, and at least one fuller-length blot for each antibody was performed to con-
firm specific detection of the target antigen (Supplemental materials). The image analysis program (labwork 4.6, 
USA) was used to analyze the imprinted images.

Immunofluorescence staining. Rats were intracardially perfused first with room temperature phosphate-
buffered saline (PBS) then ice-cold 4% paraformaldehyde, post fixed overnight, and embedded in 30% sucrose 
until they sink. 25 µm sections were cut across the coronal plane, blocked with 5% BSA and permeabilized with 
0.5% TritonX-100 in PBS for 30 min. Then, sections were incubated with dilutions of primary neuron-specific 
nuclear protein (NeuN) antibody (1:200, ab104224, Abcam) overnight at 4 °C, washed with PBS and incubated 
with Alexa Fluor 488-conjungated secondary antibody (1:300, Abcam, ab150113) for 1 h at room temperature. 
The sections were then washed and stained with DAPI for 15 min. Finally, the hippocampal CA1 NeuN-positive 
neuron numbers of the injured region in each group were calculated.

Morris water maze test. The Morris water maze tests were performed to assess impairments in visual-
spatial abilities (escape latency test) and visual short-term memory (spatial exploration experiment) in rats as 
previously  described10. The escape latency and exploration time were investigated at pre-TBI, 7, 14 and 21 days 
post-TBI. In the water maze test, rats were placed in a large circular pool with a diameter of 120 cm and a height 
of 50 cm filled with opaque water maintained at 22.0 ± 1 °C and were given the task to swim to a platform that can 
be either visible or hidden. Before the experiment, decorate and mark the platform higher than the horizontal 
plane with a small flag. The rats were put into water and observed to see if they could swim to the platform freely 
and then the time of swimming to the platform were recorded. Rats with abnormal vision and motor dysfunc-
tion were excluded. Rats were first trained to find a randomly positioned visible platform in the swimming pool 
and were subjected to four trials per day for 3 consecutive days. For escape latency test, the escape platform with 
a diameter of 9 cm was placed in a constant position (in the center of one of the four quadrants) and 1.0 cm 
below the water surface. Time spent in finding the hidden platform was recorded as escape latency. If the rats fail 
to find the platform within 120 s, they were guided by the experimenter to the platform for 30 s, and the latency 
was recorded as 120 s. On the second day, the spatial exploration experiment was performed. After the hidden 
platform was removed, rats were placed at the same starting point and the searching time (residence time in 
the former target quadrant) in the quadrant of the original platform was recorded within 120 s. The time spent 
in finding the hidden platform (escape latency) and the searching time in spatial exploration experiment were 
measured and analysed from video recordings (Ethovision, Noldus Information Technology Inc, Leesburg, VA, 
USA).

Statistical analysis. The data were presented as mean ± standard error (SEM) for all independent experi-
ments. After the data were validated to meet normality by Shapiro-Wilks Test and Homogeneity of Variances by 
Levene’s Test, the comparisons among groups were analyzed by one-way analysis of variance (ANOVA), and the 
least significant difference (LSD) method were used for Post-hoc comparisons between groups. All data were 
analyzed using GraphPad Prism. P < 0.05 was defined as statistically significant.

Results
Blockage of AQP4 ameliorated brain edema in the acute phase after TBI. Following TBI, brain 
water content showed a dramatic increase, which was accompanied by elevated AQP4 protein level after 1 day, 
as compared to the sham group (Fig. 1A,B). Our previous study reported a positive correlation between the 
upregulated AQP4 protein level and the severity of brain  edema10. To test the hypothesis that AQP4 is a potential 
drug target for TBI via aggravating the severity of brain edema, we intravenously injected neutralized-AQP4 
antibody in rats within 30–60 min after TBI and investigated the acute outcome of brain edema formation. We 
found that animals in AQP4 antibody treatment group showed a significant reduction of 43.8% in AQP4 protein 
level in brains on the 1st day post-TBI (Fig. 1B), a decrease in brain water content (Fig. 1A), compared to that 
in IgG group, indicating that blockage of AQP4 ameliorates brain edema in the acute phase after TBI. Addition-
ally, we detected the protein levels of two typical tight junction proteins closely related to vascular permeability, 
occludin and claudin-5, and found that both of which markedly decreased after TBI were effectively prevented 
with AQP4 antibody treatment, as compared to IgG group (Fig. 1C,D).

Inhibition of HIF‑1α reduced brain water content and improve blood–brain barrier func‑
tion. Since HIF-1 has been identified as an important upstream transcription factor for AQP4 and considered 
to be a potential target for TBI according to our previous  study10, we further assessed the involvement of HIF-1 
in brain edema formation and BBB function. On the 1st day post-TBI, HIF-1α protein expression increased 
significantly, while it was effectively blunted with 2-ME2 treatment (Fig. 2A). Brain water content (Fig. 2B) and 
TBI-induced upregulation of AQP4 protein level (Fig. 2C) were markedly decreased after 2-ME2 treatment. 
We also investigated several protein expressions involved in regulating BBB permeability and observed that 
TBI-induced upregulation of both matrix metallopeptidase 9 (MMP-9) and vascular endothelial growth factor 
(VEGF) proteins were inhibited by 2-ME2 (Fig. 2D,E). Meanwhile, tight junction protein levels of occludin and 
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claudin-5, which sharply decreased in TBI group, were significantly elevated on the 1st day post 2-ME2 treat-
ment (Fig. 2F,G).

Early post‑traumatic inhibition of AQP4 and HIF‑1α markedly alleviated TBI‑induced neuro‑
logical functional deficits in long term learning and memory. In order to investigate whether inhi-
bition of AQP4 or HIF-1α within 30–60 min after experimental TBI could alleviate the long-term neurological 
functional deficits, cognitive behavioral analyses were assessed by Morris water maze tests. The time spent in 
finding the hidden platform (escape latency) and the searching time in spatial exploration experiment were 
measured at the indicated time points (Fig. 3B,C). Before TBI, the swimming distance per minute of rats in 
each group showed no significant difference (Fig. 3A). On the 21st day post-TBI, the latency time of rats in TBI 

Figure 1.  Blockage of AQP4 ameliorated brain edema in the acute phase after TBI. Rats were intravenously 
injected via the tail vein with 0.25 ml isotonic saline containing neutralized-AQP4 antibody (1 μg/kg of body 
weight) within 30–60 min after TBI, the control animals were injected with IgG. (A) On the 1st day post TBI, 
brain edema was examined by brain water content. Protein levels of AQP4 (B), Occludin (C) and Claudin-5 
(D) were detected by western blot with β-actin as an internal control. The identical internal control β-actin 
blots were shared for Occludin and Claudin-5 blots because the detections were performed on the same blot 
membrane. Data are expressed as mean ± SEM, n = 6 per group. The comparisons among groups were analyzed 
by one-way ANOVA and the least significant difference (LSD) method. * P < 0.05, between the two groups. ns 
non-significant.
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group for completion of the maze task significantly increased and the searching time decreased, compared to 
that in sham group (Fig. 3D,E), indicating a declined cognitive behavioral performance of rats after TBI. Rats in 
neutralized AQP4 antibody treated group post-TBI showed a reduction in task completion time and an increase 
in searching time compared to that in IgG treated group (Fig. 3D,E). Animals in 2-ME2 treatment group showed 
similar results to AQP4 antibody treatment group (Fig. 3D,E). These results suggested an improvement of the 
long-term cognitive behavioral outcome by early post-traumatic inhibition of AQP4 or HIF-1α.

Effects of AQP4 and HIF‑1α inhibition on neuron loss and the expression levels of neuron 
structure‑related proteins in hippocampus. To explore the potential molecular mechanism of cogni-
tive behavioral improvement after targeting AQP4 and HIF-1α following TBI, we assessed the neuronal injury in 
hippocampus. On the 21st day post-TBI, the hippocampal CA1 NeuN-positive neuron numbers of the injured 
region showed a significant reduction, while it was markedly ameliorated by either blockage of AQP4 with 
neutralized-antibody or inhibition of HIF-1α with 2-ME2 (Fig. 4A). Next, we detected the expression levels 
of neuron structure-related proteins in hippocampus by western blot. The western blot analysis showed that 
the hippocampal protein levels of microtubule associated protein 2 (MAP2) and synaptophysin (SYN), which 
dramatically decreased on the 21st day post-TBI, were elevated after inhibition of either AQP4 or HIF-1α 
(Fig. 4B,C). In addition, we found that treatment with AQP4 blockage or HIF-1α inhibition markedly reduced 
the ratio of hippocampal pTau/Tau, which was elevated on the 21st day post-TBI (Fig. 4D).

Discussion
In the present study, we demonstrated that the upregulation of AQP4 and HIF-1α contributes to brain edema 
formation, a critical process involved in intracranial hypertension and cerebral hernia following traumatic brain 
injury (TBI). Additionally, we found that inhibition of AQP4 and HIF-1α ameliorates neuronal damage and the 
long-term neurological functional deficits. Our data imply that the upregulated HIF-1α-AQP4 axis might be 
an important player in brain edema formation, neuronal damage and neurological functional deficits after TBI.

Although a number of factors are closely associated with the high morbidity and mortality of TBI, the develop-
ment of brain edema remains the most notable predictor of  outcome5. Recently, growing evidence showed that 
aquaporins, which belong to water channel family facilitating water transport, are important modulators for brain 
edema in the development of several brain  diseases24–27. Of these, AQP4, the most abundant aquaporin in the 
brain, has been reported to involve in brain edema and has potentially important clinical implication by stroke 
and ischemia  research28–30. In brain tissue, AQP4 is mainly localized to astrocytes and endothelium and forms 

Figure 2.  Inhibition of HIF-1α reduced brain water content and improve blood–brain barrier function. TBI rats 
were intravenously injected via the tail vein with 0.25 ml isotonic saline containing 2-ME2 (2.5 mg/kg of body 
weight) within 30–60 min after TBI, the corresponding controls were injected with isotonic saline. On the 1st 
day after injury, brain water content (B) was determined and protein levels of HIF-1α (A), AQP4 (C), MMP-9 
(D), VEGF (E), tight junction protein levels of occluding (F) and claudin-5 (G) were detected by western blot. 
β-actin was used as loading controls for the total proteins. Data represent mean ± SEM (n = 6 per group). The 
comparisons among groups were analyzed by one-way ANOVA and the LSD method. Significant differences are 
shown by asterisks (*P < 0.05). ns non-significant.
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integral components of the blood brain barrier (BBB) and is thought to be responsible for tissue regulation of 
homeostasis and  osmolarity13. In a closed-head diffuse TBI model, Shenaq et al.9 reported that blockage of AQP4 
with antibodies is beneficial for blunting brain edema formation. Using a CCI injury model of rats, we found 
that brain water content was attenuated following the administration of AQP4 antibodies. Since brain edema 
is characterized by the accumulation of water content within the brain parenchyma, our data suggested that 
blockage of AQP4 with neutralized antibodies effectively ameliorates the development of brain edema after TBI.

Previous studies have reported that the occurrence and development of brain edema mutually interacted 
with the abnormal structure and function of neurons, thereby led to the long-term neurological  deficits31,32. 
Recently, AQP4 has been reported to play important roles in brain edema formation at the early stage of several 
brain diseases, and thereby participates in the secondary neuronal damage and brain dysfunction at the later 
stage. For instance, in focal and global cerebral ischemia models, AQP4 knockout mice showed reduced cerebral 
edema, infarct volume, intracranial pressure and neuronal loss vs control  mice17.  Wallisch33 reported that phar-
macological AQP4 inhibition significantly reduced pediatric asphyxial CA-related cerebral edema and improved 
neurobehavioral outcomes. In this study, we found that AQP4 inhibition with antibody reduced the loss of hip-
pocampal neurons, but also resulted in shortened task completion time and prolonged exploration time on the 
21st day after TBI. Our data provided evidence that early post-TBI AQP4 inhibition ameliorates brain edema 
and the development of secondary neuronal damage and neurological functional deficits.

Since HIF-1 has been identified to be a vital upstream transcription factor for AQP4, we further examined 
the roles of 2-ME2, a BBB-permeable estradiol metabolite potently inhibits the active α subunit of HIF-1, on the 
short- and long-term complications following TBI. On the 1st day post-TBI, the severity of brain edema was 
attenuated with early 2-ME2 administration after impact, as evidenced by reduction in brain water content. Accu-
mulated evidence has linked the dysregulation of proteins such as AQP4, MMP-9 and VEGF to the development 
of BBB hyperpermeability after  TBI8,34,35. Our data showed that TBI-induced upregulation of AQP4, MMP-9 and 
VEGF proteins were attenuated by 2-ME2. Meanwhile, tight junction proteins, such as occludin and claudin-5, 
which sharply decreased in TBI group, were significantly suppressed after 2-ME2 treatment.

Figure 3.  Early post-traumatic inhibition of AQP4 and HIF-1α markedly alleviated TBI-induced neurological 
functional deficits in long term learning and memory. In the water maze test, rats were placed in a large circular 
pool filled with opaque water and were given the task to swim to a platform that can be either visible or hidden. 
(A) Before TBI, the swimming distance per minute of rats in each group showed no significant difference. TBI 
rats were intravenously injected via the tail vein with 0.25 ml isotonic saline containing AQP4 antibodies (1 μg/
kg of body weight) or 2-ME2 (2.5 mg/kg of body weight) within 30–60 min after impact, the corresponding 
controls were injected with IgG and isotonic saline, respectively. The Morris water maze tests were performed 
and the escape latency (B) and searching time (C) were investigated at the indicated time points, such as shown 
on the 21st day post-TBI in (D,E). Data represent mean ± SEM, n = 6 per group. The comparisons among groups 
were analyzed by one-way ANOVA with the LSD method. *P < 0.05, between the two groups. ns non-significant.
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Although several previous studies used 2ME2 in the context of TBI and other types of acute brain injuries, 
they mainly explored the roles of HIF1α in brain edema formation, BBB disruption, and neuroprotection at the 
early stages of brain injury. For example, In the rat subarachnoid hemorrhage  model36, treatment with 2ME2 
suppressed the expression of HIF1α, BNIP3 and VEGF and reduced cell apoptosis, BBB permeability, brain 
edema, and neurologic scores. In Rice-Vannucci model of neonatal hypoxic ischemic brain  injury37, 2ME2 
exhibited dose-dependent neuroprotection by decreasing infarct volume and reducing brain edema at 48 h post 
hypoxic ischemic brain injury. In the mice controlled cortical impact  model38, intraperitoneal 2ME2 adminis-
tration 30 min after TBI caused a dose-dependent reduction in secondary brain damage after 24 h. Using the 
rat Marmarou closed head force impact model, some previous  researches8,22 reported the HIF1α signaling in 
AQP4 upregulation after TBI, these data also suggested that HIF1α plays a role in brain edema formation and 
BBB disruption via a molecular pathway involving AQP4.

Up to now, evidence of treatments of targeting HIF1α-AQP4 axis after TBI in an attempt to improve neu-
rological outcome is largely obscure. Despite Shenaq et al.9 provided some research evidence in a closed-head 
diffuse TBI model, it is different from the CCI model applied in our study. In this study, we found that rats in 
2-ME2 treated group showed a decrease in the loss of hippocampal neurons, a reduction in task completion time 

Figure 4.  Effects of AQP4 and HIF-1α inhibition on neuron loss and the expression levels of neuron structure-
related proteins in hippocampus. TBI rats were intravenously injected via the tail vein with 0.25 ml isotonic 
saline containing AQP4 antibodies (1 μg/kg of body weight) or 2-ME2 (2.5 mg/kg of body weight) within 
30–60 min after impact, the corresponding controls were injected with IgG or isotonic saline, respectively. On 
the 21st day post-TBI, (A) the hippocampal CA1 NeuN-positive neuron numbers of the injured region in each 
group were calculated (scale bar 100 μm). The hippocampal protein levels of MAP2 (B) and SYN (C) were 
detected by western blot. (D) The protein expression of pTau (ser404) and Tau-5 was detected in each group. 
β-actin was used as loading controls for the total proteins. Data represent mean ± SEM, n = 6 per group. The 
comparisons among groups were analyzed by one-way ANOVA with the LSD method. * P < 0.05, between the 
two groups. ns non-significant.
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and an increase in exploration time on the 21st day post-TBI, compared to that in control group. Therefore, these 
results demonstrated that early post-traumatic administration of 2-ME2 improves BBB integrity in short and 
long term after TBI. Based on the role of targeted AQP4 in ameliorating the complications of TBI together with 
the evidence that AQP4 is identified as a target gene of HIF1, our data provided in vivo clues for the importance 
of HIF-1α-AQP4 axis in BBB dysfunction and the secondary brain damage following TBI.

Hippocampus is known to be important for numerous neurological functions, such as long term learning and 
memory. Previous evidence has revealed that the neurocognitive deficits caused by TBI are closely related to the 
abnormal expression and protein modification of neuronal cytoskeleton proteins such as microtubule associated 
protein 2 (MAP2) and synaptophysin (SYN) in the  hippocampus39,40. We found that the hippocampal protein 
levels of MAP2 and SYN, which significantly decreased on the 21st day post-TBI, were markedly elevated after 
inhibition of either AQP4 or HIF-1α. In addition, we detected Tau protein phosphorylation at  ser404 site, which 
is the main component of neurofibrillar tangles and is causally related to memory loss in brain-related diseases, 
such as Alzheimer’s disease (AD), aging and  TBI41–43. As shown in Fig. 4, the ratio of hippocampal pTau/Tau 
in TBI rats dramatically increased compared with that in sham group, while it was significantly reduced after 
inhibition of either AQP4 or HIF-1α. These findings implied that inhibition of AQP4 and HIF-1α protects the 
long-term neurological function, which might be correlated with the alleviated hippocampal neuronal skeleton 
and synaptic damage.

In conclusion, our results showed that early post-TBI AQP4 and HIF-1α inhibition blocks the development 
of brain edema formation, neuronal damage and neurological functional deficits. Although our understanding 
of the underlying mechanisms is limited, our data indicated the importance of the upregulated HIF-1α-AQP4 
axis in the short- and long-term complications following TBI. This study provides in vivo evidence and raises 
a possibility for targeting HIF-1α-AQP4 axis as a therapeutic strategy for treating brain edema and long-term 
neurological functional deficits following TBI.

Received: 9 August 2021; Accepted: 24 January 2022

References
 1. Ilie, G., Boak, A., Adlaf, E. M., Asbridge, M. & Cusimano, M. D. Prevalence and correlates of traumatic brain injuries among 

adolescents. JAMA 309, 2550–2552 (2013).
 2. Korhonen, N., Niemi, S., Parkkari, J., Sievanen, H. & Kannus, P. Incidence of fall-related traumatic brain injuries among older 

Finnish adults between 1970 and 2011. JAMA 309, 1891–1892 (2013).
 3. Donkin, J. J. & Vink, R. Mechanisms of cerebral edema in traumatic brain injury: Therapeutic developments. Curr. Opin. Neurol. 

23, 293–299 (2010).
 4. Jha, R. M., Kochanek, P. M. & Simard, J. M. Pathophysiology and treatment of cerebral edema in traumatic brain injury. Neurop-

harmacology 145, 230–246 (2019).
 5. Winkler, E. A., Minter, D., Yue, J. K. & Manley, G. T. Cerebral edema in traumatic brain injury: Pathophysiology and prospective 

therapeutic targets. Neurosurg. Clin. N. Am. 27, 473–488 (2016).
 6. Thal, S. C. & Neuhaus, W. The blood-brain barrier as a target in traumatic brain injury treatment. Arch. Med. Res. 45, 698–710 

(2014).
 7. Alluri, H., Wiggins-Dohlvik, K., Davis, M. L., Huang, J. H. & Tharakan, B. Blood-brain barrier dysfunction following traumatic 

brain injury. Metab. Brain Dis. 30, 1093–1104 (2015).
 8. Higashida, T. et al. The role of hypoxia-inducible factor-1alpha, aquaporin-4, and matrix metalloproteinase-9 in blood-brain bar-

rier disruption and brain edema after traumatic brain injury. J. Neurosurg. 114, 92–101 (2011).
 9. Shenaq, M. et al. Neuronal damage and functional deficits are ameliorated by inhibition of aquaporin and HIF1alpha after traumatic 

brain injury (TBI). J. Neurol. Sci. 323, 134–140 (2012).
 10. Xiong, A. et al. Aquaporin-4 is a potential drug target for traumatic brain injury via aggravating the severity of brain edema. Burns 

Trauma 9, 50 (2021).
 11. Papadopoulos, M. C. & Verkman, A. S. Aquaporin water channels in the nervous system. Nat. Rev. Neurosci. 14, 265–277 (2013).
 12. MacAulay, N. Molecular mechanisms of brain water transport. Nat. Rev. Neurosci. 22, 326–344 (2021).
 13. Nagelhus, E. A. & Ottersen, O. P. Physiological roles of aquaporin-4 in brain. Physiol. Rev. 93, 1543–1562 (2013).
 14. Ozawa, Y. et al. Aquaporin 4 suppresses neural hyperactivity and synaptic fatigue and fine-tunes neurotransmission to regulate 

visual function in the mouse retina. Mol. Neurobiol. 56, 8124–8135 (2019).
 15. Binder, D. K. et al. Increased seizure duration and slowed potassium kinetics in mice lacking aquaporin-4 water channels. Glia 

53, 631–636 (2006).
 16. Nicchia, G. P. et al. The role of aquaporin-4 in the blood-brain barrier development and integrity: Studies in animal and cell culture 

models. Neuroscience 129, 935–945 (2004).
 17. Bhattacharya, P., Pandey, A. K., Paul, S., Patnaik, R. & Yavagal, D. R. Aquaporin-4 inhibition mediates piroxicam-induced neuro-

protection against focal cerebral ischemia/reperfusion injury in rodents. PLoS ONE 8, e73481 (2013).
 18. Kapoor, S. et al. Foxo3a transcriptionally upregulates AQP4 and induces cerebral edema following traumatic brain injury. J. Neu-

rosci. 33, 17398–17403 (2013).
 19. Lee, K. E. & Simon, M. C. SnapShot: Hypoxia-inducible factors. Cell 163, 1288–1288 (2015).
 20. Shan, F., Huang, Z., Xiong, R., Huang, Q. Y. & Li, J. HIF1alpha-induced upregulation of KLF4 promotes migration of human 

vascular smooth muscle cells under hypoxia. J. Cell Physiol. 235, 141–150 (2020).
 21. Marxsen, J. H. et al. Hypoxia-inducible factor-1 (HIF-1) promotes its degradation by induction of HIF-alpha-prolyl-4-hydroxylases. 

Biochem. J. 381, 761–767 (2004).
 22. Ding, J. Y. et al. Hypoxia-inducible factor-1alpha signaling in aquaporin upregulation after traumatic brain injury. Neurosci. Lett. 

453, 68–72 (2009).
 23. Feeney, D. M., Boyeson, M. G., Linn, R. T., Murray, H. M. & Dail, W. G. Responses to cortical injury: I Methodology and local 

effects of contusions in the rat. Brain Res. 211, 67–77 (1981).
 24. Warth, A., Mittelbronn, M. & Wolburg, H. Redistribution of the water channel protein aquaporin-4 and the K+ channel protein 

Kir4.1 differs in low- and high-grade human brain tumors. Acta Neuropathol. 109, 418–426 (2005).
 25. Kitchen, P. et al. Targeting aquaporin-4 subcellular localization to treat central nervous system edema. Cell 181, 784–799 (2020).
 26. Aoki, K. et al. Enhanced expression of aquaporin 4 in human brain with infarction. Acta Neuropathol. 106, 121–124 (2003).



9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:2701  | https://doi.org/10.1038/s41598-022-06773-9

www.nature.com/scientificreports/

 27. Promeneur, D., Lunde, L. K., Amiry-Moghaddam, M. & Agre, P. Protective role of brain water channel AQP4 in murine cerebral 
malaria. Proc. Natl. Acad. Sci. U.S.A. 110, 1035–1040 (2013).

 28. Shi, Z. F. et al. Methylene blue ameliorates brain edema in rats with experimental ischemic stroke via inhibiting aquaporin 4 
expression. Acta Pharmacol. Sin. 42, 382–392 (2021).

 29. Manley, G. T. et al. Aquaporin-4 deletion in mice reduces brain edema after acute water intoxication and ischemic stroke. Nat. 
Med. 6, 159–163 (2000).

 30. Guo, H. et al. Astroglial N-myc downstream-regulated gene 2 protects the brain from cerebral edema induced by stroke. Glia 69, 
281–295 (2021).

 31. Qiu, Z. et al. Angiopoietin-like 4 attenuates brain edema and neurological deficits in a mouse model of experimental intracerebral 
hemorrhage. Med. Sci. Monit. 24, 880–890 (2018).

 32. Nakamura, T. et al. Deferoxamine-induced attenuation of brain edema and neurological deficits in a rat model of intracerebral 
hemorrhage. J. Neurosurg. 100, 672–678 (2004).

 33. Wallisch, J. S. et al. The aquaporin-4 inhibitor AER-271 blocks acute cerebral edema and improves early outcome in a pediatric 
model of asphyxial cardiac arrest. Pediatr. Res. 85, 511–517 (2019).

 34. Zhou, Z. et al. VEGI improves outcomes in the early phase of experimental traumatic brain injury. Neuroscience 438, 60–69 (2020).
 35. Skold, M. K., von Gertten, C., Sandberg-Nordqvist, A. C., Mathiesen, T. & Holmin, S. VEGF and VEGF receptor expression after 

experimental brain contusion in rat. J. Neurotrauma 22, 353–367 (2005).
 36. Wu, C. et al. Inhibiting HIF-1alpha by 2ME2 ameliorates early brain injury after experimental subarachnoid hemorrhage in rats. 

Biochem. Biophys. Res. Commun. 437, 469–474 (2013).
 37. Chen, W., Jadhav, V., Tang, J. & Zhang, J. H. HIF-1alpha inhibition ameliorates neonatal brain injury in a rat pup hypoxic-ischemic 

model. Neurobiol. Dis. 31, 433–441 (2008).
 38. Schaible, E. V. et al. 2-Methoxyestradiol confers neuroprotection and inhibits a maladaptive HIF-1alpha response after traumatic 

brain injury in mice. J. Neurochem. 129, 940–954 (2014).
 39. Taft, W. C., Yang, K., Dixon, C. E. & Hayes, R. L. Microtubule-associated protein 2 levels decrease in hippocampus following 

traumatic brain injury. J. Neurotrauma 9, 281–290 (1992).
 40. Darwish, H., Mahmood, A., Schallert, T., Chopp, M. & Therrien, B. Mild traumatic brain injury (MTBI) leads to spatial learning 

deficits. Brain Inj. 26, 151–165 (2012).
 41. Lee, G. et al. Phosphorylation of tau by fyn: Implications for Alzheimer’s disease. J. Neurosci. 24, 2304–2312 (2004).
 42. Sheppard, O. et al. Altered regulation of tau phosphorylation in a mouse model of down syndrome aging. Neurobiol. Aging 33(828), 

e831-844 (2012).
 43. Rubenstein, R. et al. Tau phosphorylation induced by severe closed head traumatic brain injury is linked to the cellular prion 

protein. Acta Neuropathol. Commun. 5, 30 (2017).

Acknowledgements
Not applicable.

Author contributions
A.X. mainly performed the experiments and drafted the manuscript. J.L., R.X., Y.X., X.J., F.C., and H.L. par-
ticipated in the study. J.X. guided the study. F.S. performed data management and rewrote the manuscript. All 
authors read and approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 06773-9.

Correspondence and requests for materials should be addressed to J.X. or F.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-06773-9
https://doi.org/10.1038/s41598-022-06773-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Inhibition of HIF-1α-AQP4 axis ameliorates brain edema and neurological functional deficits in a rat controlled cortical injury (CCI) model
	Methods
	Controlled cortical impact (CCI) injury model of rats. 
	Inhibition of AQP4 and HIF-1α. 
	Assessment of brain edema. 
	Western Blot assays. 
	Immunofluorescence staining. 
	Morris water maze test. 
	Statistical analysis. 

	Results
	Blockage of AQP4 ameliorated brain edema in the acute phase after TBI. 
	Inhibition of HIF-1α reduced brain water content and improve blood–brain barrier function. 
	Early post-traumatic inhibition of AQP4 and HIF-1α markedly alleviated TBI-induced neurological functional deficits in long term learning and memory. 
	Effects of AQP4 and HIF-1α inhibition on neuron loss and the expression levels of neuron structure-related proteins in hippocampus. 

	Discussion
	References
	Acknowledgements


