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Abstract

Background: Traumatic brain edema (TBE) is caused by a specific water channel mediated by

membrane aquaporins. Aquaporin-4 (AQP4) plays an especially important role in this process, but

the relationship between AQP4 and TBE remains unclear. The purpose of this study was to explore

expression of AQP4 in the hippocampus after traumatic brain injury (TBI), as well as the effect of

brain edema on skeletal protein and its function in hippocampal neurons.

Methods: The adult male Wistar rats we divided into a sham group and a TBI group, the latter

of which was further divided into 1, 3, 6, 12, 24 and 72 hours (h) and 15 days (d) post injury

subgroups. A proper TBI model was established, and brain edema was assessed in each group

by water content. We measured the abundance of various proteins, including hypoxia inducible

factor-1α (HIF-1α), AQP4, microtubule-associated protein 2 (MAP2), tau-5 protein, phosphorylated

level of TAU, synaptophysin, cyclic adenosine monophosphate response element binding protein

(CREB), phosphorylated CREB and general control nonrepressed 2, in each group. Hippocampal

neurons and spatial memory test were analyzed in different time points.

Results: Compared with that in the sham group, the level of AQP4 in hippocampal neurons began

to significantly increase at 1 h post TBI and then decreased at 15 d post TBI. During this time frame,

AQP4 level peaked at 12 and 72 h, and these peaks were closely correlated with high brain water

content. HIF-1α displayed a similar trend. Conversely, levels of MAP2 began to decrease at 1 h post

TBI and then increase at 15 d post TBI. In addition, the most severe brain edema in rats was found at

24 h post TBI, with neuronal loss and hippocampal dendritic spine injury. Compared to those in the

sham group, rats in the TBI groups had significantly prolonged latency and significantly shortened

exploration time.

Conclusions: AQP4 level was closely correlated with severity of brain edema, and abnormal levels

thereof aggravated such severity after TBI.
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Highlights

• AQP4 plays an important regulatory role in the early stage of traumatic brain injury (TBI) via.
• Blocking the level of AQP4 is beneficial for attenuating brain edema, releasing the damage of hippocampus and recovering

the normal levels of memory proteins in brain tissue under TBI.
• AQP4 could be a checkpoint protein and potential drug target for clinical treatment of brain edema mediated by TBI in the

future.

Background

The incidence and mortality of traumatic brain injury (TBI)
have increased in recent years, leading TBI to become an
important public-health problem worldwide [1–3]. Brain
edema, one complication of brain injury, generally occurs
within a few hours after TBI [4–6]. It is not only an important
cause of dysfunction in brain cells, such as neurons, but
also a key factor in intracranial hypertension and cerebral
herniation [5]. Brain edema is the main cause of high
mortality and disability in TBI patients [4], and therefore
studying it has important clinical value.

As we know, traumatic brain edema (TBE) is caused by
a specific water channel mediated by membrane aquaporins
in cell membranes and by breakdown of the blood–brain
barrier (BBB) [7–9]. Aquaporin-4 (AQP4) is a transmembrane
protein that specifically regulates water balance, acting as
a water channel that allows only the water molecules to
pass through the cellular membrane [8, 10, 11]. It plays an
important role in the processes of brain edema, stroke and
other diseases [12]. One might therefore wonder whether
abnormal elevation of AQP4 at the protein level could be
related to severity of brain edema following TBI and whether
TBE could be associated with changes in skeletal protein
levels and functional deficits in hippocampal neurons. Up to
now, the evidence from research on these questions has been
limited.

We therefore attempted to investigate the correlation
between AQP4 protein level in the hippocampus and
brain edema following TBI, and the level and function of
hippocampal neural skeletal protein. Using the modified
Feeney method, we established a moderately closed TBI
rat model, and studied the effects of TBE on the level and
function of hippocampal skeletal protein in rats.

Methods

Traumatic brain injury model, grouping

and technical route

Adult male Wistar rats weighing 240–310 g, were provided
by the Experimental Animal Center of the Research Institute
of Surgery, Daping Hospital, Army Medical University (Third
Military Medical University), Chongqing, China. The cor-
responding animal experiments (amuwec 20 181 430) were
approved on 30 June 2018, by the Research Council and
Animal Use and Care Committee of Army Medical University
(Third Military Medical University).

We randomly divided the animals into a sham group
(n = 25) and a TBI group (n = 85). In the sham group, five

rats were used for western blot, five for measurement of brain
water content, five rats for immunofluorescence staining, five
for Golgi staining and five for the Morris water maze (MWM)
test. In the TBI group, we randomly divided 70 of the rats
into seven subgroups of 10 rats each (5 for western blot,
5 for measurement of brain water content) based on time
elapsed after injury: 1, 3, 6, 12, 24, 72 h and 15 d. Five
more rats were used for immunofluorescence staining, and
five for Golgi staining, at 24 h after TBI. The remaining five
rats were used in the MWM test at 11, 13 and 15 d after
TBI. In accordance with the modified Feeney method [13], we
established a moderately closed TBI rat model using a small
animal stereotaxic locator and a PinPoint™ craniocerebral
injury impact device (Hatteras Instruments, Inc., Cary, NC,
USA) to control cortical impact. The impact parameters of
the bone window were as follows: diameter of the impact
head, 4.0 mm; impact depth, 4.0 mm; impact velocity, 2.5 m/s;
impact time, 0.85 ms. Bleeding was stopped after impact, and
the bone window was closed with bone wax. The sham group
received the same treatment as the TBI group except for the
impact. We kept temperature strictly within the range of 22–
24◦C throughout the experiments. We observed the status of
rats after injury, including basic vital signs, breathing, coma,
movement and mortality, and recorded them in timely man-
ner. The construction of TBI model, grouping and technical
route are provided in Figure 1.

Evaluation of brain edema

Edema was assessed directly by brain water content. In sum,
rats in different groups were anesthetized with 3% pentobar-
bital sodium (1 milliliter per kilogram) and quickly decapi-
tated. Then we removed the whole brain and determined its
wet weight. It was dried in a drying chamber at a constant
temperature of 85◦C. We weighed it at 48, 72 and 96 h, taking
its constant weight as the dry weight. Brain water content
was calculated using the dry-wet weight method [3, 13], and
expressed as a percentage of the wet weight per the Elliot
formula: (wet weight-dry weight)/wet weight × 100%.

Western blot

Using western blot, we detected protein levels, including
hypoxia inducible factor-1α (HIF-1α), AQP4, microtubule-
associated protein 2 (MAP2), synaptophysin (SYN), phospho-
rylated tau protein (pTAU) at the ser404 site, TAU-5, cyclic
adenosine monophosphate (cAMP) response element bind-
ing protein (CREB), phosphorylated CREB (pCREB) at the
ser133 site and general control nonrepressed 2 (GCN2). The
hippocampal tissues were removed from the rats and ground
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Figure 1. Animal model, grouping and technical schematic diagram. (a) We exposed the right side of each rat skull and subjected it to a 4-mm-diameter craniotomy

using a motorized drill. The dura remained intact. The craniotomy was positioned at the center of the right parietal bone between the bregma and the lambdoid

suture. This moderately controlled cortical impact model was created using a 4-mm-diameter metal tip with parameters of 4 mm below the dura, 2.5 m/s

impact speed and 0.85 ms dwell time. (b) Animal grouping and technical schematic diagram. CCI Charlson Comorbidity Index, TBI traumatic brain injury, HIF-1α

hypoxia inducible factor-1α, AQP4 aquaporin-4, MAP2 microtubule-associated protein 2, SYN synaptophysin, TAU-5 tau-5 protein, pTAU(ser404) phosphorylated

tau protein at the ser404 site, CREB cAMP response element binding protein, pCREB(ser133) phosphorylated CREB at the ser133 site, GCN2 general control

nonrepressed 2

in a mortar containing liquid nitrogen. We then extracted
total protein from tissue lysate containing protease inhibitor
on ice. Concentration of total protein was determined by
Coomassie Brilliant Blue protein assay. We mixed 20 μL tissue
extracts normalized by protein concentration with a sodium
dodecyl sulfate (SDS) sample buffer.

Samples were electrophoretically separated by 11% and
7.5% SDS-polyacrylamide gel electrophoresis and then trans-
ferred to a nitrocellulose (NC) membrane (both from Bio-Rad
Laboratories, Hercules, CA, USA). Phosphate buffered saline
(PBS) containing 6% skimmed milk powder (blocking buffer)
was used to seal up for 3 h at room temperature (RT), and
then the detected protein antibody was added. We used the
following antibodies: rabbit anti-HIF-1α, rabbit anti-MAP2,
rabbit anti-SYN, rabbit anti-TAU-5, rabbit anti-pTAU, rabbit
anti-CREB, and rabbit anti-pCREB (all ser133; all 1:1000;
Abcam Ltd, Hong Kong, China); and rabbit anti-AQP4, goat
anti-GCN2 and goat anti-glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (all 1:300; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA). These antibodies were incubated with
the NC membrane at RT for 1–2 h. After washing the NC
membrane, we similarly incubated for 45 minutes (min) with
secondary antibodies (Sigma-Aldrich, St. Louis, MO, USA)
binding to horseradish peroxidase. Finally, we visualized tar-
get antigens via standard electrochemiluminescence meth-
ods (Bio-Rad, Hercules, CA, USA). In addition, we adopted
GAPDH as a normalization protein in the experiment.

To quantify the relative level of target protein, we used the
image analysis program (LABWORKS version 4.6) (Informer
Technologies, Inc.; https://informer.com) to analyze imprinted
images and compare levels of protein intensity among differ-
ent groups.

Immunofluorescence staining

At 24 h after TBI, the animals received an intracardiac
perfusion of cold PBS (pH 7.0) solution containing 4%

polyformaldehyde. The removed brain tissue was fixed in 4%
polyformaldehyde for 24 h and embedded in paraffin. We
then cut 40 μm paraffin sections across the coronal plane and
used immunofluorescence staining to label neuron-specific
nuclear protein (NeuN). In addition, we used fluorescence
microscopy for observation and photography, and we ana-
lyzed the images.

Golgi staining

For Golgi staining, we used a Rapid GolgiStain™ Kit (FD
NeuroTechnologies, Columbia, MD, USA) per manufacturer’s
instructions and the methods previously described by Xu and
Phan [14–16]. In summary, rats were deeply anesthetized.
We quickly removed the brains, rinsed them with double
distilled water and immersed them in impregnation solution
for 2 weeks, after which we cut them into 80 μm sections on
a cryostat at −22◦C and stained them for 10 min. Selected
hippocampal neurons were photographed using a DFC290
camera connected to a Leica DM1000, vertical microscope
(both from Leica, Wetzlar, Germany). Dendritic spine density
(spines per 10 mm) and morphological changes were mea-
sured. We used three neurons from each of the five rats for
statistical analysis.

Morris water maze test

Rats were randomly selected to enter the MWM from three
quadrants (excluding the target quadrant) three times, until
they could find the platform. On the first day, they were
allowed to swim freely for 2 min. From the second day
onward, they were trained three times a day at 1 h inter-
vals. On the fourth day, the following experiments were
conducted.

We performed an avoidance latency experiment, also
called a positioning navigation experiment, reflecting the
acquisition of spatial memory and the memory ability of

https://informer.com
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Figure 2. The abnormal level of AQP4 accompanied with HIF-1α promoted the pathological process of brain edema following the TBI. (a) The level of HIF-1α in

different groups under brain edema by western blot. Compared with that in the sham group, the level of HIF-1α in the TBI group increased significantly from 6 h

to 72 h (p < 0.01). However, the level of HIF-1α in the TBI group decreased at 15 d after injury, although it was still higher than that in the sham group (p > 0.05).

During the observation period from 1 h to 15 d after injury, the content of HIF-1α peaks at 12 h and 72 h (p < 0.01). (b) The rules of AQP4 changes were more or

less in line with those of HIF-1α during the same pathological course (p < 0.01). (c) The difference of brain water content in each time points. Compared with the

sham group, the brain water content at 3 h, 6 h, 12 h, 24 h, 48 h, 72 h after TBI were obviously higher (p < 0.01). Furthermore, brain edema peaks at 12 h and 72 h

(p < 0.01). (d) The correlation analysis between AQP4 level and brain edema. Water content in brain tissue was positively correlated with AQP4 at hippocampal

protein level, r = 0.6916, Y = 2.609∗X + 75.16, p < 0.01. (e) The correlation analysis between HIF-1α and brain edema. Water content in brain tissue was positively

correlated with HIF-1α at hippocampal protein level, r = 0.6939, Y = 1.998∗X + 75.45, p < 0.01 (∗p < 0.05; ∗∗p < 0.01). APQ4 aquaporin-4, TBI traumatic brain injury,

HIF-1α hypoxia inducible factor-1α, GAPDH glyceraldehyde-3-phosphate dehydrogenase

reference objects, to measure the time from the rats entering
the water until they climbed the hidden platform. If the rat
did not find the platform within 120 seconds (s), it was led to
and kept at the platform for 120 s, and the incubation period
was recorded as 120 s.

A space exploration experiment, also called a transfer
experiment, reflecting spatial memory retention and work-
ing memory ability, was performed as follows. The hidden
platform experiment was completed on the next day. After
the original platform was withdrawn, we put the rats into
the water at the same entry point. Residence time was also
called exploration time, and the time the rats spent passing
through the quadrant of the original platform within 120 s

was recorded. The above experiments were repeated at 7 d
after TBI.

Statistical analysis

Data were expressed as mean ± standard deviation (SD; x
±s). We adopted analysis of variance (ANOVA) and the least
significant difference (LSD) t-test to analyze the western blot,
brain water content and MWM test results. All data were
analyzed using GraphPad Prism (GraphPad Software, Inc.,
San Diego, CA, USA), Microsoft Excel (Microsoft Corp.,
Redmond, WA, USA) and LABWORKS software. We used an
independent-sample t-test and correlation analysis to com-
pare average values and explore the relationship between



Burns & Trauma, 2021, Vol 9, tkaa050 5

Figure 3. Loss of hippocampal neurons post TBI as shown by NeuN fluorescence staining. After neuron was labeled by brain slices, the hippocampus

was observed by confocal laser microscopy while nine visual fields (1 mm2 per visual field) were counted and mean values were taken for the t-test. (a)

Immunofluorescence: NeuN (yellow), DPAI (bule), 20 × 10; (b) NeuN (+) cell statistics: the NeuN (+) cells in the dorsal hippocampus were counted and the

staining results were analyzed by Image-Pro Plus 4.5 (Media Cybernetics, Silver Spring, MD, USA), p < 0.01 compared with the sham group, n = 5 (∗∗p < 0.01).

TBI traumatic brain injury, DPAI 4,6-diamidino-2-phenylindole

AQP4 and brain edema. P < 0.05 was considered statistically
significant.

Results

Observation of rat status after TBI

Twelve rats in the TBI group died between 7 and 24 h after
TBI, the mortality rate was about 9.84%. We measured the
brain water content of these dead rats and found that the ratio
of brain water content between the sham group and each
dead rat was ≥85.23%. None of the dead rats were included
in the total number of animals used in the subsequent
experiments.

AQP4 and HIF-1α levels during brain edema after TBI

Following TBI, HIF-1α level showed a tendency to increase
(Figure 2a), while the level of AQP4 in the TBI group was
significantly higher than that in the sham group. During the
observation period of 1 h–15 d after injury, we identified two
peaks in AQP4 level (Figure 2b) at the time points of 12 h and
72 h.

Degree of edema was determined by mean percentage
change of water content in brain tissue. One hour after TBI,
brain water content began to increase, peaking at 72 h; it
returned to normal in 15 d after TBI. During the observation
period, two peaks of brain water content peaked twice at 12 h
and 72 h (Figure 2c).

Abnormal AQP4 level was closely correlated with brain
water content. The results of correlation analysis showed
a positive correlation between AQP4 and brain edema
(Figure 2d). Moreover, a similar correlation was shown
between HIF-1α and brain edema (Figure 2e).

Loss of hippocampal neurons and skeletal damage

We found a significant loss of hippocampal neurons
(p < 0.01) and a decrease in the number of neurons (Figure 3).
The level of MAP2 in the TBI group was significantly lower

than that in the sham group (p < 0.05 or p < 0.01, Figure 4a
and b). Meanwhile, the level of SYN in the TBI group was
also significantly decreased. The difference in these protein
levels between the two groups was significant (p < 0.05 or
p < 0.01, Figure 4c). In addition, compared with that in the
sham group, the protein level of TAU-5, the main component
of neurofibrillary tangles (NFT) [17], and the level of pTAU at
the ser404 site in the TBI group gradually increased (p < 0.01,
Figure 4d).

We also observed the structure of synapses (Figure 5).
Compared with that in the sham group, the density of
dendritic spines in the hippocampus decreased significantly
at 24 h following TBI (p < 0.01). The results also showed
that the density of mushroom-type (mature-type) dendritic
spines were closely correlated with a decrease in spatial
memory (p < 0.01). In addition, the proportion of stubby-
type (disability-type) dendritic spines increased (p < 0.01),
while that of thin-type (developmental) dendritic spines
associated with short-term learning and memory decreased
(p < 0.01).

Neuronal dysfunction in the hippocampus

There was a significant difference in CREB and pCREB levels
between the TBI and sham group (p < 0.05) (Figure 6a, b, c),
which implied the weakened storage and memory ability
[18]. Moreover, the level of GCN2 in the hippocampus
was significantly higher in the TBI group than in the
sham group (p < 0.05) (Figure 6a and d), which indicated
reduced ability to transform new information into long-term
memory [19].

Prior to TBI, the MWM experiment showed no significant
differences in spatial memory ability in rats. Following TBI,
compared with that in the sham group, the latency of rats in
the TBI group was significantly prolonged at 11, 13 and 15
d (p < 0.05) (Figure 6e), while exploration time in the TBI
group was significantly shortened at the same time points
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Figure 4. Changes in levels of several proteins (MAP2, SYN, pTAU at the ser404 site and TAU-5) after TBI. All of the above proteins were related to skeletal

damage of hippocampal neurons mediated by brain edema. Detection methods were the same as for HIF-1α. (a, b) Compared with the sham group, the level of

MAP2 in the TBI group continued to decrease; it recovered 15 d after injury but was still significantly lower than that in the sham group. The difference in MAP2

levels between the two groups was significant (p < 0.01). (a, c) Except at the time point of 1 h after injury (p > 0.05), SYN level differed significantly between the

TBI and sham groups (p < 0.01). (a, d) Compared with the sham group, levels of pTAU at the ser404 site in the TBI group increased significantly from 1 h to 15 d

(p < 0.01). However, its levels in the TBI group tended to decrease at 15 d after injury (∗∗p < 0.01). MAP2 microtubule-associated protein 2, pTAU phosphorylated

level of TAU, TBI traumatic brain injury, SYN synaptophysin, GAPDH glyceraldehyde-3-phosphate dehydrogenase

(p < 0.01) (Figure 6f), showing decreased spatial reference
memory and spatial working memory.

Discussion

At present, a moderate TBI model is most commonly used
in the experimental study of TBI. After impact, 76.83%

(63/82) of the rats in our study showed various degrees of
neuroreflex symptoms such as conditional and unconditional
reflex disappearance, coma and limb motor impairment. The
mortality rate was 14.63% (12/82), which met the criteria of
the moderate TBI model.

Brain edema has significant incidence and mortality rates,
especially for the level of AQP4 at 24 h after TBI [20, 21].
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Figure 5. Hippocampal dendritic spine injury at 24 h after TBI. Three neurons were counted per rat, and the mean value was taken (n = 5). (a) Typical Golgi

staining, 10 × 10; (b) Dendritic spine density statistics; (c) Dendritic spine morphology statistics (∗∗p < 0.01). TBI traumatic brain injury

Figure 6. Neuronal dysfunction in hippocampus mediated by brain edema after TBI. (a, b, c) Compared with the sham group, CREB and pCREB (ser133) were

at their lowest levels at 72 h post TBI (p < 0.01). (a, d) Compared with the sham group, GCN2 level increased significantly from 3 h to 15 d after TBI (p < 0.01).

(e, f) Escape latency and search time in the MWM test: compared with the sham group, there were no significant differences in the results of pre-injury t-tests

(p > 0.05) and significant difference in behavioral tests performed in the time points of 11, 13 and 15 d after TBI (p < 0.01) (∗∗p < 0.01). TBI traumatic brain injury,

CREB cAMP response element binding protein, d day(s), GAPDH glyceraldehyde-3-phosphate dehydrogenase, GCN2 general control nonrepressed 2

Our experimental data supported that brain edema after
brain injury was mediated by HIF-1α and AQP4. After TBI,
HIF-1α level in brain tissue increased significantly at 3 h,
peaked at 12 h and remained high until 72 h. AQP4 level
increased at 1 h, which increased the permeability of cell

membranes and destroyed the steady state and balance of
the cell microenvironment. As a result, brain water content
increased rapidly, exceeding 80% at 6 h. Meantime, TBE
peaked at 12 h and 72 h (respectively 83.78% and 82.28%
of brain tissue). The increase in brain water content was
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Figure 7. Schematic diagram for the role of AQP4 after TBI. TBI traumatic brain injury, HIF-1α hypoxia inducible factor-1, AQP4 aquaporin-4

closely and positively correlated with levels of HIF-1α and
AQP4, with respective correlation coefficients of 0.6939 and
0.6916. In short, following TBI, AQP4 was overexpressed
and remained abnormally high, and brain edema occurred
quickly and persisted. This imbalance of AQP4 contributed
to persistent brain edema and subsequent damage to brain
tissue.

As one of the factors in brain injury [4, 5, 22–24], brain
edema can elevate intracranial pressure and increase the
incidence of nerve cell injury [25] and the mortality of brain
injury patients [26]. AQP4 is not only the most abundant
aquaporin in the brain, but also the dominant of cerebral
edema, especially vasogenic and cytotoxic edema [26, 27].
Therefore, in this study we observed dysfunction of hip-
pocampal neurons caused by AQP4-induced brain edema.
The hippocampus is the key area for spatial learning and
memory, and it plays an important role in spatial navigation,
goal-oriented tasks and memory storage [28]. Our results
showed that neuronal loss and cerebral swelling were severe
after TBI, and the level of MAP2, an important component
of dendritic markers and neuronal cytoskeleton in the hip-
pocampus, significantly decreased. The loss of neurons and
the decreasing level of MAP2 suggest that TBI causes damage
to dendrites and the skeletons of hippocampal neurons [29].

pTAU, which is involved in the pathological processes of
many diseases, has a toxic effect on neuronal processes [17].
A large amount of pTAU produced by TBI can destroy the
structure and function of normal TAU and form entangle-
ments, which leads to the destruction of microtubules and
thus affects the function of microtubules [17]. Our results
showed that pTAU (ser404) significantly increased after TBI,
suggesting that TAU was involved in axonal injury and cog-
nitive dysfunction.

Moreover, as a specific marker of neuronal presynaptic
terminals, SYN was confirmed to be closely related to
spatial learning and memory in this study. This finding
implied that the hippocampal neuronal skeleton and synaptic
damage were correlated with spatial memory. In addition,
the level trends of CREB, pCREB (ser133) and GCN2
also suggested that TBI impaired learning and memory
in rats.

The formation of memory depends on synaptic trans-
mission between neurons. TBI directly or indirectly leads
to the destruction of neuronal skeletons and synaptic
structure, hinders the formation of synapses or inhibits
the regeneration of neurites (mainly axons), and blocks the
functional connections between neurons leading to impair-
ment in transmission or non-transmission of information
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[29–31]. This study demonstrated that the increased propor-
tion of disabled dendritic spines appeared to be correlated
with the decrease in short-term learning and memory. These
results confirmed that TBI destroyed the hippocampal neu-
ronal skeleton and synapses, and subsequently altered protein
levels, which enriched the pathological basis of neurological
deficits caused by TBE.

Taken together, the study showed that AQP4 played an
important role after TBI (Figure 7). The abnormal level of
AQP4 not only caused loss of hippocampal neurons and
destroy hippocampal skeleton, but also led to hippocampal
neuronal dysfunction. Furthermore, its level was closely cor-
related with severity of brain edema and injured memory
storage in rats. Therefore, AQP4 may act as a potential drug
target under TBI in the future.

Although our study manifested that abnormal level of
AQP4 aggravated the severity of brain edema after TBI, our
data did not clarify the specific relationship between AQP4
and brain edema, nor the molecular mechanism involved.
So far, we cannot determine causativity in terms of these
factors. Furthermore, the number of samples, type of models
and methodology of experiments adopted in the study were
limited. Therefore, we will need to identify the signaling
pathways of AQP4 and HIF-α in further study.

Conclusions

Based on the results of this study, we concluded that HIF-
1α gene was activated by ischemia and hypoxia following
TBI, resulting in a sustained high level of AQP4 at the protein
level and leading to sustained brain edema. TBE mediated by
HIF-1α and AQP4 damaged hippocampal neurons, destroyed
the skeletons of hippocampal neurons, suppressed the protein
level of memory storage, and enhanced the inhibition of
related protein level. This conclusion emphasizes that HIF-
1α and AQP4 mediate TBE. It implies that blocking AQP4
is beneficial for attenuating brain edema, releasing damage
to the hippocampus and recovering the normal levels of
memory proteins in the early stage after TBI. Thus, AQP4
could be a checkpoint protein and potential drug target for
clinical treatment of brain edema mediated by TBI in the
future.
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