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Overexpression of aquaporin-1 aggravates hippocampal
damage in mouse traumatic brain injury models
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Abstract. ‘Secondary insult’ following primary traumatic
brain injury (TBI), including ischemia and edema, may
aggravate brain impairments and affect the outcomes. The
hippocampus is particularly sensitive to ischemia or edema
due to its selective vulnerability, as neural cells of the
hippocampus may be more prone to abnormal function or
cell death in response to ischemia and edema. Aquaporin-1
(AQP-1) was reported to be associated with cerebral edema;
however, the expression and role of AQP-1 in hippocampal
edema following TBI have seldom been investigated. In the
current study, BALB/c mouse closed craniocerebral injury
models were established and the changes of AQP-1 expres-
sion in hippocampi of mouse models following TBI were
investigated. Neurological function and edema formation of
the models were evaluated and the apoptotic hippocampal
cells were then stained in siru and detected, followed by
determination of AQP-1 expression in the hippocampus using
immunohistochemistry and western blot analysis. As a result,
the majority of mice in the TBI group were severely injured
and hippocampal edema was confirmed. The apoptotic cells
increased significantly in the hippocampi of mice in the TBI
group compared with those in the sham group (P<0.01) and
the apoptotic rate increased gradually in a time-dependent
manner. The expression levels of AQP-1 in the hippocampi of
mice were markedly higher in the TBI group than in the sham
group (P<0.05) at various time points and AQP-1 expression
levels peaked one day following TBI. These results indicate
that upregulation of AQP-1 may participate in edema forma-
tion and delayed cell death of the hippocampus following
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TBI and may also be a novel therapeutic target to protect the
hippocampus from secondary injury following TBI.

Introduction

Traumatic brain injury (TBI) is a major source of mortality
and disability worldwide (1). Usually, the initial mechanical
insult (primary injury) is limited and focal. However, these
injuries progressively enlarge in extent and severity by mecha-
nisms of secondary injury, the most significant of which are
hypoxia, ischemia and edema, which occur within minutes
or weeks following the primary injury (1-4). Compared with
the primary injury, secondary injuries to the brain are more
progressive and may ultimately be the deciding factors in
patient recovery (1).

Pathophysiological procedures, including hypoxia, isch-
emia and edema, are interrelated and mutually improved. The
brain consumes almost 20% of the total oxygen utilized by the
body at rest. Due to its high metabolic rate, the brain requires
more oxygen and glucose than other organs and is extremely
vulnerable to ischemia or hypoxia resulting from decreased
cerebral blood flow (CBF), increased intracranial pressure
(ICP) and/or swelling and edema (2). Cerebral edema is a fairly
common pathophysiological entity among TBI patients and is
defined as an excess accumulation of water in the intra- and/or
extra-cellular spaces of the brain, which can be induced by
vasogenic, cytotoxic or osmotic factors (1,5-7). TBI may result
in interstitial (vasogenic) and intracellular (cytotoxic) edema,
which contribute to secondary injury (1-3,7). Aside from the
forces incurred by the initial trauma, the prolonged compres-
sive forces of cerebral edema may further impair brain function
by distorting brain tissues, elevating ICP and reducing CBF,
which aggravates ischemia and hypoxia of the brain (1,2,7).

Due to its selective vulnerability, the hippocampus is
particularly sensitive to ischemia or edema of secondary
injury following TBI (8-12). Damage to the hippocampal
region results in neuronal apoptosis and leads to cognitive,
memory and learning impairments (8,10,13,14). Therefore,
it is crucial to protect hippocampal cells from the insult of
ischemia, hypoxia and edema, in order to improve the outcome
of TBI. Aquaporins (AQPs) are water channels that provide the
major route for water movement across plasma membranes in



QIU et al: AQP-1 OVEREXPRESSION AGGRAVATES HIPPOCAMPAL DAMAGE

a variety of tissues, including the brain (6,15-20). As a member
of the AQPs, AQP-1 has been found to be expressed in astro-
cytes in cerebral edema associated with TBI, indicating an
intimate connection between AQP-1 and cerebral edema (21).
In the present study, a series of assays to determine APQ-1
expression in the hippocampal region of mouse models
were designed and conducted, and the role of AQP-1 in the
hippocampal damage of secondary injury following TBI was
evaluated.

Materials and methods

Animal preparation. All experimental animals were
purchased from the Department of Experimental Animal of
China Medical University (Shenyang, China). The animals
were handled according to the guidelines of the Council for
International Organization of Medical Sciences on Animal
Experimentation (World Health Organization, Geneva,
Switzerland) and the China Medical University. Animal
protocols were approved by the Institutional Animal Care
and Use Committee (China Medical University). A total of
150 male BALB/c mice (8-10 weeks-old), with an average
body weight of 20-25 g, were housed in cages in a light/dark
cycle of 12 h. The animals were randomly divided into a
control group (sham, n=75) and an experimental group (TBI,
n=75); each group contained three subgroups according to
sacrifice time (6, 24 and 72 h, n=25) following closed cranio-
cerebral injury (CCI).

Establishment of animal models. Experimental CCI was
induced using a modified weight-drop device, as described
by Chen et al (22,23). Briefly, following induction of 4-5%
isoflurane anesthesia, a midline longitudinal incision was
performed, the skin was retracted and the skull was exposed.
The left anterior frontal area was identified as the impact
area and a Teflon tipped cone (diameter, 2 mm) was placed
1.5 mm lateral to the midline in the mid-coronal plane. The
head was fixed and a 40-g weight was dropped onto the cone
from a height of 25 cm, resulting in a focal injury to the left
hemisphere. Following trauma, the mice received supporting
oxygenation with 95% O, for no longer than 2 min and were
then returned to their cages. The scalp wound was closed using
standard suture material and the wound area was treated with
lidocaine cream. Sham controls received anesthesia and skin
incision only.

Neurological function score of mouse models. The neuro-
logical function of each mouse model was evaluated at various
times (6, 24 and 72 h) following CCI using a modified neuro-
logical severity score (NSS) as previously described (22,23).
Table I shows a set of modified NSS. Neurological function
was graded on a scale of 0 to 18 (normal score, 0; maximal
deficit score, 18). NSS is a composite of motor, sensory, reflex
and balance tests. In the severity scores of injury, 1 score point
is awarded for the inability to perform the test or for the lack
of a tested reflex; thus, the higher the score, the more severe the
injury. Thus, a score of 13-18 indicates a ‘severe’ injury, while
a score of 7-12 reflects a ‘moderate’ injury and <6 indicates a
‘mild’ injury. Initial severity of the trauma was assessed 1 h
following trauma. The parameters of damage for severe injury
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were established in the present study. A total of 20 mice from
each subgroup in the experimental or control groups were
randomly selected for each assay (four for edema evaluation,
eight for immunochemistry and apoptosis assays and eight for
western blot analysis).

Evaluation of edema. As previously described, cerebral
edema was measured by detecting the tissue water content
in the ipsilateral hippocampus (22,24). Following anesthesia
using intraperitoneal administration of 0.8% pentobarbital
(40 mg/kg), a mouse was sacrificed by decapitation and the
left hippocampus was rapidly removed. A tissue segment
(~20 mg) was taken from the left hippocampus and weighed to
yield wet weight (WW). Following desiccation oven treatment
for 24 h at 95°C, the sample was reweighed to yield dry weight
(DW). The calculation formula was as follows: Tissue water
content (%) = [(WW - DW) x 100]/WW. Edema was measured
at 6,24 and 72 h following CCI in four mice at each time point.

Tissue preparation and immunohistochemistry assay. At 6,
24 and 72 h following sham surgery or CCI, mice in the sham
or TBI groups were anesthetized, sacrificed by decapitation
and the whole left hippocampus was rapidly removed and
separated on ice. The left hippocampus of each mouse was
subject to immunochemistry, apoptosis and western blot
analysis.

For immunochemistry and apoptosis detection, the left
hippocampus from each mouse was placed in 4% paraformal-
dehyde in phosphate-buffered saline [PBS; 0.1 M, (pH 7.6)],
containing 0.1% diethylpyrocarbonate. The tissue was stored
in the same fixative solution for 4-6 h at 4°C and then placed
in a 30% phosphate-buffered sucrose at 4°C until immer-
sion. The tissue was then paraffin-embedded and 8-um thick
coronal sections were created using a rotary microtome (Leica
RM?2235; Leica Microsystems GmbH, Wetzlar, Germany).
Sections were stored at -80°C for later use.

A third series of every tenth section of each left hemi-
sphere was used for detection and quantification of AQP-1
staining. Immunohistochemistry was performed according
to the manufacturer's instructions of the Histostain-SP kit
(Invitrogen Life Technologies, Carlsbad, CA, USA) and the
primary antibody (rabbit anti-mouse AQP-1; Sigma-Aldrich,
St. Louis, MO, USA) was diluted at 1:200. AQP-1 binding
was visualized using the standard avidin/biotinylated enzyme
complex-horseradish peroxidase (HRP) staining procedure,
with 3,3'-diaminobenzidine (DAB) as a chromogen. In the
control sections, the primary antibody was replaced with
normal goat serum. The sections were inspected using an optic
microscope (BX40; Olympus, Tokyo, Japan). All experimental
groups were included in each immunochemical analysis and
were, therefore, processed under the same conditions.

Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP
nick-end labeling (TUNEL) staining of hippocampal tissue.
Apoptosis of hippocampal cells was detected using an in situ
cell death detection kit (Roche Diagnostics, Mannheim,
Germany) according to the manufacturer's instructions. Briefly,
8-um paraffin sections underwent conventional deparaffiniza-
tion and hydration and were then were immersed in 3% H,0, to
quench endogenous peroxidase activity, followed by incubation
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Table I. Modified neurological severity score for mice.
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Characteristic Point
Motor tests 6)
Raising rat by the tail 3)
Flexion of forelimb 1
Flexion of hindlimb 1
Head moved >10° to vertical axis within 30 sec 1
Placing rat on the floor 3)
Normal walk 0
Inability to walk straight 1
Circling toward the paretic side 2
Fall down to the paretic side 3
Sensory tests 2)
Placing test (visual and tactile test) 1
Proprioceptive test (deep sensation, pushing the paw against the table edge to stimulate limb muscles) 2
Beam balance tests 6)
Balances with steady posture 0
Grasps side of beam 1
Hugs the beam and one limb falls down from the beam 2
Hugs the beam and two limbs fall down from the beam or spins on beam (>60 sec) 3
Attempts to balance on the beam but falls off (>40 sec) 4
Attempts to balance on the beam but falls off (<20 sec) 5
Falls off: No attempt to balance or hang on to the beam (<20 sec) 6
Reflexes absent and abnormal movements @)
Pinna reflex (head shake when touching the auditory meatus) 1
Corneal reflex (eye blink when lightly touching the cornea with cotton) 1
Startle reflex (motor response to a brief noise from snapping a clipboard paper) 1
Seizures, myoclonus, myodystony 1

Maximum points, 18. One point is awarded for the inability to perform the tasks or for the lack of a tested reflex; 13-18 indicates severe injury;

7-12, moderate injury; and 1-6, mild injury.

at room temperature for 15 min with proteinase K [20 yg/ml
in Tris/HCI (pH 7.4-8.0); Promega Corporation, Madison, W1,
USA]. Thereafter, sections were incubated with 50 z1 TUNEL
reaction mixture (TdT and labeled nucleotide mixture) for 1 h
in 37°C. The sections were rinsed in PBS, wiped dry, incubated
with 50 ul converter-peroxidase for 30 min at 37°C, washed
again and further incubated with 50 1 DAB substrate solu-
tion (Roche Diagnostics) at room temperature for 10 min. The
sections were subsequently dehydrated, cleared and mounted.
Cells containing fragmented nuclear chromatin exhibited
a brown nuclear stain. As negative controls, sections were
processed without TdT buffer. Apoptotic cells were examined
with an optic microscope (BX40).

Western blot analysis. For western blot analysis, the left
hippocampus removed from each mouse was used for
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and western blot analysis, as described previ-
ously (25). Equal quantities of tissue lysates were resolved
by SDS-PAGE, transferred onto polyvinylidene fluoride
membranes (Roche Diagnostics) using electroblotting,

probed with specific primary antibodies followed by
secondary antibody conjugation and then analyzed. The
primary antibodies were monoclonal rabbit anti-mouse
AQP-1 (1:500; Sigma-Aldrich) and monoclonal anti-p-actin
antibody (1:500; Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA) and were detected using HRP-conjugated
goat anti-mouse IgG (1:500; Sigma-Aldrich) in blocking
solution. The non-glycosylated (28 kDa) band was used
for analysis of changes in AQP-1 expression in all experi-
ments. Immunoreactive protein bands were visualized
with enhanced chemiluminescence reagent (ECL-PLUS;
Amersham Biosciences, Piscataway, NJ, USA), scanned with
a FujiFilm LAS300 Intelligent Dark Box scanner (Fujifilm,
Tokyo, Japan) and quantified for pixel density by the optical
density (OD) method using Image J software (version 1.46;
http://rsb.info.nih.gov/ij/).

Statistical analysis. All analyses were performed in trip-
licate and the representative results are presented as the
mean =+ standard deviation (SD). The data were analyzed
using SPSS for Windows software (version 18.0; SPSS, Inc.,
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Figure 1. AQP-1 expression in hippocampi was detected using an immunochemistry assay. (A) AQP-1 was expressed at uniformly low levels in the hippocampi
of the sham group at various times (72 h; scale bar, 12.5 ym; magnification, x200). (B) Expression levels of AQP-1 in hippocampi of the TBI group increased
significantly following closed craniocerebral injury (72 h; scale bar, 12.5 gm; magnification, x200). (C) Histogram of AQP-1 expression levels in the experi-
mental and control groups at various times. "P<0.05 and “P<0.01 vs. sham. AQP-1, aquaporin-1; TBI, traumatic brain injury.

Chicago, IL, USA). Comparisons between groups were made
with a one-way analysis of variance and a paired t-test.
P<0.05 or P<0.01 were considered to indicate a statistically
significant difference.

Results

Outcomes of mouse models. In a preliminary experiment, the
weight and distance selected for the object in the weight-drop
device were repeatedly tested to guarantee that the average
NSS score for the majority of mouse models was confined to
the range of severe injury (score, 13-18). The clinical statuses
of the injured mice were evaluated by the modified NSS at 6,
24 and 72 h following CCI. The average NSS was found to
decrease from 15.3+09 at 1 h, to 14.2+1.1 at 6 h, 11.2+0.6 at
24 h and 10.6+0.8 at 72 h following CCI. In the control group,
mice that received sham surgery were able to perform all tasks
and obtained a score of O in the NSS.

Edema formation. The experimental CCI resembled cere-
bral edema following TBI. In the control group, the average
cerebral water content in the left hippocampi at various times
showed no marked fluctuation (77.23+0.46%, 77.51+0.35%
and 77.48+0.51% at 6,24 and 72 h, respectively). In the experi-
mental group, edema was detected 6 h following CCI in the
left hippocampus (79.44+0.36%; P<0.05, vs. sham), peaked at
24 h (81.28+0.20%; P<0.01, vs. sham) and maintained a high
level at 72 h (80.73+0.34%; P<0.01, vs. sham). These results
demonstrated the existence of acute hippocampal edema
following experimental CCI.

Outcomes of immunohistochemistry. Immunohistochemical
staining for AQP-1 was evaluated qualitatively in at least
ten serial sections of each hippocampus from a subgroup
of experimental or sham groups and results of ten separate
measurements were expressed as the mean + SD. The intensity
of the immunohistochemical reaction was expressed as rela-
tive OD (ROD) of DAB brown reaction product and calculated
using Image-Pro Plus for Windows (Version 6.0; Media

Cybernetics, Bethesda, MD, USA) using the following formula
where GL is the gray level for the stained area (specimen, S)
and unstained area (background, BG) and blank (B) is the gray
level measured following removal of the slide from the light
path: ROD = ODy/ODy; = log(GLy/GL)/10g(GL/GLygg).

In the immunohistochemistry assay, AQP-1 expres-
sion levels in mice hippocampi significantly increased 6 h
following CCI compared with those in the sham group at the
same time (average, 0.25+0.06 vs. 0.14+0.03; P<0.05). AQP-1
expression in the experimental group reached peak levels
at 24 h following CCI (0.69+0.32 vs. 0.15+0.07; P<0.01).
Following 72 h CCI, AQP-1 expression marginally decreased,
but remained markedly higher than that in the sham group at
the same time point (0.51+0.22 vs. 0.14+0.04; P<0.01). The
difference in mean ROD of AQP-1 protein levels in mice
hippocampi between the experimental or sham group was
statistically significant at various times (6, 24 and 72 h), as
shown in Fig. 1.

Apoptosis detection in the hippocampus following TBI. In the
control group, the average apoptotic rate of hippocampal cells
was relatively constant and low at various times (8.61+8.25,
7.5549.54 and 10.17+6.08% at 6, 24 and 72 h following sham
surgery, respectively). In the experimental group, however, the
average apoptotic rate increased with prolonged post-injury
interval. A marked increase in TUNEL-positive cells was
observed 6 h following injury (44.26+15.18%), which was
significantly higher than its counterpart in the sham group
(P<0.01). The average apoptotic rate of hippocampal cells in
the experimental group continued to rise at 24 h following
injury (53.35+22.67%) and reached 61.62+26.55% at 72 h
following injury, which were significantly higher values than
those in corresponding subgroups of the control group (P<0.01
for the two comparisons), as shown in Fig. 2.

Quantitation of AQP-1 protein expression. The present
study investigated whether AQP-1 expression in BALB/c
mice was altered following experimental TBI. Western
blot analysis showed one band at 28 kDa corresponding
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Figure 2. Apoptotic rates of hippocampal cells in all groups by TUNEL. (A) Average apoptotic rate of hippocampal cells was constantly low following sham
surgery (72 h; scale bar, 12.5 ym; magnification, x200). (B) In the TBI group, average apoptotic rate of hippocampal cells increased continuously following
closed craniocerebral injury (72 h; scale bar, 12.5 ym; magnification, x200). (C) Histogram of average apoptotic rate of hippocampal cells in experimental
and control groups at various times. ““P<0.01 vs. the sham group. TBI, traumatic brain injury; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP
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Figure 3. Western blot analysis of AQP-1. (A) Non-glycosylated (28 kDa)
AQP-1 expression levels in the hippocampus increased 6 h following TBI,
peaked at 24 h and decreased when detected at 72 h following injury.
(B) Paired t-tests confirmed that the variations in AQP-1 expression between
subgroups from the experimental and control groups at the same time points
were statistically significant. "P<0.05 and “P<0.01 vs. sham. S, sham group;
6,24 and 72 h, TBI group at various time points. AQP-1, aquaporin-1; TBI,
traumatic brain injury.

to non-glycosylated AQP-1. There were significant differ-
ences in the expression of AQP-1 between subgroups of the
experimental and control groups at various times (Fig. 3).
The average AQP-1 expression level in the hippocampi of
the experimental group increased to 0.21+0.11 at 6 h, peaked

(0.46+0.19) at 24 h and marginally decreased to 0.35+0.17
at 72 h following experimental TBI. Compared with those
in the control group at various times (0.14+0.02, 0.14+0.04
and 0.15+0.04, at 6, 24 and 72 h, respectively), the expression
of AQP-1 protein was markedly upregulated following TBI,
which was in accordance with the results of immunohisto-
chemistry assay.

Discussion

Secondary insult of TBI includes complicated biomolecular
and physiological changes that destroy surviving cells of the
primary injury and cause delayed cell death in surrounding
or distant regions (2,26). Currently, post-injury hypoxia,
ischemia and edema have attracted increasing attention in TBI
research (1-4,7). The contribution of cerebral edema to brain
swelling in cases of TBI remains a critical problem for which
there is currently no effective clinical treatment (7). Notably,
a previous study has demonstrated that the degree of brain
swelling assessed on the first computed tomography scan,
obtained soon after injury, correlates highly with mortality
rate (e.g., compressed or obliterated mesencephalic cisterns
vs. normal cisterns, P<0.0002) (27), indicating that therapy
must be commenced as soon as possible to avoid neuro-
logical deterioration or mortality (7). According to present
hypotheses, vasogenic edema may result from a failure of
the blood-brain barrier, while cytotoxic edema is the result
of a biomolecular injury and inflammatory cascade that
causes loss of ionic gradients, membrane dysfunction and
cellular swelling (7,12,28). As a result of traumatic impact
or the subsequent attack of free radicals, permeability of the
blood-brain barrier or reflex vasodilation of vessels increases
and allows the plasma components of blood to gain entrance
to the extracellular space, indicating an ‘original’ vasogenic
edema (1,2,7,13,14,29). Additionally, ischemia and hypoxia,
in the process of secondary injury, may deplete cell energy
stores and disable the sodium-potassium ATPase. This
reduces calcium exchange and, thereby, results in cytotoxic
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cerebral edema (1,3). Moreover, cellular swelling may, in turn,
aggravate the cellular dysfunction and cytotoxic edema (1,3).
Furthermore, previous studies of TBI have indicated that the
predominant type of edema in these injuries is cellular rather
than vasogenic (30,31). Therefore, the mechanisms of water
transport across the plasma membrane of brain cells are of
importance.

The identification of AQPs was acclaimed enthusiastically,
given that they may provide a mechanism for massive water
movement across the cell membrane (6,7,16-20). Despite a
common molecular structure, mammalian AQPs have been
subdivided into three functional groups according to perme-
ability characteristics: the AQPs (AQP-0, -1, -2, -4, -5 and -6),
which are permeable to water; the aquaglyceroporins (AQP-3,
-7 and -8), which are permeable to water and small nonpolar
solutes; and the neutral solute channels (AQP-9), which are
permeable to water and specific neutral solutes (7,18,32). At
present, AQPs are considered to contribute to cerebral edema
secondary to TBI, cerebral ischemia or hypoxia (6,16,18,33).
Although AQP-4 and -9 have been proven to be important
in cerebral edema following TBI or cerebral ischemia or
hypoxia (6,7,16,18,33,34), AQP-1, as the first AQP to be iden-
tified, was seldom investigated in cerebral edema following
TBI, despite there being evidence that AQP-1 may participate
in acute lung edema (35). In addition, the hippocampus is
an important organ that is extremely sensitive to ischemia,
hypoxia and edema, which may lead to hippocampal cell
apoptosis and subsequent cognitive, memory and learning
impairments or epilepsy, thereby profoundly affecting prog-
nosis (8-14). To the best of our knowledge, expression of
AQP-1 in the hippocampus following TBI has not yet been
investigated. However, studies have reported that upregulated
AQP-1 expression following acute hyponatremia correlates
with necrotic cell mortality of the hippocampal CA1 region,
increasing water transport across the blood-cerebrospinal
fluid (CSF) barrier (19) or in vacuolized astrocytes in the
stratum radiatum of the CAl region in an animal epilepsy
model (15). Thus, in the present study, a series of assays
was performed to develop mouse TBI models and detect
AQP-1 expression in the hippocampus following trauma and,
subsequently, to evaluate its possible effects in hippocampal
injuries correlated with TBI.

In this study, the mouse models were well established
and mimicked clinical manifestations of TBI. Post-injury
NSS confirmed that the majority of mice in the TBI group
were severely injured and attained the experimental require-
ments. Acute hippocampal edema was also reproduced and
confirmed by evaluation of hippocampal tissue water content.
In situ apoptosis detection of hippocampal cells demonstrated
a progressive increase of apoptosis in the TBI group over
time, whereas the average apoptotic rate of hippocampal
cells in the sham group was maintained at a low and stable
level. The differences were statistically significantly (P<0.01
for all comparisons), indicating an activation of hippocampal
apoptosis following experimental TBI, in which several
pathophysiological processes may be involved. The average
apoptotic rate increased gradually in a time-dependent manner,
implying secondary or delayed cell mortality or damage,
resulting from physiological and biochemical changes induced
by the primary insult (26).
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AQP-1 was formerly found to be expressed on epithelial
cells of the choroid plexus, with a role in CSF production;
however, more recently AQP-1 has been found to be expressed
in microvascular endothelial cells or astrocytes, particularly
in a number of pathological states, including brain injury,
subarachnoid hemorrhage or brain tumors, leading to
edema formation (16,21,26,36-38). We hypothesize that
AQP-1 is involved in TBI-associated cerebral edema and
this protein may be upregulated in response to a TBI insult.
Immunohistochemistry and western blot analysis substantiated
the upregulation of AQP-1 expression following TBI, and the
acute hippocampal edema was formed and evolved. Results of
the two assays were consistent, demonstrating enhanced AQP-1
expression levels at 6 h, maximum expression at 24 h and mildly
decreased (although remaining relatively high) expression at
72 h following injury. These observations imply the involve-
ment of AQP-1 in post-TBI pathophysiological and biochemical
changes in the hippocampus. Moreover, Kim et al (15) reported
that AQP-1 overexpression correlates with vacuolization
of hippocampal CAl astrocytes, which may be responsible
for subsequent apoptosis. Jablonski et al (39) reported that
AQP-1-mediated water loss is important for the apoptotic
volume decrease and downstream apoptotic events and that the
water permeability of the plasma membrane may control the
rate of apoptosis. Therefore, in light of concurrent hippocampal
edema and apoptosis exhibiting a similar trend of development,
it may be inferred that AQP-1 participates in edema formation
and delayed cell mortality of the hippocampus.

Currently, several studies have identified that AQP-1
participates in the mediation of vasogenic edema (21,40);
furthermore, there is specific evidence to indicate that AQP-1
channels facilitate membrane CO, permeability, contrib-
uting to intracellular acidification (17,41). Besides vasogenic
edema, AQP-1-induced intracellular acidification is likely
to contribute to cytotoxic edema of the hippocampus in that
intracellular acidosis leads to ion transport dysfunction of
the cell membrane and subsequent cell swelling (17,42-45).
Additionally, vasogenic and cytotoxic edema may exacerbate
cell metabolic disorders and acidosis and, in turn, aggravate
cerebral edema (7,12,28). Selective vulnerability disposes
the hippocampus to a high susceptibility to these pathophysi-
ological attacks. As a result, the post-TBI apoptotic cells in
the hippocampus increased in a time-dependent manner in the
current study.

In conclusion, AQP-1 expression is upregulated in the
hippocampus of a mouse model following experimental
TBI and may exhibit differential roles in various responses,
including post-TBI hippocampal edema and apoptosis.
Therefore, observations of the present study indicate that
AQP-1 may be a novel therapeutic target to protect the hippo-
campus from secondary injury following TBI.
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