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Abstract

Introduction: Hydrocephalus is a common complication of subarachnoid haemorrhage (SAH). As transmembrane
water channels, aquaporins 1 and 4 (AQP1 and AQP4) are involved in the pathogenesis of hydrocephalus. We aimed
to assess the association between the expressions of AQP1 and AQP4 and the severity and duration of hydroceph-
alus after SAH.

Material and methods: A double haemorrhage model by injection of autologous blood into the cisterna magna was
used to induce SAH in rats. Sham rats received the same procedures, but with the injection of normal saline. The SAH
group was divided into the SAH with hydrocephalus group and SAH without hydrocephalus group after identifying
hydrocephalus histologically. AQP1 and AQP4 in ventricle regions were detected by immunofluorescence, quantita-
tive polymerase chain reaction (qPCR) and western blot.

Results: Hydrocephalus was the most severe at day 3 after SAH. AQP1 and AQP4 mRNA and protein levels increased
at day 1 and peaked at day 3. The SAH with hydrocephalus group had a higher expression of AQP1 and AQP4 than
the SAH without hydrocephalus group. Higher AQP1 levels were found at the apical and basolateral membrane of
the choroid plexus epithelium, while higher AQP4 levels were found in the ependymal cells. A positive correlation
between the relative lateral ventricle area and the ratio of AQP1/AQP4 proteins was identified.

Conclusions: AQP1 and AQP4 are remarkably correlated with the severity of hydrocephalus induced by SAH. AQP1
and AQP4 are potential drug targets for developing therapeutic strategies against hydrocephalus.
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Introduction but most recent studies report an overall 20-30% inci-
dence of hydrocephalus after SAH [9,17]. The onset of

subarachnoid haemorrhage (SAH), which is charac- hydrocephalus can be acute (within 48 h after SAH)
terized by dilated ventricle and increased intracrani- ~ OF more rarely, chronic (weeks and even months after
al pressure [18,25]. The incidence of hydrocephalus ~ the haemorrhage) [22,46,48]. Regardless of its timing,
in SAH patients is as high as 6-67%, depending on  hydrocephalus significantly impairs the patient’s cen-
specific background and clinical circumstances [1,12],  tral nervous system and leads to functional deterio-
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ration, especially with intraventricular haemorrhage
[9]. Since patients with hydrocephalus after SAH have
high rates of disability and mortality [18,25], elucidat-
ing the molecular mechanisms underlying hydroceph-
alus would provide a theoretical basis that is urgently
needed to seek better therapeutic approaches.
Aquaporins (AQPs) are a group of bidirectional
transmembrane water channels that are involved
in maintaining brain water homeostasis [4,6]. Their
discovery has greatly improved our knowledge on
how water is absorbed and released across various
membranes. At least seven AQP subtypes have been
identified in the rodent brain, and they are involved
in several diseases featured by cerebral oedema,
including hydrocephalus [2,37,45]. AQPs in the cen-
tral nervous system facilitate water transport among
the major brain compartments: the cerebrospinal flu-
id (CSF) space (including cerebral ventricles and sub-
arachnoid space), the brain parenchyma (intracellu-
lar and extracellular space) and the intraventricular
compartment [37,44,45,49]. Hydrocephalus occurs
due to an abnormal accumulation of CSE which is
usually resulting from the blockage of CSF outflow
in the ventricles or in the subarachnoid space over
the brain [45]. Two AQPs, AQP1 and AQP4, have been
reported to play key roles in several hydrocephalus
models and are thus potential drug targets [36,45].
AQP1 and AQP4 are involved in the generation of
CSF and the removal of excess water from the brain,
respectively [36,37]. The up-regulation of AQP4 in ani-
mal hydrocephalus models has been reported, which
suggested that this might be due to a compensatory
effect of hydrocephalus [14,36]. AQP1 is involved in
CSF production, and its change in hydrocephalus is
controversial. Mao et al. reported that the expression
of AQP1 was unchanged in kaolin-induced hydro-
cephalus [31], while another report has indicated
that its expression was reduced in non-obstructive
hydrocephalus induced by choroid plexus hyperpla-
sia [41]. Besides, AQP1 levels were reported to be
elevated in communicative hydrocephalus related to
choroid plexus papilloma [29]. Furthermore, Wang et
al. reported that the ventricular size was reduced in
AQP1-deficient mice following kaolin-induced hydro-
cephalus, suggesting a potential correlation between
AQP1 expression and ventricular size [47]. This also
implies that the down-regulation of AQP1 might be
beneficial to the treatment of hydrocephalus. Never-
theless, to the best of our knowledge, there are very
few studies on the expression of AQP1 and AQP4 in
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hydrocephalus after SAH. The dynamic changes of
AQP1 and AQP4 in SAH complicated with hydroceph-
alus still remain largely unknown.

In the present study, we established a rat mod-
el of hydrocephalus after SAH, and investigated the
dynamic changes of AQP1 and AQP4 expressions, at
the mRNA and protein levels. The subcellular loca-
tion of AQP1 and AQP4 in the ventricle region of
rats with and without hydrocephalus after SAH was
also explored. In addition, the correlations between
AQP1/4 expression in the peripheral region of the
lateral ventricle and the size of the lateral ventricle
area were further investigated. Our delineation on
the expression patterns of AQP1 and AQP4 during the
course of hydrocephalus after SAH could assist the
development and implementation of AQP1/4-target-
ed drugs for the nonsurgical therapy of this disease.

Material and methods
Animals

Adult male Sprague-Dawley rats (230-250 g, n = 120)
were purchased from the Experimental Animal Centre
of China Three Gorges University. Rats were housed
with free access to food and water in a room main-
tained at 25°C and a 12/12 h light/dark cycle. The rats
were randomly assigned into two groups: sham group
(n = 24) and SAH group (n = 96). According to the pres-
ence or absence of hydrocephalus after SAH, the rats
in the SAH group were further randomized to the SAH
with hydrocephalus (SAH/HyC) group and SAH without
hydrocephalus (SAH w/t HyC) group. The animal study
was approved by the Animal Care and Use Committee
of China Three Gorges University (CTGU), and all exper-
iments involving animals were performed according to
the policies of the Chinese animal research committees
and guidelines of the US National Institute of Health
(NIH Publication No. 96-23, revised 1996).

The SAH model

A modified rat double haemorrhage model was
used to induce SAH, as previously reported [8,13].
The rats were anesthetized intraperitoneally using
10% chloral hydrate (350 mg/kg). The head was
fixed in a stereotactic frame (Stoelting, USA) in the
prone position. After a vertical midline incision in the
sub-occipital region was made, the atlanto-occipital
membrane was exposed by dividing the nuchal mus-
cle layers. A 25-gauge needle was inserted into the
cisterna magna, and 0.06-0.1 ml of CSF was slow-
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ly withdrawn. Non-heparinized autologous blood
(0.1 ml/100 g body weight) from the caudal artery
was injected into the cisterna magna over 2 min to
induce the first SAH. The rats were kept prone with
30° head down position for 30 min to ensure blood
distribution around the basal arteries. The same
operation was conducted 48 h after the first induc-
tion of SAH. The rats in the sham group were sub-
jected to the same experimental procedures except
that normal saline but not autologous blood was
injected. Successful induction of SAH was verified by
the presence of clotted blood in the cisterna magna
and the basilar cistern at 14 h after the first SAH
operation (Fig. 1).

A

Neurological scoring

A modified scoring method based on the report of
Sugawara et al. [42] was used to assess the neurological
status of the rats on days 1, 3, 7, and 14 after SAH induc-
tion. The scores were determined in a blinded fashion
by two different investigators to avoid bias. An 18-point
scoring system was used to evaluate the deficits of sen-
sation and movement (Table I). The maximal obtainable
score is 18, and high score means better function.

Tissue collection and preparation

After anaesthesia with 10% chloral hydrate
(350 mg/kg) intraperitoneally, the rats were per-

Fig. 1. Verification of the successful establishment of the experimental SAH model in rats. Representative
images show the clotted blood in the cisterna magna and the basilar cistern of brains 14 h after the induc-
tion of SAH. A) The rat brain in the sham group. B) The rat brain in the SAH group. Scale bar, 5 mm.
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Table I. The scoring standard for neurological function evaluation of rats after SAH. The table shows the
neurological scoring adopted to evaluate the neurological status of animals at day 1, 3, 7, and 14 post-SAH.

The maximal score is 18

Test
0
No movement

1

Barely moves
position

Spontaneous activity
(in cage for 5 min)

Score
2

Moves but does not
approach at least three sides

3

Moves and approaches at
least three sides of the cage

by tail)

of the cage
Spontaneous movements No movement Slight movement Moves all limbs but Move all limbs same as
of all limbs of limbs slowly pre-SAH
Movements of forelimbs No movement Slight outreaching Qutreach is limited and Outreach same as pre-
(outstretching while held less than pre-SAH SAH

Climbing wall of the wire cage Fails to climb

Climbs weakly Normal climbing

Reaction to touch on both
sides of the trunk

No response

Weak response Normal response

Reaction to vibrissae touch

No response

Weak response Normal response

fused sequentially with 0.9% normal saline solution
(4°C) and 4% buffered paraformaldehyde (4°C). The
brains were collected and immersed in 4% buffered
paraformaldehyde (4°C) for 24 h, and then made
into 10 um coronal cryosections of three levels (pre-
optic area, striatum, and hippocampus) after gra-
dient dehydration using sucrose and embedding.
Hydrocephalus was identified histologically after
hematoxylin and eosin (HE) staining, and the cor-
onal cryosections at the level of the striatum were
chosen for immunofluorescence analysis.

Alternatively, brains were removed and divid-
ed into left and right hemispheres on ice. The left
hemispheres were fixed with 4% buffered parafor-
maldehyde (4°C) for 24 h, and made into frozen sec-
tions of three levels, as above, which were used to
identify hydrocephalus. The right hemispheres cor-
responding to the lateral ventricle were divided into
the anterior and posterior regions. The two regional
samples were harvested on ice and stored at —-80°C
for reverse transcription-quantitative polymerase
chain reaction (RT-gPCR) and western blot.

HE staining and hydrocephalus
identification

HE staining was performed according to standard
procedures, and HE-stained coronal sections of the
above-mentioned three levels were photographed
under a light microscope. Histomorphology analysis
was conducted by a computer-assisted tool (Photo-
shop CS5, Adobe, San Jose, CA, USA) to detect the
lateral ventricle and the total brain area. The relative
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lateral ventricle area was calculated as the ratio of
lateral ventricle area/total brain area, and the aver-
age of the three slices was considered as the value
for each rat, as previously reported [19]. Hydroceph-
alus was defined as relative lateral ventricle area
> +3 SDs (standard deviations) above the mean val-
ue of the sham rats, as previously described [33].

Immunofluorescence

The cryosections mentioned above were washed
with PBS (3 min/time, five times), and blocked in
10% normal goat serum (Biosynthesis Biotechnolo-
gy, Beijing, China) for 1 h. Without washing, sections
were incubated with rabbit anti-AQP-1 polyclonal
antibody (1 : 500 dilution, Abcam, USA), or mouse
anti-AQP-4 monoclonal antibody (1 : 100 dilution,
Abcam, USA) overnight at 4°C. After washing with
PBS (3 min/time, five times), the sections were incu-
bated with rhodamine-conjugated goat anti-rabbit
lgG (1 : 100 dilution, Kerui Biotechnology, Wuhan,
China) or FITC conjugated goat anti-mouse IgG
(1:100 dilution, Kerui Biotechnology, Wuhan, China)
secondary antibody at 37°C for 1 h. After washing
and mounting, the slides were visualized using an
inverted fluorescence microscope (Leica, Germany).

RT-qPCR

Total RNA was extracted from tissues corre-
sponding to the region of lateral ventricle and the
region surrounding lateral ventricle using a RNA sim-
ple Total RNA Kit (Tiangen Biotech, Beijing, China).
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The concentration and purity of total RNA was
detected and verified by ultraviolet spectrophotom-
etry. Reverse transcription was conducted using
a RevertAid First Strand cDNA Synthesis Kit (Thermo
Scientific, China). Quantitative PCR (qPCR) was per-
formed using SYBR® Premix Ex Tag™ Il (TaKaRa Bio
Inc, China) and the Mx3005P Real-Time PCR System
(Agilent Stratagene, Germany). The primers of AQP1,
AQP4, and GAPDH have been reported previously
[34,51]. The sequences are: AQP1, 5-CCG AGA CTT
AGG TGG CTC AG-3’ (forward) and 5’-TCA TGC GGT
CTG TAA AGT CG-3’ (reverse); AQP4, 5’-GAA GAC AGC
ACC TGT GAT AG-3’ (forward) and 5’-CGC TGA GCA
GAA CAA AGA TG (reverse); GAPDH, 5’-AGG TCG GTG
TGA ACG GAT TTG-3’ (forward) and 5’-GTA GAC CAT
GTA GTT GAG GTC-3’ (reverse). gPCR for each sample
was performed in triplicate. GAPDH was used as the
internal control, and the fold-changes of AQP1 and
AQP4 were calculated according to the 2-2ACt meth-
od [28].

Western blot

Tissues corresponding to the region of the later-
al ventricle and the region surrounding the lateral
ventricle were separated from the frozen brain sam-
ples, and homogenized in radioimmunoprecipitation
assay (RIPA) buffer (Beyotime Biotechnology, China)
with the protease inhibitor, phenylmethylsulfonyl
fluoride (PMSF) (Beyotime Biotechnology, China).
After incubation for 30 min on ice, the homogenate
was centrifuged at 12,000 rpm for 5 min at 4°C. The
supernatant was obtained and the protein concen-
tration was estimated using a BCA-kit (Beyotime
Biotechnology, China). The samples (40 pg per lane)
were separated by 12% sodium dodecy! sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and elec-
tro-transferred onto PVDF membranes (Millipore,
Bedford, MA, USA). The membranes were blocked
with 5% skimmed milk dissolved in TBST (TBS with
0.1% Tween 20) for 2 h at room temperature. The
membranes were incubated with three different pri-
mary antibodies overnight at 4°C: polyclonal rabbit
anti-AQP1 (1 : 300, Boster Biotech, Wuhan, China),
polyclonal rabbit anti-AQP4 (1 : 2000, Proteintech,
Wuhan, China), and polyclonal rabbit anti-GAPDH
(1 : 1000, Xianzhi Biotechnology, Hangzhou, China)
antibodies. GAPDH was used as a loading control.
After washing with PBST (PBS with 0.1% Tween 20,
5 min/time, six times), the membranes were incu-
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bated with the HRP-conjugated goat anti-rabbit
lgG (1 : 50 000, Boster Biotech, Wuhan, China) sec-
ondary antibody for 2 h at 37°C. The bands were
visualized by enhanced chemiluminescence (ECL)
reagents (Thermo, China) and were exposed to X-ray
films. Optical densities were acquired by the Glyko
Bandscan software (Glyko, Novato, CA, USA). The
optical density of targeted proteins was normalized
with respect to that of GAPDH. All experiments were
repeated at least three times.

Statistical analysis

Data were analysed using SPSS 18.0 and Graph-
Pad Prism 5.0, and expressed as means + SEM
(the standard error of the mean). The independent
sample t test was used to assess the differenc-
es between two groups. The statistical differences
among groups were analysed by one-way analysis
of variance (ANOVA) followed by the Student-New-
man-Keuls (SNK) test. Correlations between relative
lateral ventricle area and the expression of AQP1
and AQP4 protein or the ratio of AQP1 and AQP4
protein expression were calculated using the Pear-
son test. The 95% upper limit of reference value for
the ratio of AQP1 and AQP4 protein expression in
SAH w/t HyC group was assessed using mean + 1.64
SDs. Statistical significance was assumed if p < 0.05.

Results

Mortality and neurobehavioral
evaluation

As previously described [8,47], the haemorrhage
model often results in accidental rat death. In this
study, all rats in the sham group survived during the
observation period, while 12 rats in the SAH group
died after the operation, with a total mortality rate
of 10.00%. The mortality for the SAH group was
16.67% (4 of 24) at day 1, 12.50% (3 of 24) at day 3,
12.50% (3 of 24) at day 7, and 8.33% (2 of 24) at
day 14. The survivors were used for the subse-
quent experiments. As shown in Table I, neurolog-
ical scores decreased in most rats after SAH. These
rats were characterized by drowsiness, anorexia,
decreased limb movement, and decreased activity.
Compared with the sham group, the rats in the SAH
group had most significantly decreased neurological
scores at days 1 and 3, and relative decreased scores
at days 7 and 14 (Table Il, p < 0.001). The rats in
the sham group had no noticeable deficit. Although
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Table II. Evaluation of neurologic dysfunctions in rats after SAH. Compared with the sham group,
***p < 0.001. For the sham group, n =X at d1, n = X at d3, n= X at d7, and n = X at d14; for the SAH group,

n=Xatdl,n=Xatd3,n=Xatd7,andn=Xatdl14

Groups D1 D7 D14
Sham group 16.17 +0.48 17.17 +0.31 18.00 £0.00 18.00 +0.00
SAH group 9.95 +0.65*** 11.48 £0.52*** 15.62 +0.37*** 16.68 +0.24™**

the neurological status of SAH rats were improved
gradually over time, significantly low of neurologi-
cal scores could be observed at days 1, 3, and 7 in
the SAH w/t HyC group (Fig. 2, p < 0.05), and at all
time points in the SAH/HyC group (Fig. 2, p < 0.001).
Compared with the SAH w/t HyC group, neurological
scores in the SAH/HyC group were significantly low-
er at all time points (Fig. 2, p < 0.01).

Relative lateral ventricle area
and hydrocephalus

Hydrocephalus after SAH was assessed by HE
staining of the preoptic area, the striatum, and the
hippocampus of rat brains (Fig. 3A, B). Thirty-six
rats had hydrocephalus, while 48 rats did not reach
the criteria for hydrocephalus, resulting in an occur-
rence of hydrocephalus of 42.9% (36/84). As shown
in Figure 3C, compared with the sham group, the
relative lateral ventricle area was significantly
higher in the SAH w/t HyC group at days 1 and 3
(p < 0.05), and increased more significantly in the
SAH/HyC group at all time points (p < 0.001). Nota-
bly, the increase was the most obvious at day 3 in
the SAH/HyC group (8.68 +0.46% vs. 3.27 +0.22%,
p < 0.001). In line with the attenuation of the neu-
rological status, the relative lateral ventricle area in
the SAH/HyC group was gradually decreased (6.93
+0.24% at day 7, and 5.91 £0.21% at day 14). Even
at day 14, the relative lateral ventricle area in the
SAH/HyC group was still larger than that at day 1
(5.91 +0.21% vs. 5.18 +0.08%).

Localization and expression of AQP1
and AQP4 in the ventricle region by
immunofluorescence

Immunofluorescence was used to detect the
localization and expression of AQP1 and AQP4 in
the ventricle region of rats with and without hydro-
cephalus. Compared with the sham group, AQP1
in the SAH w/t HyC group was slightly higher at
days 1, 3, and 7, peaking at day 3 (Fig. 4A). Simi-
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Fig. 2. Evaluation of the neurologic dysfunctions
in rats after SAH. SAH/HyC caused a worse neuro-
logical function at days 1, 3, 7, and 14. Values are
expressed as the mean + SEM. Compared with the
sham group, ***p < 0.001, **p < 0.01, *p < 0.05, ns,
p > 0.05; ###p < 0.001, #p < 0.01, SAH/HyC group
vs. SAH w/t HyC group. For the sham group, n =6
atday l,n=6atday3,n=6atday7,andn=6
at day 14; for the SAH w/t HyC group, n = 13 at
day 1,n=10atday3,n=12atday 7,and n=13
at day 14; for the SAH/HyC group, n = 7 at day 1,
n=11atday3,n=9atday7,and n=9 atday 14.

larly, AQP4 in the SAH w/t HyC group were slightly
higher at days 1 and 3, peaking at day 3 (Fig. 4B).
Compared with the sham group, the expression of
AQP1 (Fig. 4A) and AQP4 (Fig. 4B and Supplemen-
tary Figure 1) in the SAH/HyC group was higher at
all time points. Compared with the SAH w/t HyC
group, AQP1 and AQP4 in the SAH/HyC group also
peaked at day 3. In addition, AQP1 staining could
be found in the intracellular region of choroid plex-
us epithelium at day 1 (Fig. 4A). In hydrocephalic
rats, the higher AQP1 was mainly located at both
the apical membrane and the basolateral mem-
brane of the choroid plexus epithelium (Fig. 4A). On
the contrary, the higher AQP4 was predominantly
observed in ependymal cells (Fig. 4B).
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Fig. 3. Assessment of hydrocephalus in rats after SAH by HE staining. A) Sections at the level of the hippo-
campus for the sham group, the SAH/HyC group and the SAH w/t HyC group at each time point were exam-
ined by HE staining. Magnification, 5x. B) Representative photographs showed the HE staining of the sham
group, the SAH/HyC group and the SAH w/t HyC group at the level of the preoptic area, the striatum, and
the hippocampus at day 3. Scale bar, 3 mm. C) SAH caused a significant increase in relative lateral ventricle
areas at all time points, and the increase at day 3 was the most obvious. Values are expressed as the mean
+ SEM. Compared with the sham group, ***p < 0.001, **p < 0.01, *p < 0.05, ns, p > 0.05.
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A Sham SAH w/t HyC

SAH/HyC B Sham SAH w/t HyC

SAH/HYC
1d - ---
’ -

7d
) ---
Fig. 4. Expression of AQP1 and AQP4 in the ventricle region of rats after SAH. The levels of AQP1 (A) and
AQP4 (B) immunofluorescence staining of the ventricle region were evaluated in rats from the sham group,
the SAH w/t HyC group, and the SAH/HyC group. Strong staining of AQP1 and AQP4 could be seen in the

SAH/HyC group at each time point. The staining of AQP1 and AQP4 was most obvious at day 3. AQP1
staining can be observed in the intracellular region of choroid plexus epithelium at day 1. Scale bar, 50 pym.
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Fig. 5. Changes of AQP1 and AQP4 mRNA expression in the peripheral region of the lateral ventricle and
in the lateral ventricle region after SAH/HyC. The mRNA levels of AQP1 (A) and AQP4 (B) increased signifi-
cantly at days 1, 3, 7, and 14, and peaked at day 3 after SAH-induced hydrocephalus. Values are expressed
as the mean + SEM. Compared with the sham group, ***p < 0.001, **p < 0.01, *p < 0.05, ns, p > 0.05;
##Hp < 0.001, #p < 0.01, the SAH/HyC group vs. the SAH w/t HyC group. For the sham group, n = 3 at day 1,
n=3atday 3,n=3atday7,and n =3 at day 14; for the SAH w/t HyC group, n = 3 atday 1, n = 3 at day 3,
n=3atday 7, and n = 3 at day 14; for the SAH/HyC group, n =3 atday 1, n=3 atday 3, n=3 at day 7,
and n = 3 at day 14.
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Fig. 6. Changes of AQP1 and AQP4 protein expression in the peripheral region of lateral ventricle and in
the lateral ventricle region after SAH/HyC. A) Representative autoradiograms of AQP1 and AQP4 proteins
for the sham group, the SAH w/t HyC group and the SAH/HyC group at each time point. B) Quantitative
analysis of AQP1 and AQP4 protein levels in all groups at indicated time points. Values are expressed as the
mean = SEM. C) Dynamic changes of relative AQP1 and AQP4 protein expression along with the observation
period. Protein levels of AQP1 and AQP4 in the sham group at each time point were arbitrarily defined as 1.
Compared with the sham group, ***p < 0.001, **p < 0.01, *p < 0.05, ns, p > 0.05, ¥#¥p < 0.001, #p < 0.01,
#p < 0.05, the SAH/HyC group vs. the SAH w/t HyC group. For the sham group, n = 3 atday 1, n = 3 at day 3,
n=3atday7,and n = 3 at day 14; for the SAH w/t HyC group, n =3 atday 1,n=3 atday 3,n=3 atday 7,
and n = 3 at day 14; for the SAH/HyC group, n=3 atday 1,n=3 atday 3, n=3 atday 7, and n = 3 at day 14.
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Fig. 7. Correlation between AQP1 or AQP4 protein expression and the relative lateral ventricle area in rats
after SAH/HyC. Plots of the relative lateral ventricle area versus relative protein levels of AQP1 (A), relative
protein levels of AQP4 (B), and relative AQP1/AQP4 proteins ratios (C) in the SAH/HyC group are shown.
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mRNA and protein expression of AQP1
and AQP4 in the ventricle region

The mRNA expression of AQP1 and AQP4 in the
peripheral region of the lateral ventricle was detect-
ed by RT-gPCR. Compared with the sham group,
AQP1 mRNA in the SAH w/t HyC group was signifi-
cantly higher at days 1, 3, and 7 (Fig. 5, p < 0.01),
and peaked at day 3. AQP4 mRNA in the SAH w/t
HyC group was significantly higher at days 1 and 3
(Fig. 5, p < 0.05), and peaked at day 3. In the SAH/
HyC group, the mRNA levels of AQP1 and AQP4
were significantly higher at all time points (Fig. 5,
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p < 0.001). They both peaked at day 3. Compared
with the SAH w/t HyC group, the SAH/HyC group had
a higher expression of AQP1 and AQP4 mRNA at all
time points (Fig. 5, p < 0.01).

We also evaluated the expression of AQP1 and
AQP4 in the peripheral region of the lateral ventricle
by western blot (Fig. 6A). The same trends of AQP1
and AQP4 expressions were observed at the protein
level (Fig. 6B and Supplementary Figure 2) compared
to mRNA levels. Compared with the SAH w/t HyC
group, the SAH/HyC group had a significantly high-
er expression of AQP1 and AQP4 protein at all time
points (Fig. 6B, p < 0.05). Remarkably, the expres-
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sion curve in time indicated that AQP1 had a more
increase than AQP4 (Fig. 6C), probably due to more
critical roles of AQP1 in the production of CSF [14].
Taken together, these results suggest that SAH and
hydrocephalus significantly affect the expression of
AQP1 and AQP4 in the rat lateral ventricle.

Correlation between AQP1/AQP4
expression and relative lateral ventricle
area after hydrocephalus induced by
SAH

Linear regression analyses were performed in
order to explore the possible relevance between
AQP1/AQP4 expression and the relative lateral ven-
tricle area. In the SAH/HyC group, positive correla-
tions were observed between the relative lateral ven-
tricle area and the expression of AQP1 (r = 0.95, p <
0.001, Fig. 7A) and AQP4 (r = 0.90, p < 0.001, Fig. 7B)
proteins. The relative lateral ventricle area was posi-
tively correlated to the ratio of AQP1 and AQP4 pro-
tein levels (r = 0.91, p < 0.001, Fig. 7C) in the SAH/
HyC group. In the SAH w/t HyC group, the lateral ven-
tricle area had no correlation with the ratio of AQP1
and AQP4 protein levels (r = 0.31, p » 0.05, data not
shown). This suggested that the expression of AQP1
may be more correlated to the degree of hydroceph-
alus induced by SAH, and the increase in AQP1 may
contribute to the development of hydrocephalus.
Indeed, the relative ratio of the AQP1 and AQP4 pro-
teins in the SAH/HyC group was higher than that in
the SAH w/t HyC group (0.86 +0.01 vs. 0.74 +0.01,
p < 0.001). The ratio of AQP1 and AQP4 expression
in the SAH w/t HyC group could be expressed as
0.742 +0.081 (mean %SDs). According to the 95%
upper limit of reference value for the ratio of AQP1
and AQP4 expression in the SAH w/t HyC group, the
ratio of 0.864 may be considered as the threshold
for hydrocephalus.

Discussion

The biomolecular mechanisms underlying hydro-
cephalus after SAH are still not addressed. Although
AQP channels are found to play an important role
in the brain water homeostasis, their exact roles in
the pathophysiology of hydrocephalus still remain
obscure. This study showed the dynamic changes
of AQP1 and AQP4 in hydrocephalus after SAH by
injection of autologous blood into the cisterna mag-
na in rats. We found that the expression of AQP1
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and AQP4 increased after hydrocephalus induced by
SAH, and peaked at day 3. The expression of AQP1
and AQP4, as well as the ratio of AQP1/AQP4, are
positively correlated with the relative lateral ventri-
cle area in rats with hydrocephalus. Our results sug-
gest that AQP1 and AQP4 might be involved in the
pathogenesis of SAH-induced hydrocephalus.

According to its occurrence timing, hydroceph-
alus is classified into three forms: acute (0-3 days
after haemorrhage), subacute (4-13 days after hae-
morrhage), and chronic (> 14 days after haemor-
rhage) [23]. The period of hydrocephalus in the pres-
ent study included the three time stages from day 1
to day 14, and we could observe the dynamic change
of hydrocephalus severity over time after SAH. Up
to now, authors think that different mechanisms
underlie the different phases of SAH hydrocepha-
lus. Most of them support the traditional view that
non-communicating hydrocephalus usually appears
in the acute stage with abnormal cerebrospinal flu-
id circulation, mainly because of the mass effect or
blood clots in the ventricles, while communicating
hydrocephalus is usually seen in the chronic stage
with reabsorption disorder of CSF due to inflamma-
tory damage and subsequent fibrosis and adhesion
of leptomeninges [38].

A study by Kanat et al. showed that haemor-
rhage in the early phase (2 days) could trigger CSF
secretion in aneurysmal SAH, but it is not possible in
the late phase (14 days) because of choroid plexus
degeneration [32]. Several previous studies indicat-
ed that blood clot and blood components such as
iron, hemosiderin, and thrombin could disturb CSF
circulation throughout the progress of acute and
chronic hydrocephalus [15,16,20]. Considering the
clearance and metabolism of the blood over time,
we think that the change of CSF reabsorption and
secretion in different stages may be the main cause
of dynamic changes of hydrocephalus after SAH in
the present study. Some authors consider that blood
and a small quantity of thrombin play a main role
in early brain injury, and the effect of thrombin and
the products of erythrocyte lysis cease after 3 days
[10,27]. It could explain why hydrocephalus in our
experimental model started at day 1 and peaked
at day 3. The relative decrease of hydrocephalus
at days 7 and 14 may be due to the clearance and
metabolism of the blood components.

AQP1 and AQP4 are the important AQPs in the
brain, participating in water balance and some other
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pathophysiological processes. AQP4 was reported to
play a role in astrocyte migration, neuroexcitation,
neuroinflammation and regulating glutamate trans-
porter-1 (GLT-1) function, while AQP1 is related to
pain sensation [4,21,30]. Researches demonstrated
that AQP1 and AQP4 increase after SAH, which could
be related to early brain injury and brain oedema
[3,11,39]. Skjolding et al. showed that AQP4 expres-
sion had a dynamic variation in hydrocephalus
induced by kaolin injection. AQP4 decreased in the
cortex and periventricular region at day 2, normal-
ized after 1 week, and increased in periventricular
region after 2 weeks [40]. Owler et al. studied the
expression and localization of AQP1 in the choroid
plexus of mice after hydrocephalus using a cisternal
kaolin injection model [36]. AQP1 mRNA had a low
level at day 3, but remained unchanged at day 5.
Immunohistochemistry and immunogold electron
microscopy showed that AQP1 was located in the
cytoplasm of kaolin-injected mice [36]. Similarly,
the AQP1 staining in the intracellular region of the
choroid plexus epithelium was observed at day lin
our study. We inferred that this may play a compen-
satory role in the early stage of hydrocephalus. In
addition, in this study, we could see that the increas-
es in AQP1 and AQP4 expression changed over time
after SAH, while the increase was more significant in
the SAH/HyC group than in the SAH w/t HyC group.
We speculated that the increase in the SAH w/t HyC
group may associated with early brain injury [40].
The high levels of AQP1 and AQP4 in the SAH/HyC
group were positively correlated to the relative lat-
eral ventricle area, which indicated that AQP1 and
AQP4 played an important role in the occurrence and
development of hydrocephalus induced by SAH.
AQP4 is mainly distributed in the astrocyte end
feet around microvessels, glia limitans, subependy-
mal astroglia, and ependyma [4,14], while AQP4
could be on microvessels in the cerebral cortex [24].
AQP1 is chiefly expressed on apical membrane of
choroid plexus epithelium, while some reports sug-
gested that AQP1 had a low expression on micro-
vascular endothelial cells and neuron, and on astro-
cytes after cerebral injury [4,26,50]. In the present
study, the increased AQP1 was distributed on the
apical membrane and the basolateral membrane of
choroid plexus epithelium, and increased AQP4 was
mainly distributed in ependymal cells in the ventric-
ular region. We could sometimes find a relative high
expression of AQP1 on subependymal microvessels
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and AQP4 on astrocytes in the rat from the SAH/HyC
group. The location of AQP1 and AQP4 in this study
is supported by previous studies to a certain extent.

Including the present study, studies on differ-
ent hydrocephalus models showed up-regulation of
AQP4 expression. Bloch et al. reported a significant
ventriculomegaly and increased ICP and brain water
content by 2-3% in AQP4-knockout mice, compared
with the wild-type mice, following a kaolin injection
model in cisterna magna [5]. Tourdias et al. stud-
ied the communicating inflammatory hydrocepha-
lus induced by lysophosphatidylcholine (LPS), and
found that the increase in AQP4 was correlated to
CSF volume and periventricular apparent diffusion
coefficient (ADC) [43]. AQP4 was found distributed
on the whole membrane of hypertrophic astrocytes
in the hydrocephalic brain [43]. Studies on differ-
ent hydrocephalus models showed up-regulation of
AQP4 expression. Increased ICP secondary to hydro-
cephalus driving flow from the ventricles into paren-
chyma could lead to hydrocephalic brain oedema, in
which the increase in AQP4 may be in compensatory
regulation of CSF reabsorption across the ependyma
[14,36].

The role of AQP1 in hydrocephalus is controver-
sial. Researches pointed out that AQP1 knockout
could lead to a 5-fold reduction in water permeabil-
ity of choroid epithelium cells, 20-25% reduction in
the CSF production, and 56% reduction in ICP when
compared with wild type mice [14,35]. Mao et al.
reported that AQP1 had no change in kaolin-induced
hydrocephalus [31]. Smith et al. found that AQP1
decreased in a case of choroid plexus hyperplasia
induced by non-obstructive hydrocephalus using
immunohistochemistry, and proposed a compensa-
tory role of AQP1 in hydrocephalus [41]. But in a case
of communicative hydrocephalus induced by choroid
plexus papilloma, the increase in AQP1 expression
was reported [29].

In this study, the dramatic change of AQP1
and AQP4 expression, and the positive correlation
between the relative lateral ventricle area and the
expression of AQP1 and AQP4 protein or the ratio of
AQP1 and AQP4 protein expression, could support
the above points of view. AQP1 has an important
role in the production of CSF, and AQP4 takes part in
hydrocephalus compensation. In addition, through
the analysis of the 95% upper limit of reference val-
ue for the ratio of AQP1 and AQP4 in the SAH w/t
HyC group, our results indicated that SAH could lead
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to the increase in AQP1 protein, and hydroceph-
alus may occur when the role of AQP1 in promot-
ing hydrocephalus is more dominant than the role
of AQP4 in hydrocephalus compensation, which is
more likely when the ratio of AQP1/AQP4 is > 0.864.
We infer that blood components could trigger the
increase in AQP1 and lead to the production of CSF
and hydrocephalus. Furthermore, Castaneyra-Ruiz
et al. reported that AQP4 was increased in CSF in
cases of communicating hydrocephalus due to
ependyma denudation [7]. We consider ependyma
degeneration, and denudation might contribute to
the relative decrease in AQP4 in the late phase in
this study.

Conclusions

Taken together, our study suggests that SAH could
increase the levels of AQP1 and AQP4, whose expres-
sions are remarkably correlated with the severity of
hydrocephalus. This underscores the critical roles of
AQP1 and AQP4 as important regulation molecules
in SAH-induced hydrocephalus, and further implies
AQP1 and AQP4 as potential drug targets for devel-
oping therapeutic strategies against hydrocephalus.
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