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Aquaporin-4 (AQP4), a key molecule for maintaining water homeostasis in the central nervous system, is expressed in adult neural stem

cells (ANSCs) as well as astrocytes. Neural stem cells give rise to new hippocampal neurons throughout adulthood, and defects in

neurogenesis may predispose an individual to depression. Nevertheless, the role of AQP4 in adult hippocampal neurogenesis and chronic

mild stress (CMS)-induced depression remains unknown. We herein report that AQP4 knockout disrupted 4-week fluoxetine (10 mg/kg

per day i.p) treatment-induced enhancement of adult mouse hippocampal neurogenesis as well as behavioral improvement under both

basal condition and CMS-evoked depressive state. Meanwhile, AQP4 knockout abolished fluoxetine-induced enhancement of

hippocampal cyclic AMP-responsive element binding protein (CREB) phosphorylation. The CMS procedure inhibited hippocampal

protein kinase A (PKA) activity, extracellular signal-regulated kinases (ERK1/2), and calcium/calmodulin-dependent protein kinase IV

(CaMKIV) phosphorylation in AQP4 + / + and AQP4�/� mice. Fluoxetine treatment could reverse CMS-induced inhibition of PKA activity

and ERK1/2 phosphorylation in both genotypes. However, fluoxetine restored CMS-induced inhibition of hippocampal CaMKIV

phosphorylation in AQP4 + / + mice but failed in AQP4�/� mice. Notably, CMS procedure significantly increased the hippocampal AQP4

expression, which was reversed by 4-week fluoxetine treatment. Further investigation showed AQP4 knockout inhibited the proliferation

of cultured ANSCs and eliminated the pro-proliferative effect of fluoxetine in vitro. Collectively, these findings suggest that AQP4 is

required for the antidepressive action of fluoxetine via regulating adult hippocampal neurogenesis.
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INTRODUCTION

Aquaporins (AQPs) are water channel proteins playing
important roles in regulating water homeostasis under
physiological and pathological conditions (Verkman, 2005).
In total, 13 homologues (AQP0-12) have been identified so
far in mammals (Verkman, 2005). AQP4, the predominant
isoform in adult brain, is strongly expressed at borders
between brain parenchyma and major fluid compartments,
including astrocyte foot processes, glia limitans, ependyma,
and subependymal cells (Badaut et al, 2002). Astrocytes are
the most abundant cell type in the brain contributing to
brain homeostasis in several ways, including buffering of
extracellular K + , regulating neurotransmitter release, form-
ing the blood–brain barrier (BBB), releasing growth factors,
and regulating the brain immune response (Volterra and
Meldolesi, 2005). Recent studies demonstrated AQP4

knockout altered basal levels of amino-acids neurotrans-
mitters (Fan et al, 2005), downregulated glutamate uptake
and glutamate transporter-1 expression in astrocytes (Zeng
et al, 2007), slowed cellular K + release and uptake in the
brain (Padmawar et al, 2005), and disrupted integrity of the
BBB (Zhou et al, 2008). Moreover, AQP4 knockout strongly
inhibited formation of glial cell-derived neurotrophic factor
in MPTP-treated Parkinson’s disease mice (Fan et al, 2008).
These findings indicate that AQP4 plays a vital role in
modulating astrocytic functions.

It has been demonstrated that impairments of several glial
functions (such as glutamate metabolism and deficiency in
neurotrophic factors) are likely to contribute to the
pathophysiology of depression (Czeh et al, 2006). Post-
mortem histological analysis of the frontal cortex (Cotter
et al, 2001a; Cotter et al, 2001b) and hippocampus (Muller
et al, 2001) demonstrated a decreased number of astrocyte
in patients suffering from major depression. Moreover,
long-term psychosocial stress-induced loss of hippocampal
astrocytes was reversed by chronic treatment of antide-
pressants (Czeh et al, 2006). These findings suggest that
astrocytes may contribute to the pathophysiology of
depression as well as to the cellular actions of antidepres-
sants. In addition to providing structural, metabolic, and
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tropic support for neurons, astrocytes have been also shown
to play much more active roles in adult neurogenesis
(Jordan et al, 2007). Previous studies have revealed that
astrocytes fill a unique niche composed of different ions,
neurotransmitters, hormones, neurotrophic factors, and
extracellular substrates for adult neurogenesis in vivo
(Bonfanti and Peretto, 2007; Doetsch, 2003; Song et al,
2002). In cultured cell model, the interaction between
astrocytes and adult neural stem cells (ANSCs) promoted
the generation of new neurons from ANSCs (Lim and
Alvarez-Buylla, 1999). These studies suggest that astrocytes
within the neurogenic niche are specialized and contribute
to the properties of the niche to regulate ANSCs. Thus,
AQP4 may participate in adult neurogenesis by regulating
astrocytic function. More importantly, AQP4 is the main
subtype of AQP in ANSCs (Cavazzin et al, 2006). However,
it is unclear whether AQP4 involves adult hippocampal
neurogenesis.

Neurogenesis occurs in the adult brain of different
species, including rodents, monkeys, and humans, and is
particularly important in two regions of the brain, the
subgranular zone (SGZ) of dentate gyrus in the hippo-
campus and the subventricular zone (Ming and Song, 2005).
Downregulation of adult hippocampal neurogenesis in
response to stress is suggested to contribute to the
decreased volume of hippocampus that has been observed
in the patients with severe depression (Sheline et al, 2003).
Conversely, adult hippocampal neurogenesis is upregulated
by chronic antidepressant treatment (Malberg et al, 2000).
Now, adult hippocampal neurogenesis has been suggested
as a novel theory of depression (Jacobs et al, 2000). Thus,
identifying endogenous targets that regulate adult neuro-
genesis and/or enhance functional neurogenesis will open
up new strategies for the treatment of depression (Lie et al,
2004). Fluoxetine, a selective serotonin reuptake inhibitor,
produces a rapid increase in extracellular levels of serotonin
(5-HT), but its clinical effect usually takes at least 3–4 weeks
(Davidson et al, 2002). It has been documented that the
therapeutic action of fluoxetine is likely achieved by
promoting hippocampal neurogenesis (Santarelli et al,
2003). Our previous studies have demonstrated that AQP4
regulates the serotoninergic neurotransmission in different
regions of the adult brain (Fan et al, 2005). Therefore, we
presume that AQP4 might participate in the therapeutic
effects of fluoxetine.

Chronic mild stress (CMS) is an ethologically relevant
animal model of depression, which significantly inhibits
adult hippocampal neurogenesis (Alonso et al, 2004). In the
present study, AQP4 knockout mice were used to investi-
gate whether AQP4 is involved in fluoxetine-induced
enhancement of adult hippocampal neurogenesis under
both basal and CMS-induced depressive conditions.

MATERIALS AND METHODS

Animals and Reagents

Aquaporin-4 knockout mice were generated by targeted
gene disruption as described previously (Fan et al, 2005).
These mice have normal growth, development, and survival
under physiological conditions except for a mild defect
in maximal urinary concentrating ability produced by

decreased water permeability in the inner medullary
collecting duct, which was the same as that described
previously (Ma et al, 1997). Mice were housed with free
access to food and water in a room with an ambient
temperature of 22±21C and a 12 : 12 h light/dark cycle. Age-
matched adult male mice (2-month old) were used to
experiments. All experiments were carried out in strict
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Fluoxetine (Eli Lilly, Indiana, USA) were prepared in
saline, and given at a volume of 10 ml/kg. Control mice were
given an isovolume of saline (10 ml/kg).

Assay of Fluoxetine and Norfluoxetine Level in the
Serum and Hippocampus

See Supplementary Materials and Methods.

Fluoxetine Treatments and CMS Paradigm

To investigate the role of AQP4 in adult neurogenesis under
basal conditions, AQP4 + / + and AQP4�/� CD1 male mice
were housed five mice per cage and subjected to daily i.p.
injection of fluoxetine (10 mg/kg; Alonso et al, 2004; El
Yacoubi et al, 2003; Grippo et al, 2006) for 4 weeks
(Figure 1a).

Chronic mild stress was achieved as described previously
(Roy et al, 2007). Both genotypic mice were housed singly.
Briefly, the CMS paradigm consists of the sequential
application of a variety of mild stressors, including

Figure 1 Schematic representation of the experimental procedure. (a)
Fluoxetine (10 mg/kg per day) was once daily administered to normal mice
for 4 weeks. For analysis of cell proliferation, mice were received four times
injection of bromodeoxyuridine (BrdU) (4� 50 mg/kg, every 2 h) on the
last day of the 4-week period. Animals were killed (S) 24 h after last BrdU
administration. To determine the survival and differentiation of newborn
cells, mice were killed 4 weeks after the last BrdU administration. (b) Mice
were subjected to a variety of chronic mild stressors (CMS) during 3 weeks.
Then fluoxetine (10 mg/kg per day) was administered to CMS-treated mice
once a day for another 4 weeks. For analysis of cell proliferation, mice
received four times injection of BrdU (4� 50 mg/kg, every 2 h) on the last
day of the 7-week CMS period. Animals were killed 24 h after BrdU
administration. In the experiments designed to determine the survival and
differentiation of newborn cells, mice were killed 4 weeks after the last
BrdU administration.
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restraint, inversion of day/night light cycle, soiled cage
bedding, 451 tilted cage, restraint, overnight food and water
deprivation, and pairing with another stressed animal,
which were introduced over a period of 3 weeks and
repeated thereafter. Control mice were handled gently by
placing the animal in the palm of the hand every day for
30 s. The physical state was measured weekly over the entire
7-week stress period using a scale from 1 to 3: a health state
was noted 3 and damaged state with piloerection and/or
dirty fur was noted 1. Intermediate state was noted 2
(Alonso et al, 2004). Each measure was scored by an
experimenter unaware of the treatment group. In stressed
mice, fluoxetine (10 mg/kg) or vehicle was administered i.p.
once a day for 28 days, starting 3 weeks after the beginning
of the CMS. Behavioral tests were performed between 0900
and 1200 hours in fourth week of fluoxetine treatment
(Figure 1b).

The Novelty-Suppressed Feeding Test

The novelty-suppressed feeding test (NSF) is designed to
assess the anxiolytic effects of chronic antidepressant
treatment in rodents (Bodnoff et al, 1988; Santarelli et al,
2003). The testing apparatus consisted of a plastic box that
measured 50� 50� 20 cm. At 24 h prior to behavioral
testing, all food was removed from the rodent’s home cage.
At the time of testing, a single pellet of mice chow was
placed on a white paper platform positioned in the center of
the plastic box. Then, a mouse was placed in a corner of the
box and a stopwatch was immediately started. The measure
of interest (chewing) was scored when the mouse was sitting
on its haunches and biting with the use of forepaws.

Sucrose Preference Test

Mice were given the choice to drink from two bottles for
10 h (from 09:00 to 19:00 hours) in individual cages; one
contained a sucrose solution (1%) and the other contained
only tap water. To prevent possible effects of side preference
in drinking behavior, the positions of the bottles in the cage
were switched after 5 h. The animals were not deprived of
food or water before the test. The consumption of tap water,
sucrose solution, and total intake of liquids were estimated
simultaneously in the control and experimental groups by
weighing the bottles. The preference for sucrose was
measured as a percentage of the consumed sucrose solution
relative to the total amount of liquid intake (Strekalova
et al, 2006).

The Tail Suspension Test

The tail suspension test (TST) was carried out in mice as
described previously (Cryan et al, 2005). Briefly, mice were
individually suspended by the distal portion of their tails
with adhesive tape for a period of 6 min (30 cm from the
floor) in a visually isolated area. The time of immobility of
the tail-suspended mice was measured as previously
described (Bilkei-Gorzo et al, 2002).

Bromodeoxyuridine Labeling

On the last day of the 4-week period of fluoxetine treatment,
mice were given bromodeoxyuridine (BrdU) intraperitone-
ally (4� 50 mg/kg every 2 h; Sairanen et al, 2005). For
analysis of cell proliferation, six mice were killed and
transcardially perfused (0.1 M cold phosphate-buffered
saline for 5 min followed by 4% cold paraformaldehyde)
24 h after the last BrdU administration. To determine
survival and differentiation of BrdU-labeled cells, four mice
were killed and perfused 4 weeks after BrdU injection. Other
mice were killed by decapitation 3 h after the last fluoxetine
administration and hippocampi were isolated and frozen
at �701C.

Immunohistochemical Studies

After perfusion, brains were postfixed overnight in paraf-
ormaldehyde at 41C and stored in 30% sucrose. Serial
sections were then cut (40 mm) through each entire
hippocampus, using a freezing microtome. Every sixth
section was kept for BrdU immunohistochemistry (see
Supplementary Materials and Methods for details).

Quantitative Evaluation of Staining

Bromodeoxyuridine-positive cells were counted using the
Optical Fractionator method with Microbrightfield Stereo-
Investigator software (Stereo Investigator software, Micro-
brightfield, VT, USA) on a Z-series of sections of 240 mM
apart. BrdU + counts were limited to the hippocampal
granular cell layer and adjacent hilar SGZ margin using an
overlay grid of 100� 100 mm.

The volumes of the entire hippocampus (hippocampus
proper plus dentate gyrus) were evaluated with the same
brain evaluated for the BrdU stain. From rostral to caudal,
every sixth section was used to evaluate the hippocampal
volume. The 40-mm-thick sections were stained with 1%
cresyl violet (Nissl staining) to differentiate the regions.
Volumes were estimated on the basis of the Cavalieri’s
principle. The hippocampus was outlined by using the
StereoInvestigator software. The computed areas were then
summed and multiplied with the thickness of the sections
and the intersection distance. Volumes were expressed
as mm3.

Western Blot Analysis

Hippocampi were quickly excised on ice and homogenized
1 : 10 (w/v) in homogenization buffer (composed of 20 mM
Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
b-glycerol phosphate, 1 mM sodium vanadate, and 1 mg/ml
leupeptin; pH 7.5) supplemented with a protease inhibitor
cocktail (Roche, Mannheim, Germany), followed by cen-
trifugation at 2000 g for 15 min. Protein lysates were
quantified by Bradford assays (Bio-Rad). Western blot
analysis was performed by standard protocols using anti-
cyclic AMP-responsive element binding protein (CREB;
1 : 1000), anti-phospho-CREB (pCREB)-ser133 (1 : 1000; Cell
Signaling Technology, MA, USA), anti-p42/p44 mitogen-
activated protein kinases (MAPKs; 1 : 2000), anti-activated
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p42/p44 MAPKs (1 : 2000; Cell Signaling Technology), anti-
phospho-Thr196 a-CaMKIV (1 : 200), and anti a-CaMKIV
(1 : 200; Santa Cruz Biotechnology, CA, USA) in TBST
overnight at 41C. The blots were incubated with goat anti-
rabbit or rabbit anti-goat HRP-conjugated secondary
antibodies (1 : 200; Santa Cruz Biotechnology), and signals
were detected by enhanced chemiluminescence western
blotting detection reagents (Pierce). The membranes were
scanned and analyzed using an Omega 16ic Chemilumines-
cence Imaging System (Ultra-Lum, CA, USA). The amount
of phosphorylated proteins (pCREB, pERK1/2, and pCaM-
KIV) was normalized on respective total protein (tCREB,
tERK1/2, and tCaMKIV) to assess the actual change in the
fraction of total protein that was phosphorylated (and thus
activated).

Assays of Protein Kinase A and Protein Kinase C
Activity

Protein lysates of hippocampus were also used in protein
kinase A (PKA) and protein kinase C (PKC) activity assays
using radioactive PKA (cat. no. 17–134, Millipore, Billerica,
MA, USA) and PKC (cat. no. 17–139, Millipore) assay kits.
Protein/sample (50 mg) were used for kinase activity assay
following the manufacturer’s instructions.

ANSC Culture and [3H]-Thymidine Incorporation Assay
of Cell Proliferation

See Supplementary Materials and Methods.

Statistics

All values were expressed as mean±SEM. When variances
were not homogeneous among groups, rank transformation
was used for ANOVA comparison. Results in basal
condition were compared by two-way ANOVA (genotype
and fluoxetine as factors of variation), followed by
independent-samples t-tests to analyze the effects of
fluoxetine in each group (AQP4 + / + and AQP4�/�). Results
in CMS-evoked depressive condition were first compared by
two-way ANOVA (genotype and treatment as factors of
variation). Then, individual treatment effects in each
genotype (AQP4 + / + and AQP4�/�) were analyzed by one-
way ANOVA between subjects. Post hoc comparisons were
made when required by Tukey’s test after significant effects
of treatment by one-way ANOVA. The data of physical state
scale in depression model were analyzed by Wilcoxon–
Mann–Whitney nonparametric test. In all analysis, the null
hypothesis was rejected at the 0.05 level.

RESULTS

AQP4 Knockout Abolished the Anxiolytic and
Antidepressive Effects of Fluoxetine

To investigate whether AQP4 knockout altered the meta-
bolism of fluoxetine, serum concentration, and hippocam-
pal content of fluoxetine as well as its metabolite
norfluoxetine (potent and selective serotonin uptake
inhibitor as the parent drug) was measured at 0.25 h
(distribution process), 5 h (half-life), and 12 h (elimination

phase) after single fluoxetine (10 mg/kg, i.p) injection. As
shown in Table 1, at no time did the serum concentration or
hippocampal content of fluoxetine and norfluoxetine
differ significantly between AQP4 + / + and AQP4�/� mice
(p40.05, t-test).

Two-way ANOVA revealed a significant effect of fluox-
etine (F(1,52)¼ 4.763, p¼ 0.034) on the feeding latency of
NSF but no effects of genotype (F(1,52)¼ 2.142, p¼ 0.149)
or interaction between genotype and fluoxetine
(F(1,52)¼ 2.512, p¼ 0.119) under basal condition. Subse-
quent independent samples t-test indicated 4-week fluox-
etine treatment significantly decreased feeding latency of
AQP4 + / + mice (p¼ 0.021) but had no effect on AQP4�/�

mice (p¼ 0.653; Figure 2a). Neither AQP4 knockout nor
fluoxetine had significant effects on the immobility time in
tail suspension test (two-way ANOVA: genotype
F(1,52)¼ 0.904, p¼ 0.346); fluoxetine F(1,52)¼ 2.339,
p¼ 0.132; interaction: F(1,52)¼ 0.683, p¼ 0.412; Figure 2b).

Chronic mild stress significantly degenerate the physical
states during the first 3 weeks and lasted until the end of the
7-week CMS in stressed group of both genotypes
(Figure 2c). The improvement of physical state by 4-week
administration of fluoxetine was more remarkable in
AQP4 + / + mice than in AQP4�/� mice (po0.001,
Figure 2c). Two-way ANOVA showed significant effect of
treatment (F(2,79)¼ 47.936, po0.001) on body weight gain,
but no effects of genotype (F(1,79)¼ 1.225, p¼ 0.272) or
interaction between these two factors (F(2,79)¼ 0.345,
p¼ 0.709). Subsequent one-way ANOVA showed a signifi-
cant effect of treatment in AQP4 + / + mice (F(2,40)¼ 31.631,
po0.001) and AQP4�/� mice (F(2,39)¼ 18.082, po0.001).
Tukey’s post hoc comparisons indicated that CMS proce-
dure significantly inhibited body weight gain in both AQP4
+ / + and AQP4�/� mice (po0.001, Figure 2d). Fluoxetine
administration had no effect on body weight gain in both
stressed AQP4 + / + mice (p¼ 0.542) and AQP4�/� mice
(p¼ 0.853; Figure 2d). The despair-related behavior was

Table 1 Serum Concentration and Hippocampal Content of
Fluoxetine and its Metabolite Norfluoxetine in AQP4+/+ and
AQP4�/� Mice

Serum (ng/ml) Hippocampus (ng/g)

Time AQP4+/+ AQP4�/� AQP4+/+ AQP4�/�

0.25 h

Flx 458.78±17.77 439.91±22.01 4369.67±244.79 4499.64±259.23

Nflx 189.37±31.02 200.36±26.85 868.02±135.30 753.22±76.66

5 h

Flx 337.61±12.40 351.10±11.77 13161.41±415.13 14615.51±693.81

Nflx 643.82±117.43 634.02±110.77 5314.84±285.50 5250.66±470.75

12 h

Flx 181.03±8.05 163.44±5.65 6580.85±233.99 6104.13±219.70

Nflx 266.54±14.30 257.03±11.68 6952.01±351.78 7077.37±771.24

AQP4, aquaporin-4; Flx, fluoxetine; Nflx, norfluoxetine.
Data represent the mean±SEM (n¼ 6) at different time following single
fluoxetine injection (10 mg/kg, i.p).
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measured with the TST. Two-way ANOVA revealed a
significantly effect of treatment (F(2,66)¼ 10.688,
po0.001) on the immobility times, but no effects of
genotypes (F(1,66)¼ 1.218, p¼ 0.274) or interaction be-
tween these two factors (F(2,66)¼ 1.148, p¼ 0.323). Sub-
sequent one-way ANOVA showed significant effects of
treatment in AQP4 + / + mice (F(2,33)¼ 6.086, p¼ 0.006) and
AQP4�/� mice (F(2,33)¼ 5.698, p¼ 0.007). Tukey’s post hoc
test showed that CMS significantly increased the immobility
times in AQP4 + / + mice (p¼ 0.012) and AQP4�/� mice
(p¼ 0.006; Figure 2e). Fluoxetine administration reversed
the CMS-induced increments of immobility time in AQP4 + / +

(p¼ 0.014) but not in AQP4�/� mice (p¼ 0.367;
Figure 2e). The anhedonia of mice was measured with
sucrose preference test. Two-way ANOVA indicated geno-
type effect (F(1,66)¼ 5.093, p¼ 0.027), treatment effect
(F(2,66)¼ 15.588, po0.001), but no interaction between

these two factors (F(2,66)¼ 1.512, p¼ 0.228). Subsequent
one-way ANOVA indicated a significant effect of treatment
in both genotypic mice (AQP4 + / + : F(2,33)¼ 8.563,
po0.001; AQP4�/�: F(2,33)¼ 8.539, po0.01). Tukey’s
comparison revealed that CMS procedure significantly
inhibited the sucrose preference in both AQP4 + / + mice
(p¼ 0.002) and AQP4�/� mice (p¼ 0.001). However,
fluoxetine only restored the CMS-induced decrement of
sucrose preference in AQP4 + / + mice (p¼ 0.005) but not in
AQP4�/� mice (p¼ 0.297) (Figure 2f).

AQP4 Knockout Suppressed Fluoxetine-Induced
Enhancement of Neurogenesis in Adult Hippocampus

The number of BrdU + cells in the SGZ 24 h after the last
BrdU injection was used to evaluate the effects of 4-week
fluoxetine treatment on cell proliferation. BrdU + cells

Figure 2 Aquaporin-4 (AQP4) knockout (KO) abolished the anxiolytic and antidepressive effects of fluoxetine (Flx). (a, b) Basal condition. (a) AQP4 KO
abolished the anxiolytic effects of Flx in the novelty-suppressed feeding test (n¼ 14, *po0.05 vs control group of the same genotype). (b) No significant
difference of immobility time was found in tail suspension test (TST) after 4-week Flx administration in both genotypic mice (n¼ 14). (c, d, e, f) Depression
model. (c) Effects of chronic mild stress (CMS) and chronic administration of Flx on the degradation of the physical state of the coat of AQP4 + / + - and
AQP4�/�-stressed mice (Wilcoxon–Mann–Whitney nonparametric test, n¼ 14–16, *po0.05 and **po0.01 vs CMS group of the same genotype,
#po0.01 vs AQP4 + / + CMS + Flx group). (d) Control mice showed significant increases on body weight gain whereas CMS inhibited body weight gain in
both genotypes. Four-week Flx treatment had no effect on body weight gain in stressed mice (n¼ 14–15, *po0.01 vs control group of the same genotype).
(e) CMS increased immobility time of both AQP4 + / + and AQP4�/� mice in the TST (*po0.05 vs control group of the same genotype). Four-week Flx
administration significantly decreased the immobility time in stressed AQP4 + / + mice (#po0.05 vs AQP4 + / + CMS group) but not in stressed AQP4�/�

mice (n¼ 12). (f) CMS decreased sucrose uptake in both genotypic mice (*po0.01 vs control group of the same genotype). Four-week Flx treatment
restored sucrose preference in AQP4 + / + mice (#p o0.01 vs AQP4 + / + CMS group), but not in AQP4�/� mice (n¼ 12).
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exhibited fusiform or irregular phenotypes and were
clustered or aggregated in the SGZ (Figure 3a). Under basal
condition, two-way ANOVA indicated no effect of genotype
(F(1,20)¼ 2.077, p¼ 0.165), but significant effect of fluox-
etine (F(1,20)¼ 28.943, po0.001) and interaction between
these two factors (F(1,20)¼ 12.635, p¼ 0.002). Subsequent
independent samples t-test showed that fluoxetine signifi-
cantly increased the number of BrdU + cell in AQP4 + / +

mice (po0.001) but not in AQP4�/� mice (p¼ 0.229). As
shown in Figure 3b, CMS significantly inhibited cell
proliferation in the SGZ of both genotypes. Two-way
ANOVA showed a significant effect of treatment on the
number of BrdU + cells (F(2,30)¼ 36.887, po0.001), no
effect of genotype (F(1,30)¼ 2.683, p¼ 0.112), and a
significant interaction between treatment and genotype
(F(2,30)¼ 6.602, p¼ 0.004). Subsequent one-way ANOVA
indicated a significant effect of treatment in AQP4 + / +

mice (F(2,15)¼ 21.841, po0.001) and AQP4�/�mice
(F(2,15)¼ 21.623, po0.001). Post hoc comparisons revealed
that CMS significantly inhibited cell proliferation in the SGZ
of AQP4 + / + mice (po0.001) and AQP4�/� mice (po0.001;
Figure 3b). Notably, 4-week fluoxetine administration could
reverse CMS-induced inhibition of cell proliferation in
AQP4 + / + (po0.001) but not in AQP4�/� mice (p¼ 0.480;
Figure 3b).

The numbers and phenotypes of dentate BrdU + cells
were determined 4 weeks after the last BrdU administration,
a time interval sufficient to allow for newly generated cells
to migrate and differentiate (Ming and Song, 2005). At this
time, the numbers of survival BrdU + cells among various
groups were lower than those evaluated 24 h after the
last BrdU injection under basal condition (two-way

ANOVA: genotype F(1,12)¼ 1.655, p¼ 0.223; fluoxetine
F(1,12)¼ 14.897, p¼ 0.002; interaction: F(1,12)¼ 6.621,
p¼ 0.024) and CMS-evoked depressive condition (two-way
ANOVA: genotype F(1,18)¼ 4.642, p¼ 0.045; treatment
F(2,18)¼ 21.048, po0.001; interaction: F(2,18)¼ 2.544,
p¼ 0.106; Figure 4a, b). The survival rate of BrdU + cells
referred to the percentage of the number of BrdU + cells
between 28 days and 24 hours after last BrdU administra-
tion. The survival rates of various groups did not differ
significantly under basal condition (AQP4 + / + : control
46.41%, fluoxetine 43.06%; AQP4�/�: control 47.01%,
fluoxetine 46.98%) and CMS-evoked depressive condition
(AQP4 + / + : control 42.61%, CMS 44.18%, CMS + fluoxetine
40.89%; AQP4�/�: control 40.60%, CMS 42.73%, CMS +
fluoxetine 42.15%). These results indicate that AQP4
knockout failed to influence the survival of newborn cells
in the SGZ. The phenotype of BrdU + cells was determined
by double labeling of BrdU and neuronal marker neuronal
nuclear antigen (NeuN) or astrocytic marker glial fibrillary
acidic protein (GFAP; Figure 4c). No significant differences
in the percentage of NeuN + /BrdU + (B75%) or GFAP + /
BrdU + (B10%) were observed among various groups
under basal condition (two-way ANOVA; NeuN + /
BrdU + : genotype F(1,12)¼ 0.069, p¼ 0.798; fluoxetine
F(1,12)¼ 0.392, p¼ 0.543; interaction: F(1,12)¼ 0.063,
p¼ 0.806; GFAP + /BrdU + : genotype F(1,12)¼ 0.688,
p¼ 0.423; fluoxetine F(1,12)¼ 0.011, p¼ 0.919; interaction:
F(1,12)¼ 0.059, p¼ 0.813; Figure 4d). Similarly, no signifi-
cant differences of NeuN + /BrdU + or GFAP + /BrdU + were
found among various treatment group under CMS-evoked
depressive condition (two-way ANOVA; NeuN + /BrdU + :
genotype F(1,18)¼ 0.001, p¼ 0.991; treatment:

Figure 3 Aquaporin-4 (AQP4) knockout suppressed fluoxetine (Flx)-induced enhancement of cell proliferation in the subgranular zone (SGZ). (a) AQP4
knockout suppressed Flx-induced enhancement of cell proliferation in the SGZ under basal condition (n¼ 6, *po0.01 vs AQP4 + / + control). (b) Chronic
mild stress (CMS) decreased numbers of bromodeoxyuridine (BrdU) + cells in the SGZ of both AQP4 + / + and AQP4�/� mice (n¼ 6, *po0.01 vs control
group of the same genotype). Four-week Flx treatment restored CMS-induced inhibition of cell proliferation in the SGZ of AQP4 + / + mice (#po0.01 vs
AQP4 + / + CMS group) but not in AQP4�/� mice. Scale bar¼ 200 mm.
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F(2,18)¼ 0.283, p¼ 0.757; interaction: F(2,18)¼ 0.857,
p¼ 0.441; GFAP+/BrdU+: genotype F(1,18)¼ 0.811, p¼ 0.38;
treatment: F(2,18)¼ 1.152, p¼ 0.338, interaction: F(2,18)¼ 0.395,
p¼ 0.679; Figure 4e).

Fluoxetine Failed to Reverse CMS-Induced Hippocampal
Volume Reduction in AQP4�/� Mice

As hippocampal volume shrinkage was reported in chronic
stress animal model (Alonso et al, 2004), we investigated the
role of fluoxetine on hippocampal volume regulation in
both AQP4 + / + and AQP4�/� mice under CMS-evoked
depressive condition. Two-way ANOVA revealed a signifi-

cant effect of treatment on the hippocampal volume
(F(2, 30)¼ 11.183, p¼ 0.001) but not the genotype
(F(1,30)¼ 0.002, p¼ 0.968) or interaction between treat-
ment and genotype (F(2,30)¼ 2.34, p¼ 0.114). Subsequent
one-way ANOVA indicated a significant effect of treatment
on hippocampal volume in both AQP4 + / + mice
(F(2,15)¼ 8.424, p¼ 0.004) and AQP4�/� mice
(F(2,15)¼ 5.818, p¼ 0.013). Tukey’s post hoc test indicated
that CMS procedure significantly decreased the hippocam-
pal volume in both AQP4 + / + mice (p¼ 0.003) and AQP4�/�

mice (p¼ 0.035). However, fluoxetine only reversed
the CMS-induced shrinkage of hippocampal volume in
AQP4 + / + mice (p¼ 0.032) but not in AQP4�/� mice

Figure 4 Fate and differentiation of bromodeoxyuridine (BrdU) + cells in the dentate gyrus. (a) Under basal condition, 4-week fluoxetine (Flx)
administration significantly increased the number of BrdU + cells 28 days after last BrdU injection in aquaporin-4 (AQP4) + / + but not in AQP4�/� mice
(n¼ 4, *po0.05 vs control group of the same genotype, independent samples t-test). (b) The number of BrdU + cells in the subgranular zone (SGZ) of
depression model mice 28 days after last BrdU administration (n¼ 4, *po0.05 vs control group of the same genotype; #po0.05 vs AQP4 + / + chronic mild
stress (CMS) group, Tukey’s post hoc comparison). (c) Representative confocal microscopic images of BrdU (green) and neuronal nuclear antigen (NeuN) or
glial fibrillary acidic protein (GFAP; red)-labeled cells in the dentate granule cell layer. Scale bar¼ 20mm. (d, e) The percentages of NeuN + /BrdU + or GFAP
+ /BrdU + cell did not differ significantly among various groups under basal condition or CMS-evoked depressive condition (n¼ 4).
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(p¼ 0.949; in mm3, n¼ 6; AQP4 + / + : control, 23.08±0.63;
CMS, 20.63±0.38; CMS + fluoxetine, 22.18±0.27; AQP4�/�:
control, 23.72±0.53; CMS, 21.28±0.61; CMS + fluoxetine,
20.76±0.89).

AQP4 Knockout Suppressed Fluoxetine-Induced
Enhancement of Hippocampal CREB and CaMKIV
Phosphorylation

The transcription factor CREB has been implicated in
signaling pathways relevant to neurogenesis and depres-
sion. As transcriptional activity for CREB mainly depends
on its phosphorylation at Ser133, hippocampal pCREB was
measured by using an antibody directed against pCREB
(Ser133). Two-way ANOVA showed significant effects of
fluoxetine (F(1,12)¼ 13.86, p¼ 0.03) and genotype (F(1,
12)¼ 8.489, p¼ 0.013) on CREB phosphorylation, but no
effect of interaction between fluoxetine and genotype
(F(1,12,¼ 1.284, p¼ 0.279) under basal condition. Indepen-
dent samples t-test showed that fluoxetine significantly
increased the phosphorylation of CREB in AQP4 + / + mice
(po0.001) but not in AQP4�/� mice (p¼ 0.396). We further
investigated the effect of fluoxetine on hippocampal CREB
phosphorylation in both AQP4 + / + and AQP4�/� mice
under CMS-evoked depressive condition. Two-way ANOVA
revealed a significant effect of treatment (F(2,12)¼ 13.82,
p¼ 0.001) but not effect of genotype (F(1,12)¼ 4.167,
p¼ 0.064), and a significant effect of interaction (genoty-
pe� treatment: F(2,12)¼ 7.167, p¼ 0.009). Subsequent one-
way ANOVA revealed significant effects of treatment in
both genotype mice (AQP4 + / + : F(1,6)¼ 12.333, p¼ 0.007;
AQP4�/�: F(1,6)¼ 7.491, p¼ 0.023). Tukey’s post hoc tests
showed that CMS procedure significantly inhibited hippo-
campal CREB phosphorylation in both AQP4 + / +

(p¼ 0.032) and AQP4�/� mice (p¼ 0.027). Fluoxetine
reversed CMS-induced decrement of CREB phosphorylation
in AQP4 + / + mice (p¼ 0.007) but not in AQP4�/� mice
(p¼ 0.880; Figure 5b).

Aquaporin-4 knockout or fluoxetine failed to influence
the activities of hippocampal PKA (two-way ANOVA,
genotype (1, 12)¼ 0.007, p¼ 0.936; fluoxetine
(1,12)¼ 0.014, p¼ 0.908; interaction: F(1,12)¼ 0.02,
p¼ 0.889; Figure 5d). Under CMS-evoked depressive con-
dition, two-way ANOVA indicated treatment effect
(F(2,30)¼ 12.186, po0.001), no genotype effect (F(1,30)¼
0.012, p¼ 0.912), and interaction between these two

factors (F(2,30)¼ 0.015, p¼ 0.985). Subsequent one-
way ANOVA revealed significant effects of treatment in
AQP4 + / + (F(2,15)¼ 6.777, p¼ 0.008) and AQP4�/� mice
(F(2,15)¼ 5.515, p¼ 0.016). Tukey’s post hoc test showed
that CMS significantly inhibited hippocampal PKA activities
in both AQP4 + / + mice (p¼ 0.012) and AQP4�/� mice
(p¼ 0.027). Fluoxetine restored the CMS-induced inhibition
of PKA activities in both genotypes (Figure 5d).

Four-week fluoxetine administration failed to influence
the activities of hippocampal PKC under basal condition.
However, AQP4 knockout significant increased hippo-
campal PKC activity (two-way ANOVA: genotype
F(1,12)¼ 17.386, p¼ 0.001; fluoxetine F(1,12)¼ 0.911,
p¼ 0.359; interaction: F(1,12)¼ 0.088, p¼ 0.772;
Figure 5e). Consistently, the hippocampal PKC activities
also increased in AQP4�/� mice under CMS-evoked
depressive condition. However, neither CMS nor fluoxetine
altered PKC activity in both mouse genotypes (Figure 5f).
Thus, two-way ANOVA showed a significant effect of
genotype (F(1,18)¼ 19.592, po0.001), but no effect of
treatment (F(2,18)¼ 0.048, p¼ 0.954) or interaction be-
tween genotype and treatment (F(2,18)¼ 0.137, p¼ 0.873).

The phosphorylation of extracellular signal-regulated
kinases (ERK1/2) was not altered by 4-week fluoxetine
administration in both genotypes under basal
condition (two-way ANOVA; genotype F(1,8)¼ 0.022,
p¼ 0.887; fluoxetine F(1,8)¼ 0.013, p¼ 0.913; interaction:
F(1,8)¼ 0.192, p¼ 0.673; Figure 5g). However, the phos-
phorylation of ERK1/2 was affected by CMS and fluoxetine
in both genotypes (Figure 5h). Two-way ANOVA revealed a
significant effect of treatment (F(2,12)¼ 17.301, po0.001)
on ERK1/2 phosphorylation, but no effect of genotype
(F(1,12)¼ 0.191, p¼ 0.67) or interaction between genotype
and treatment (F(2,12)¼ 0.569, p¼ 0.58). Post hoc tests
showed that CMS procedure significantly inhibited hippo-
campal ERK1/2 phosphorylation in both AQP4 + / + mice
(p¼ 0.042) and AQP4�/� mice (p¼ 0.036). Fluoxetine
reversed the CMS-induced decrement of ERK1/2 phosphor-
ylation in both genotypes (po0.05; Figure 5h).

As shown in Figure 5i, fluoxetine increased the phos-
phorylation of CaMKIV in AQP4 + / + mice but not in
AQP4�/� mice under basal condition. Two-way ANOVA
showed significant effects of fluoxetine (F(1, 12)¼ 11.947,
p¼ 0.005) and genotype (F(1,12)¼ 5.31, p¼ 0.04) on
hippocampal CaMKIV phosphorylation, but no interaction
between these two factors (F(1,12)¼ 2.602, p¼ 0.133).

Figure 5 Aquaporin-4 (AQP4) knockout inhibited fluoxetine (Flx)-induced cyclic AMP-responsive element binding protein (CREB) and calcium/
calmodulin-dependent protein kinase IV (CaMKIV) phosphorylation. (a) Four-week Flx treatment significantly increased hippocampal CREB
phosphorylation in AQP4 + / + but not in AQP4�/� mice (n¼ 4, *po0.05 vs AQP4 + / + control). (b) Flx reversed chronic mild stress (CMS)-induced
reduction of hippocampal CREB phosphorylation in AQP4 + / + but not in AQP4�/� mice (n¼ 3, *po0.05 vs control group of the same genotype;
#po0.01 vs AQP4 + / + CMS). (c) Under basal conditions, AQP4 knockout or Flx did not alter hippocampal protein kinase A (PKA) activity (n¼ 4). (d) In
depression model, Flx reversed the CMS-induced inhibition of hippocampal PKA activity in both genotypic mice (n¼ 6, *po0.05 vs control group of the
same genotype; #po0.05 vs CMS group of the same genotype). (e) AQP4 knockout enhanced hippocampal PKC activity, whereas Flx did not alter the
PKC activity under basal condition (n¼ 4, **po0.01 for significant main effect of genotype). (f) CMS or Flx did not influence the PKC activity in depression
model (n¼ 4, **po0.01 for significant main effect of genotype). (g) AQP4 knockout or Flx had no effect on hippocampal extracellular signal-regulated
kinases (ERK1/2) phosphorylation under basal condition (n¼ 3). (h) In depression model, Flx restored CMS-induced decrement of hippocampal ERK1/2
phosphorylation in both genotypic mice (n¼ 3, *po0.05 vs control group of the same genotype; #po0.05 vs CMS group of the same genotype). (i) Under
basal condition, 4-week Flx administration increased hippocampal CaMKIV phosphorylation in AQP4 + / + but not in AQP4�/� mice (n¼ 4, *po0.01 vs
AQP4 + / + control). (j) Flx reversed CMS-induced inhibition of hippocampal CaMKIV phosphorylation in AQP4 + / + mice but not in AQP4�/� mice (n¼ 4,
*po0.05 vs control group of the same genotype, #po0.01 vs AQP4 + / + CMS group).
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Independent samples t-test indicated that fluoxetine sig-
nificantly increased the phosphorylation of CaMKIV in
AQP4 + / + mice (p¼ 0.002) but not in AQP4�/� mice
(p¼ 0.213). Further, we investigated hippocampal CaMKIV
phosphorylation under CMS-evoked depressive condition.
Two-way ANOVA revealed significant effect of treatment

(F(2,18)¼ 17.884, po0.001), genotype (F(1,18)¼ 11.395,
p¼ 0.003), and interaction of these two factors
(F(2,18)¼ 8.327, p¼ 0.003) on CaMKIV phosphorylation.
Subsequent one-way ANOVA revealed significant effects of
treatment in both AQP4 + / + mice (F(2,9)¼ 22.164,
po0.001) and AQP4�/�mice (F(2,9)¼ 8.253, p¼ 0.009).
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Tukey’s post hoc comparison indicated that CMS signifi-
cantly inhibited CaMKIV phosphorylation in the hippo-
campus of AQP4 + / + mice (p¼ 0.002) and AQP4�/� mice
(p¼ 0.014). Notably, 4-week fluoxetine administration
could restore CMS-induced decrement of hippocampal
CaMKIV phosphorylation in AQP4 + / + mice (po0.001)
but not in AQP4�/� mice (p¼ 0.967; Figure 5j).

Chronic Fluoxetine Treatment Inhibited CMS-Induced
Upregulation of AQP4 Expression in the Hippocampus

Under basal conditions, 4-week fluoxetine treatment
resulted in a minor but insignificant increase (114% of
control) in AQP4 expression in the hippocampus (n¼ 3, t-
test, p¼ 0.16; Figure 6a). CMS significantly increased
expression of AQP4 (177% of control, p¼ 0.001; one-way
ANOVA, F(2,9)¼ 15.409, p¼ 0.001), which was reversed by
4-week fluoxetine administration (p¼ 0.006 vs CMS group,
Figure 6b).

AQP4 Knockout Inhibited Proliferation of ANSCs and
Abolished the Pro-Proliferative Effect of Fluoxetine In
Vitro

In floating culture medium, ANSCs derived from adult
hippocampus formed neurospheres (Figure 7a) and ex-
pressed AQP4 (Figure 7b), and nestin (Figure 7c). To
investigate whether AQP4 knockout affected fluoxetine-
induced enhancement of proliferation in vitro, ANSCs were
incubated with 0.1, 1 mM fluoxetine, and 1 mCi/ml [3H]-
thymidine for 48 h. As indicated by two-way ANOVA
analysis, AQP4 knockout significantly inhibited the pro-
liferation of ANSCs in vitro (genotype F(1,12)¼ 80.012,
po0.001; treatment: F(2,12)¼ 4.098, p¼ 0.044; interaction:
F(2,12)¼ 3.073, p¼ 0.084). Tukey’s post hoc analysis
showed that 0.1 and 1 mM fluoxetine significantly promoted
the proliferation of AQP4 + / + ANSC by 31% (p¼ 0.008) and
22% (p¼ 0.038), respectively. However, no pro-proliferative
effect of fluoxetine was found in AQP4�/� ANSCs (one-way
ANOVA, F(2,6)¼ 1.867, p¼ 0.234, Figure 7d).

DISCUSSION

In the present study, we first showed that AQP4 knockout
suppressed fluoxetine-induced enhancement of adult hip-
pocampal neurogenesis in mice. Meanwhile, the anxiolytic
and antidepressive actions of fluoxetine disappeared
following AQP4 knockout. We next showed that AQP4
knockout suppressed fluoxetine-induced hippocampal
CREB phosphorylation by inhibiting CaMKIV pathway
rather than PKA, PKC, and ERK1/2 pathways. Furthermore,
the CMS procedure significantly increased hippocampal
AQP4 expression, which was reversed by 4-week fluoxetine
treatment. Finally, in vitro study using cultured ANSCs
from adult hippocampus demonstrated that AQP4 knockout
not only significantly inhibited the primary proliferation,
but also eliminated the pro-proliferative effect of fluoxetine.
These findings suggest that AQP4 can regulate fluoxetine-
induced enhancement of adult hippocampal neurogenesis
and in turn mediate the antidepressive action of fluoxetine.

During the past decade, studies have shown that impaired
neurogenesis in the hippocampus of adults may play a role
in the pathogenesis of depression (Gould et al, 1997;
Pittenger and Duman, 2008). Psychosocial stress reduces
neurogenesis in rodents, whereas chronic treatment with
antidepressants enhances neurogenesis and reverses the
effects of stress (Alonso et al, 2004; Jayatissa et al, 2006).
The effects of stress and antidepressant treatment on
neurogenesis in the hippocampus parallel behavioral
changes in animal models (Santarelli et al, 2003). The
observation that neurogenesis parallels the actions of
antidepressant drugs may lead to novel strategies for
treatment of depression. However, the development of
new treatments for depression based on hippocampal
neurogenesis requires identification of the mechanisms
responsible for adult neurogenesis and elucidation of the
pivotal components of the pathophysiology of depression.
In the present study, AQP4 knockout eliminated fluoxetine-
induced enhancement of adult neurogenesis both in vivo
and in vitro. Thus, AQP4 is required for fluoxetine-induced
enhancement of adult hippocampal neurogenesis. Notably,
CMS significantly increased expression of hippocampal
AQP4. In general, brain water homeostasis disequilibrium is
associated with increased AQP4 expression in astroglia
(Arima et al, 2003; Badaut et al, 2002; Vizuete et al, 1999),
and excessive AQP4 may be detrimental and promote
edema (Papadopoulos et al, 2004a, b; Papadopoulos and
Verkman, 2005; Quick and Cipolla, 2005). Therefore, AQP4
may be involved in the CMS-induced depression by
regulating brain water homeostasis.

Aquaporin-4 knockout impaired proliferation of ANSCs
in vitro, suggesting that AQP4 could modulate adult
hippocampal neurogenesis by regulating the proliferation
of stem cell directly. However, no significant differences
were found in basal neurogenesis in the hippocampus
between adult AQP4�/� and AQP4 + / + mice. The apparently
discordant findings between in vivo and in vitro investiga-
tions could be attributed to alterations in the extracellular
microenvironment, which may compensate for inhibition of
proliferation of ANSCs in AQP4�/� mice. For instance,
serotonin, a monoamine neurotransmitter that promotes
neurogenesis in the hippocampus of adults (Banasr et al,
2004; Brezun and Daszuta, 1999; Djavadian, 2004), was

Figure 6 Aquaporin-4 (AQP4) expression in hippocampus following
4-week fluoxetine (Flx) administration. (a) Four-week Flx administration did
not affect hippocampal AQP4 expression under basal condition (n¼ 3). (b)
Chronic mild stress (CMS) significantly increased AQP4 expression in the
hippocampus, which was reversed by 4-week Flx treatment (n¼ 4,
*po0.01 vs control; #po0.01 vs CMS).
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significantly increased in various brain regions in AQP4�/�

mice (Fan et al, 2005). Therefore, increased levels of
serotonin in vivo may counteract the inhibition of
proliferation of ANSCs in AQP4�/� mice via activation of
different serotonin receptors, such as 5-HT1A, 5-HT2A,
and/or 5-HT2C.

Fluoxetine, a selective serotonin reuptake inhibitor, can
enhance neurogenesis both in vivo and in vitro (Malberg
and Duman, 2003; Malberg et al, 2000; Manev et al, 2001).
Our previous studies have demonstrated that AQP4
regulates the serotoninergic neurotransmission in different
regions of the adult brain (Ding et al, 2007; Fan et al, 2005).
Therefore, we presume that AQP4 might involve the
therapeutic effects of fluoxetine. In the present study, in
vivo experiments revealed AQP4 knockout abolished
fluoxetine-induced enhancement of neurogenesis in the
hippocampus and behavioral improvements in adult mice
under both basal and CMS-induced depressive conditions.
These results are consistent with the findings that AQP4
knockout abolished the pro-proliferative effects of fluox-

etine in cultured ANSCs. Our study also reveals that AQP4
knockout failed to alter metabolism of fluoxetine in brain.
Therefore, AQP4 is necessary for the therapeutic actions of
fluoxetine, and this function of AQP4 is likely mediated by
regulating adult hippocampal neurogenesis. Notably, 4-
week fluoxetine treatment could reverse CMS-induced
upregulation of AQP4 in the hippocampus. Although
blockade of AQP4 (and thus cell permeability to water) is
predicted to reduce brain swelling in neurologic diseases
(Amiry-Moghaddam et al, 2003; Manley et al, 2000;
Papadopoulos and Verkman, 2005), no selective AQP4
channel blockers are currently available. Furthermore,
AQP4 channel blockers may negatively affect hearing (Li
and Verkman, 2001) and vision (Li et al, 2002) and increase
brain swelling when vasogenic brain edema predominates,
such as brain tumor or the late stages of stroke
(Papadopoulos et al, 2004a, b). As increased expression of
AQP4 accounts for the majority of excess water in the brain,
perhaps inhibitors of AQP4 upregulation may be better
drugs than AQP4 channel blockers (Papadopoulos and

Figure 7 Proliferation assay of neural stem cells by [3H]thymidine incorporation. (a) Neural stem cells isolated from adult hippocampus generated
neurospheres. Scale bar¼ 200 mm. Neurospheres expressed aquaporin-4 (AQP4; b) and nestin (c). (d) AQP4 knockout significantly inhibited the
proliferation of adult neural stem cells (ANSCs) in vitro (**po0.01 for significant main effect of genotype). Fluoxetine (Flx, 0.1 and 1mM) significantly
enhanced proliferation of AQP4 + / + ANSC, but had no effect on AQP4�/� ANSCs (n¼ 3, *po0.05 vs AQP4 + / + control).
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Verkman, 2005). Our findings suggest fluoxetine may be a
potential mediator for AQP4 expression.

Neuroimaging studies in humans reveal that the hippo-
campal volume undergoes reduction in major depression
(Bremner et al, 2000; Colla et al, 2007; Sheline et al, 1999).
Consistent with these findings, hippocampal volume was
decreased in chronic stress paradigms and various animal
models of depression, although it could be reversed by
chronic antidepressants treatment (Alonso et al, 2004; Czeh
et al, 2001; van der Hart et al, 2002). Our study showed that
CMS significantly decreased the hippocampal volume of
both AQP4 + / + and AQP4�/� mice. However, 4-week
fluoxetine treatment could reverse the CMS-induced
hippocampal volume reduction in AQP4 + / + mice but not
in AQP4�/� mice. These results indicate that AQP4
participates in the regulation of hippocampal volume
during the period of CMS and fluoxetine treatment. The
present study showed that the hippocampal volume was
parallel to the neurogenesis among various groups of
AQP4 + / + and AQP�/� mice, suggesting that AQP4 may
mediate hippocampal volume regulation at least partially by
regulating hippocampal cell proliferation.

Cyclic AMP-responsive element binding protein (CREB)
has been implicated in signaling pathways related to the
pathogenesis and therapy of depression (Carlezon et al,
2005; Zhu et al, 2004). CMS inhibited CREB phosphoryla-
tion in the hippocampus of both AQP4 + / + and AQP4�/�

mice. Three main kinases, PKA, CaMKIV, and ERK1/2, are
involved in regulation of CREB phosphorylation in response
to fluoxetine (Carlezon et al, 2005; Tiraboschi et al, 2004).
The present study demonstrated CMS significantly inhibited
activation of these kinases in both AQP4 + / + and AQP4�/�

mice. Thus, PKA, CaMKIV, and ERK1/2 are involved in
CMS-induced depression in both genotypes of mice. Four-
week fluoxetine treatment reversed CMS-induced inhibition
of PKA, ERK1/2, and CaMKIV activities, and CREB
phosphorylation in the hippocampus of AQP4 + / + mice.
The same treatment also reversed CMS-induced inhibition
of PKA activity and ERK1/2 phosphorylation but failed to
reverse inhibition of CaMKIV and CREB phosphorylation in
the hippocampus of AQP4�/� mice. Compared with
AQP4 + / + mice, the findings in AQP4�/� mice suggest that
PKA and ERK1/2 signaling cascades are not involved in the
differences of CREB phosphorylation following fluoxetine
treatment. Three calcium/CaM-dependent kinases (CaMK I,
II, and IV) have been shown to phosphorylate CREB in
response to intracellular calcium (Hook and Means, 2001).
CaMKIV has a pronounced nuclear localization and plays a
primary role in neuronal activity-dependent phosphoryla-
tion of CREB (Lonze and Ginty, 2002). CREB phosphoryla-
tion is mainly blocked by CaMK inhibitors but not by other
kinases (including PKA, PKC, and MAPK; Bito et al, 1996).
Moreover, CaMKIV knockout greatly attenuates both basal
and activity-dependent phosphorylation of CREB in the
hippocampus (Ho et al, 2000). Therefore, our findings
suggest AQP4 may regulate the antidepressive action of
fluoxetine via the CaMKIV–CREB pathway.

It is well established that PKA and PKC can regulate the
water permeability of AQP4 by reversible protein phos-
phorylation in a short-term way. Briefly, PKC phosphoryla-
tion at Ser180 in the AQP4 protein acts to reduce water
influx through the channel (Han et al, 1998; Zelenina et al,

2002), and PKA phosphorylation at Ser111 is speculated to
increase permeability of AQP4 (Gunnarson et al, 2004).
Moreover, AQP4 is downregulated by stimulation of the
PKC pathway (Tang et al, 2007; Yamamoto et al, 2001). In
the present study, hippocampal PKC activity was increased
by AQP4 knockout, which reveals an interaction between
the regulations of PKC signaling and AQP4.

In conclusion, our findings demonstrate for the first time
that AQP4 is required for the antidepressive action of
fluoxetine via regulating adult hippocampal neurogenesis.
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