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Astrocytic water channel aquaporin-4 modulates brain
plasticity in both mice and humans: a potential gliogenetic
mechanism underlying language-associated learning
J Woo1,2,14, JE Kim3,4,14, JJ Im4,5,14, J Lee1,15, HS Jeong6, S Park1, S-Y Jung1,2, H An1,7,8, S Yoon4, SM Lim9, S Lee4,5, J Ma4,5,
EY Shin3,4, Y-E Han1,2, B Kim4,5, EH Lee10, L Feng1, H Chun1, B-E Yoon1,11, I Kang3,4, SR Dager7,8, IK Lyoo3,4,12 and CJ Lee1,2,13

The role of astrocytes in brain plasticity has not been extensively studied compared with that of neurons. Here we adopted
integrative translational and reverse-translational approaches to explore the role of an astrocyte-specific major water channel in the
brain, aquaporin-4 (AQP4), in brain plasticity and learning. We initially identified the most prevalent genetic variant of AQP4 (single
nucleotide polymorphism of rs162008 with C or T variation, which has a minor allele frequency of 0.21) from a human database
(n= 60 706) and examined its functionality in modulating the expression level of AQP4 in an in vitro luciferase reporter assay. In the
following experiments, AQP4 knock-down in mice not only impaired hippocampal volumetric plasticity after exposure to enriched
environment but also caused loss of long-term potentiation after theta-burst stimulation. In humans, there was a cross-sectional
association of rs162008 with gray matter (GM) volume variation in cortices, including the vicinity of the Perisylvian heteromodal
language area (Sample 1, n= 650). GM volume variation in these brain regions was positively associated with the semantic verbal
fluency. In a prospective follow-up study (Sample 2, n= 45), the effects of an intensive 5-week foreign language (English) learning
experience on regional GM volume increase were modulated by this AQP4 variant, which was also associated with verbal learning
capacity change. We then delineated in mice mechanisms that included AQP4-dependent transient astrocytic volume changes and
astrocytic structural elaboration. We believe our study provides the first integrative evidence for a gliogenetic basis that involves
AQP4, underlying language-associated brain plasticity.
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INTRODUCTION
Brain volume increases in parallel to brain plasticity in response to
environmental demands.1,2 Human neuroimaging studies can
detect regional increases in brain volume induced by experience
or learning: for example, after juggling training,3 video gaming4 or
intensive training to be qualified as a London taxi driver.5,6 These
plasticity-related changes in brain volume have also been
documented in the rodent brain after prolonged exposure to an
enriched environment (EE)7,8 and in the avian brain during food-
storing season.9,10 There have been numerous reports suggesting
that neuropil increase, neuronal synaptogenesis and neurogenesis
underlie these experience-driven brain volumetric changes.7 The
involvement of glial cells in brain plasticity and associated learning
has some evidence in support, including the well-established
role of oligodendrocytes in activity-dependent myelination.11

Although controversial, there are also reports of an increased

glia-to-neuron ratio in the parietal lobe of Albert Einstein’s
brain.12,13 Evidence for an increased astrocyte-to-neuron ratio in
higher vertebrates and its correlation with higher cognitive
capacity further lends support to the idea that astrocytes may
serve an important role in brain plasticity and learning, although
the exact mechanism underlying this proposition has been largely
untested.
Water and astrocytes are undoubtedly two major components

of the brain. Yet, water movement through the astrocytic water
channel has only been studied in terms of fluid homeostasis,
waste clearance and associated pathological states, such as brain
edema.14,15 In this study, we sought to investigate the critical role
of water, astrocytes and the channel that connects the two
entities, aquaporin-4 (AQP4), in the core physiology and function
of the brain—brain plasticity, particularly with regard to higher
cognitive function in both mice and humans. AQP4, a member of
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13 aquaporin family, serves as a bidirectional water transporter
with predominant expression in astrocytes.16 AQP4 is also
enriched in ependymocytes lining the cerebrospinal fluid-filled
ventricles as well as astrocytic plasma domains adjacent to the
brain microvessels or the pia.16 Moreover, it is expressed in
perisynaptic astrocytic processes, insinuating its role in regulating
synaptic plasticity, in addition to its well-known function in water
homeostasis.1,2

The AQP4 gene is located at chromosome 18q11.2-12.1. The
petit arm of chromosome 18 is the range of genetic loci where
genome-wide linkage analysis studies have reported evidence of
suggestive linkage with various neuropsychiatric conditions, such
as schizophrenia,17 bipolar disorder,18,19 attention-deficit hyper-
activity disorder,20 developmental delay, intellectual disability21

and autism spectrum disorders.22 These disorders also exhibit
brain plasticity dysfunction as well as cognitive deficits.23

However, the potentially phylogenetically preserved roles of
AQP4 have not been systematically investigated in the pathogen-
esis of these disorders, let alone in brain plasticity.
To unravel the role of astrocytic AQP4 in brain plasticity, we

undertook a highly integrated translational (from bench to
human) and reverse-translational (from human to bench) research
approach. Most medical therapeutics currently in use were first
developed and tested in animals and then validated in human
clinical trials. Nevertheless, even the most highly cited animal
studies (4600 citations) required a median of 414 years for
potential translation.24 A more integrative approach in which basic
and clinical research communicates at an earlier stage would be
ideal. This would expedite the application of newfound basic

findings to humans and the provision of insight from human
findings for target refinement, enhancing human relevance of
basic research.
We focused on the AQP4 gene, which is specifically expressed in

astrocytes as the major water channel of the brain.1,2 We
performed a series of in vitro, in vivo animal and in vivo
proof-of-concept human neuroimaging and neuropsychological
studies in two independent samples (Supplementary Figure S1).
The main objective of this study is to elucidate the role of AQP4 in
brain plasticity and associated cognitive function both in mice and
humans.

MATERIALS AND METHODS
Overall study design
The current study is composed of nine sets of experiments and analyses
(Supplementary Figure S1). The first step was the identification of AQP4
common single-nucleotide polymorphism (SNP) using the Exome Aggre-
gation Consortium database, the largest collection of human DNA
sequencing data from 460 000 people.25 Second, in an in vitro luciferase
reporter assay, we tested whether this genetic variation causes AQP4
expression-level changes. Third, we examined the effects of AQP4
knockdown on hippocampal volumetric changes after exposure to EE in
mice, as well as on long-term potentiation (LTP) after theta-burst
stimulation (TBS) in hippocampal slices. Afterwards, we analyzed the
differences in gray matter (GM) volume between individuals with different
AQP4 SNP genotypes using cross-sectional human genetic neuroimaging
data (Sample 1, n=650). Then another prospective follow-up study in
humans (Sample 2, n= 45) with an intensive foreign word learning
interventional design was conducted to assess the effects of genetic
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Figure 1. Rs162008 regulates AQP4 expression. (a) Chromosomal information for AQP4 (middle, bottom) and allele frequency plot of AQP4
single-nucleotide polymorphisms (SNPs) including rs162008 (upper). (b, c) Results from in vitro luciferase assays showing that C variation at
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variation on brain plasticity. Finally, the potential underlying mechanisms
were identified in detail back at the bench using in vitro and in vivo animal
studies. We undertook the aforementioned experiments in a methodical
manner, in which specific hypotheses for each step were derived from the
results of the preceding studies (Supplementary Figure S1).

In silico and in vitro assessments
SNP selection. First, in silico, we identified the most prevalent SNP using
the Exome Aggregation Consortium database.25 Among the available
reference SNPs, only rs162008 had an allele frequency 40.20 (Figure 1a).
Choosing this SNP allowed an adequate sample size for each genotype
group in conducting proof-of-concept human experiments. For the
detailed method of the luciferase reporter assay, please see
Supplementary Information.

Effect of AQP4 genetic variation on brain volumetric plasticity in
mice
Animals and housing. Adult (8–10 weeks) C57BL/6 (B6) and glial fibrillary
acidic protein-green fluorescent protein (GFAP-GFP; Balb/C strain) mice of
each sex and genotype were used. All experimental procedures were
performed in accordance with the institutional guidelines of the Korea
Institute of Science and Technology (KIST), Seoul, Republic of Korea
(approval number: 2016-051).

AQP4 short hairpin RNA (shRNA) vector construction and reverse
transcription-PCR. shRNA for mouse AQP4 (NM_009700) was targeted at
nucleotides 317 to 337 (5′-gcacacgaaagatcagcatcg-3′) and inserted into the
pSicoR system.26 Gene silencing of AQP4 was tested by reverse
transcription-PCR. For gene silencing of AQP4, lentivirus carrying AQP4
shRNA was infected into primary cultured astrocytes 4 days after culture.
Approximately 5 days after infection, the total RNA was prepared using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was synthesized using
SuperScript III Reverse Transcriptase (RT, Invitrogen).

Virus injection
Mice (8–10 weeks old) were anesthetized by intraperitoneal injection of 2%
avertin (20 μl g− 1) and placed into stereotaxic frames. pSicoR lentivirus
(4.6 × 1011 LPS ml− 1 titer, LPS: lenti particles) containing AQP4 shRNA was
loaded into a microdispenser (VWR, Radnor, PA, USA) and injected
bilaterally into the hippocampal CA1 region (−1.7 mm AP, ± 1.7 mm ML,
1.8 mm DV from the dura) at a rate of 0.3 μl min− 1 (total 2 μl) with a 25 μl
syringe using a syringe pump (KD Scientific, Holliston, MA, USA). The
stereotaxic coordinates of the injection site were 1.7 mm away from the
bregma and the depth was 1.9 mm beneath the skull.

Enriched environment. B6 mice (8–10 weeks old) were housed from
weaning in an EE and standard conditions (STD) for 1 month. The EE was
equipped with various toys, including tunnels, a wood ladder, igloo and
running wheel. Toys were made of different forms of plastic, wood and
metal, were of different colors and were changed periodically.27

Measurement of hippocampal volume. Mice were transcardially perfused
with 10% formalin and then brains were extracted and further fixed in 10%
formalin at room temperature. Right or left hemispheres were chosen at
random beforehand. Coronal sections (40 μm thickness) were cut through
the entire hippocampus region using a vibratome (Leica VT1200S, Wetzlar,
Germany). Brain slices were mounted onto slides and stained with cresyl
violet according to the general Nissl staining procedure. Stained slices
were photographed and then converted into eight-bit images. The
boundaries of the CA1 and dentate gyrus (DG) were delineated in the
following way: Two lines were drawn to establish a perimeter that
excluded the DG. One line was passed through the lateral most ends of the
DG and extended until it reached the CA1. The other line was extended
from the medial most tip of the DG to the corner where the CA1 and the
dorsal third ventricle meet. This perimeter, consisting of the boundary of
the CA1, DG and the two lines drawn, essentially surrounds a subregion of
the Ammon’s horn. The area of the resulting perimeter was measured with
the ImageJ software (US National Institutes of Health, Bethesda, MD, USA).
This area was then multiplied by the slice thickness to give an estimate of
the volume. The measurement was based on the classic mathematical
principle of Cavalieri28 with our modification as described above.

Slice preparation, electrophysiology, whole-cell synaptic recordings of LTP and
other methods. Hippocampal slices were prepared from P56 to P70 mice
and LTP in CA1 pyramidal neurons was measured as previously
described.29,30 Detailed methods of passive avoidance test and immuno-
histochemistry are included in Supplementary Information.

Sample 1: correlative effect of AQP4 rs162008 on human brain
volumetric plasticity
Participants. Both study protocols for human neuroimaging studies were
approved by the Institutional Review Board of Ewha Womans University
(approval numbers: 67-7 and 102-14). Healthy volunteers (n= 650,
Supplementary Table S1) were enrolled through local advertisements.
Subjects provided written informed consent after detailed explanation of
the study protocol that included neuroimaging, behavioral assessment and
genetic testing. The inclusion criteria were ages 18–65 years, absence of
psychotropic medication and normal intelligence quotient, as evaluated
using the Korean version of the Wechsler Abbreviated Scale of
Intelligence.31 Exclusion criteria were: (1) current axis I psychiatric diagnosis
according to the Structured Clinical Interview for the Diagnostic and
Statistical Manual of Mental Disorders-IV, (2) current or past severe medical
or neurological illnesses, (3) contraindications for magnetic resonance (MR)
imaging. The sample size was determined using the expected group ratio
of 1.66:1 and the effect size reported in Huang et al.,32 with an α level of
0.05 and a β level of 0.9.

DNA extraction and SNP genotyping. Human blood samples were
collected in EDTA tubes, and genomic DNA was extracted with a Blood
Genomic DNA Extraction Kit (Invitrogen) according to the manufacturer’s
instructions. The concentration and purity of all DNA samples were
determined. Genotyping of the AQP4 SNP was performed using the
TaqMan SNP genotyping probe (Applied Biosystems, Waltham, MA, USA).
PCR signals and fluorescence signals were detected and analyzed with ABI
StepOne 01 (Applied Biosystems). Genotyping was performed after all
clinical, neuroimaging and neuropsychological assessments were com-
pleted, so that the genotype group membership of each participant could
be double-blinded. Exact test was performed to calculate Hardy–Weinberg
equilibrium P-values considering the modest sample size of Sample 2.

Neuroimaging data acquisition and analyses. All MR scans were performed
using a 3.0 Tesla Achieva MR scanner (Philips Medical Systems, Best, The
Netherlands) equipped with a 32-channel head coil, located at the Ewha
Brain Institute. For the acquisition parameters, please see Supplementary
Information.
T1-weighted images were analyzed using an optimized voxel-based

morphometry protocol using FSL version 5.0.2.1.33,34 First, using a brain
extraction tool, non-brain tissues were removed, with T2-weighted images
available to optimize the skull-stripping process.35 Tissue segmentation
was performed and the resulting GM segmented images were registered
to the Montreal Neurologic Institute 152 standard spaces using non-linear
registration. A symmetrical, study-specific GM template was created by
averaging and flipping these resulting images. All native GM images were
then non-linearly normalized to the study-specific template and smoothed
using Gaussian kernels with a sigma of 3 mm. A mask including only voxels
for which the group-averaged values were 40.15, but excluding the
cerebellum and the brain stem, was applied.

Statistical analyses
For MR imaging data analyses, a general linear model was used.36

The variable of interest was the genotype group (CC or CT/TT genotype
groups), while age and sex were covariates. Multiple comparisons
were corrected using the 3dClustSim implemented in AFNI,37 which
generates a random field of noise with Monte Carlo simulations to
determine significant clusters at Po0.05. Residual images were used to
derive smoothness parameter.38,39 The average density values of the
clusters with significant differences were extracted for testing associations
with scores from the Controlled Oral Word Association Test (COWAT).40

Regression analysis was used to test associations between the average
density value and the COWAT score. Statistical analyses were conducted
using Stata (version 13.1: Stata, College Station, TX, USA). The statistical
methods for sensitivity analyses are described in Supplementary
Information.
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Sample 2: effect of AQP4 genetic variation on experiential brain
GM volume changes in humans
Participants and protocol. Subjects (n= 85) were screened and provided
written informed consent prior to study participation. The subjects were
selected for a ‘Learner’ group (n= 60) and a control group (n= 25), based
upon whether or not the participant planned to take the Graduate Record
Exam (GRE) for the purpose of entering graduate school in the United
States. The inclusion criteria were: (1) ages 20–40 years and (2) no prior
experience of studying for the GRE. Exclusion criteria were: (1) any current
axis I psychiatric diagnosis according to the Structured Clinical Interview
for the Diagnostic and Statistical Manual of Mental Disorders-IV, (2)
personality disorder diagnosis based on the Personality Diagnostic
Questionnaire-4, (3) current pregnancy, (4) current or past severe medical
illnesses, (5) intelligence quotient o90, or (6) contraindications for MR
imaging. All participants were native Korean speakers. The control group
was age and sex matched. In the Learner group, 15 enrolled subjects were
excluded due to exclusion criteria (n=3), time conflicts (n=3) or incidental
radiological findings (n=4). Five participants were dropped due to non-
compliance to the protocol (n=1) and time conflicts (n=4). Forty-five
participants completed the intensive learning procedures and data from
these participants were included in the analyses. For the control group,
one participant who had an incidental radiological finding and one who
refused to participate in the follow-up visit were excluded in the final
analyses.
The intensive learning protocol consisted of a 1-h lecture on the

etymology of words from the GRE verbal reasoning section followed by 4-h
self-study sessions, 6 days per week. For each self-study session, a list of
120 words were given for memorizing. The number of words were selected
based on a prior report that participants showed increased cortical
thickness and hippocampal volumes after learning43000 foreign words.41

At the end of each day, participants were presented with a written survey
in which they recorded the time they had actually spent studying.
The California Verbal Learning Test42,43 was administered to all

participants at baseline and at end point. We calculated the inverse
z-score changes in total intrusion errors, a sensitive measure of
performance level in word learning with the least practice or ceiling
effects44 after adjusting for baseline values. Regression analysis was used
to test the association between the average density value and the z-score
change in the word learning performance level.
For 44 of the participants in the Learner group, 2:1 matching was

performed. For the remaining one Learner group participant, 1:1 matching
was performed. This matching information was treated as a random effect.
Characteristics of these participants are shown in Supplementary Table S2.

Neuroimaging data acquisition and analyses. For MR imaging data
acquisition, the identical imaging parameters and hardware were used
as for the cross-sectional study (n=650). Following the brain extraction
step described previously, all brain-extracted neuroimages were visually
inspected and any remaining non-brain tissues were removed manually by
an experienced imaging researcher who was blind to group assignment,
demographic or genotypic information of the participants. The same
normalization, smoothing and masking steps were applied, as detailed
previously, prior to voxel value extraction.
For linear mixed-effects modeling, each voxel value was included as the

dependent variable, the fixed-effect independent variable was total study
time, and the random-effect variable was participant ID. Voxels having
significant association with total study time were identified. Multiple
comparison concerns were addressed by a more conservative application
of the false discovery rate at qo0.05 with a cluster extent threshold
k4100 voxels. The average density values of these regions were extracted
for further analyses. Interaction effects between each genotype group and
total study time for the extracted average GM density values were tested
using linear mixed-effects modeling that controlled for the fixed effect of
baseline values. Methods of sensitivity analyses are included in
Supplementary Information.

Mechanisms underlying the AQP4-modulated brain volumetric
plasticity
Intrinsic optical signal (IOS) imaging. Submerged slices were transillumi-
nated using a controlled infrared (IR) light source with optical filter (775 nm
wavelength, Omega Filters (Brattleboro, VT, USA)), and images from the
stratum radiatum of hippocampal CA1 region were taken using a
microscope (Olympus, BX50WI; Tokyo, Japan) equipped with a digital
CCD camera (Hamamatsu, ORCA-R2; Hamamatsu, Japan). A series of 80

images s− 1 were acquired following 1 s of 20 Hz electrical stimulation. The
relative change of transmittance (ΔT/T) was normalized to baseline
(average of five images). Decay of the IOS was measured by averaging
the last 10 s of the response after dividing responses with peak response.
Imaging Workbench software (INDEC BioSystems, Santa Clara, CA, USA)
was used for image acquisition and analyses.

Single-cell volume measurement. Astrocyte images from brain slices of
GFAP-GFP mice were taken using a confocal microscope (Zeiss, LSM 780;
Oberkochen, Germany) and acquired with z-stacking (5 stacks per 5–6 μm).
Series of 60 images per 5 s were acquired after 1 s of 20 Hz electrical
stimulation. Measurement of the resulting perimeter area was performed
using the ImageJ software (US National Institutes of Health). The relative
change was normalized to baseline (average of five images). For AQP4
gene-silencing experiments, we injected adenoviral (mCherry-tagged)
control and AQP4 shRNA into the CA1 stratum radiatum region in GFAP-
GFP mice. Neurons were identified by the presence of mCherry
fluorescence and their characteristic morphology was confirmed from
control shRNA-infected brain slices.

RESULTS
We tested in vitro whether this SNP, which is located in 5′UTR
(untranslated region), is functional at the transcription level. We
performed a luciferase assay with vectors containing the AQP4
promoter (Figure 1b) or the cytomegalovirus promoter (Figure 1c)
and 5′UTR with C/T variation at rs162008. We found that rs162008
with T variation resulted in reduced luciferase expression
compared with C variation, supporting that rs162008 is a
functional regulatory genetic polymorphism.
Next we examined whether there was a potential effect of AQP4

on brain plasticity through an experimental perturbation of AQP4
in mice exposed to EE. To modulate the functional expression of
AQP4, we developed a lentivirus carrying a shRNA specific for
AQP4 (Supplementary Figure S2), injected it bilaterally into CA1
hippocampus of mice for acute gene-silencing and then exposed
the mice to EE for 30 days (Figures 2a and b). In contrast to the
control shRNA-injected mice, EE-induced increases in hippocam-
pal size were not observed in AQP4 shRNA-injected mice
(Figures 2b and c).
It has been previously reported that AQP4 knockout mice show

impaired neurotrophin-dependent synaptic plasticity and selec-
tive spatial memory impairment.45 To examine this with our gene-
silencing approach, we measured the TBS-induced LTP and spatial
memory from AQP4 shRNA-injected mice. We observed complete
loss of LTP (Figures 2d and e) and impaired context-dependent
memory (Figures 2f and g) in AQP4 shRNA-injected mice
compared with control shRNA-injected mice.
To assess functionality of AQP4 in in vivo humans, we first

utilized a neuroimaging-genetics data set of healthy individuals
(n= 650) to compare high-resolution brain MR imaging data of
individuals with the CC genotype (n= 236) with those having the
CT or TT genotype (n= 414) at the rs162008 locus. Characteristics
of participants are presented in Supplementary Table S1. There
were no differences between the CC genotype and the CT or TT
genotype groups, in age (t=− 0.41, P= 0.68), sex (Fisher’s exact
P= 0.93), handedness (Fisher’s exact P= 0.42), intelligence quo-
tient as measured with Wechsler Abbreviated Scale of Intelligence
(t= 1.24, P= 0.21), years of education (t= 0.41, P= 0.68), semantic
(t= 0.91, P= 0.36) and phonemic (t= 1.41, P= 0.16) verbal fluency
level and the intracranial volume (t= 0.68, P= 0.50), as assessed by
Student’s t-test and Pearson’s chi square test for continuous and
categorical variables, respectively. All participants were psycho-
tropic medication-free. We found that individuals with the CC
genotype had greater GM volumes in brain regions encompassing
the bilateral central opercular cortex, precuneus and adjacent
areas and that there were no regional reductions in GM volume
relative to the CT or TT genotype group (Figures 3a, b and
Supplementary Table S3). Regions observed to have increased GM
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volume included the language-associated heteromodal cortices,
where experience-dependent brain volumetric plasticity is parti-
cularly evident. Increased volumes in these regions were
associated with greater semantic verbal fluency, measured using
the COWAT (Figure 3c). Assessing sample-specific factors that
might influence these results, there was no evidence for
confounding effects (Supplementary Figure S3).
There has been a plethora of evidence that the Perisylvian

cortex, where GM volume showed an association with the AQP4
genetic variation in the cross-sectional sample (n= 650) of the
current study, is a core structure involved in language
representation.46,47 In addition, we tested the association between
GM variability in this region and semantic verbal fluency test
scores and found a linear relationship (Figure 3c). Thus we
extended our investigation of this genotypic functional associa-
tion through a prospective study that evaluated healthy young
adults (Supplementary Table S2) enrolled in an intensive foreign
language (English) course over 5 weeks (5.1 ± 0.1 weeks, n= 45;
Figure 3d). This intervention has high ecological validity as it
reflects our learning experiences in real-world settings.
High-resolution structural brain MR imaging data were obtained

before and at completion of the intensive language course

(Figure 3d). We first examined whether there were regional
increases in cerebral GM volume following intensive language
learning that were positively correlated with the amount of total
study time. At a Po0.05 after false discovery rate correction,48 we
found two regions of increased cerebral GM volume that
encompassed the left infero-posterior temporal cortex (LIPTC)
and left fusiform cortex (Figure 3e and Supplementary Table S4).
The robustness of this association was tested using sensitivity
analyses (Supplementary Figure S4). The magnitude of increased
GM volume in the LIPTC (Figure 3e) was positively associated with
the extent of performance improvement on the California Verbal
Learning Test (Figure 3f).
We next investigated the relationship between rs162008

genotype and GM volume increases in the LIPTC. The CC group
showed a greater increase in LIPTC GM volume, compared with
the CT or TT group (Figure 3g). These results suggest that AQP4
rs162008 is associated with experiential GM increases from
language-associated learning. Hardy–Weinberg equilibrium
P-values of this SNP were 0.36 and 0.54 for Samples 1 and 2,
respectively.
Findings of the association between AQP4 genetic variation and

volumetric plasticity of the human brain in both cross-sectional
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and prospective human studies led to further animal model
investigation of underlying mechanisms. We first detected and
visualized the neuronal activity (20 Hz, 1 s) induced transient
volume changes in acutely prepared hippocampal slices using IOS
imaging with an IR wavelength (775 nm) light source
(Supplementary Figure S6a).49 Using a variety of synaptic
transmission inhibitors, we confirmed that IOS-detected transient
volume changes were primarily mediated by excitatory synaptic
transmission, as previously suggested (Supplementary Figures
S6b–g).29 To determine the cellular source of IOS and the role of

AQP4 in transient volume changes, we measured IOS in brain
slices and single-cell volumes using confocal microscopy before
and after gene silencing of AQP4 (Figures 4a and d). We found
almost complete abolishment of IOS (Figures 4b and c) and
reduction of single astrocytic cell volume (Figures 4e and f) by
AQP4 shRNA compared with control shRNA. In contrast, the
volume change in neurons was negligible, similar to that of
unstimulated astrocytes or that of AQP4 shRNA-expressing
astrocytes following stimulation (Figure 4f and Supplementary
Figure S7).
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To test whether the AQP4-dependent brain plasticity observed
in EE mice (Figures 2a–c) is accompanied by astrocytic structural
changes, we employed immunohistochemistry techniques to
examine the role of AQP4 in structural plasticity of mice under
standard housing conditions. As expected, AQP4 shRNA-
expressing astrocytes showed significantly reduced branching as
measured by Sholl analysis, compared with control shRNA-
expressing astrocytes (Figures 4g–i). Morphological changes were
similarly measured in EE mice with demonstration of enhanced
GFAP intensity and increased astrocytic branching in control EE
mice compared with non-EE mice, whereas the EE mice with AQP4
shRNA expressing astrocytes showed markedly reduced effects
(Figures 4j–m). These AQP4-dependent morphological changes in
EE-exposed mice were also accompanied by increase in dynamic
range of transient volume change (Figures 4n, o and Supple-
mentary Figure S8) that, in part, may reflect augmentation of the
interface between neurons and astrocytes. AQP4 gene silencing,
on the other hand, did not affect the level of cell viability
(Supplementary Figure S9).

DISCUSSION
Here a unified approach integrating in vitro, in vivo/ex vivo animal
and in vivo proof-of-concept human studies24 is presented that
implicates the involvement of astrocytic AQP4 in brain plasticity
and learning. Taken together, these results suggest that
experience-dependent increases in GM volume, observed both
in mice after EE exposure and in humans following intensive
language learning, involve structural changes in astrocytes via
AQP4. These findings provide a complex model for understanding
the involvement of astrocytes,50 as well as neurons,7 in language-
associated brain plasticity and learning.
In prior studies, AQP4 has been linked to synaptic plasticity and

memory through knockout mouse models.45,51–53 AQP4 null
knockout mice showed impaired TBS-induced LTP. Our results
from the acute knockdown model are in line with these results,
showing impaired synaptic plasticity and context-dependent
memory in AQP4 shRNA-injected mice compared with control
shRNA-injected mice. The current study also provides novel
evidence about the mechanisms by which this astrocytic water
channel is linked to brain plasticity and learning: stimulation elicits
transient volume changes of astrocytes through AQP4, which were
found to be essential for LTP, learning and associated astrocytic
branching. Moreover, the phylogenetically preserved role of this

astrocytic water channel has been demonstrated through closely
linked human neuroimaging-genetics studies.
AQP1, AQP4, AQP9 and AQP11 are reported to be expressed in

the brain.54 However, as AQP1 and AQP9 show restricted
expression and AQP11 lacks apparent transport function,55 AQP4
is the major water channel in the brain. Previous studies indicate
that AQP1 is localized exclusively in the choroid plexus epithelium,
while AQP4 is expressed on the distal processes of astrocytes as
well as the vascular feet, throughout the human brain under
physiological conditions.56 According to the human postmortem
brain microarray data from the Allen Brain Atlas resources,57

fronto-limbic and temporal cortical regions are where AQP4 is
most highly expressed, showing approximately 8.0 average
log2TPM (transcripts per million) and 46.0 log2TPM for probes
A_23_P107565 and A_24_P202522, respectively. However, it
should be noted that AQP4 may be one of the genes that show
rapid expression changes postmortem, as a sudden loss of AQP4
has been reported after cerebral ischemia.58

Language- and speech-associated brain regions, where we
found a positive relationship with AQP4 genetic variation in a
cross-sectional study, would be one of the most frequently
activated brain areas, as our daily mental activities and higher
cognitive processes would usually require language-associated
functions. As shown in our findings from the electrophysiological
study, AQP4 was particularly important in experience-dependent
brain plasticity such as TBS-induced LTP, rather than changing
baseline cell membrane properties or basal synaptic transmission.
Based on these findings along with the fact that learning
advanced second language vocabulary would be an adequate
and powerful environmental input that may induce anatomical
brain alterations,59 we chose to proceed with the intensive second
language vocabulary learning protocol.
In this prospective study, participants reported to have studied

for an average of 83.4 h. In a previous study of which participants
were scanned during an English immersion program that is
comprised of 56 h of training lessons (3.5 h per day, 4 day per
week, for 3.5 week), the COMT genotype was found to moderate
the association between immersion and white matter brain
structure.60 It can be inferred that the duration and intensity of
our second language learning protocol along with the longitudinal
follow-up study design was adequately powered. Indeed, we
found significant GM increase in the LIPTC and the fusiform cortex.
The critical role of the LIPTC in spelling difficult words61 and
in identifying graphemes within words62 supports biological

Figure 3. Effects of AQP4 rs162008 on human brain volumetric plasticity. (a) Results from in vivo human cross-sectional neuroimaging-genetics
data (n= 650) showing that AQP4 rs162008 CC homozygotes have greater volumes in bilateral regions including the central operculum and in
the region encompassing the precuneus and the occipital cortex, than T carriers. There were no regions where CC homozygotes had smaller
volumes than T carriers. Multiple comparisons were corrected using Monte Carlo simulation (please see Materials and methods section for
more details). The numbers above brain slices indicate the y coordinates for coronal slices in the Montreal Neurological Institute (MNI) space.
(b) Gray matter (GM) volume differences in these regions were depicted as modified box-and-whisker plots after z-scorization (middle). Boxes
denote quartiles and whiskers indicate the 10th and 90th percentiles. Lines for arithmetic mean and 50th percentile overlap and are not
discernable. GM volumes in these regions were associated with greater semantic verbal fluency (β= 0.15, P= 0.001). Regression (solid line) and
s.e.m. lines (dotted lines) are shown. Tick marks above the graph denote data points. (d) Flow chart of participants included in the in vivo
human study with a prospective design. Incidental magnetic resonance imaging findings included cavernous angioma (n= 1), prominently
dilated perivascular space (n= 2), marked age-inappropriate temporal cortical thinning (n= 1) and old infarct in the parietal region (n= 1). (e)
Brain regions of increased GM volume following intensive learning (false discovery rate-corrected Po0.05, cluster extent threshold k4100),
superimposed on an ICBM 152 nonlinear brain template. For details of main and sensitivity analysis results, please see Supplementary
Figure S4 and Supplementary Table S4. (f) Relationship between GM volume change of the cluster in the left infero-posterior temporal cortex
(LIPTC), circled region in panel (e)) and verbal learning performance-level change. Inverse z-score of total intrusion errors in the California
Verbal Learning Test (CVLT) was used to measure verbal learning performance level. (g) A genetic variation (rs162008) in AQP4 predicts
changes in GM volume following intensive learning in humans. Trajectories of percentage of changes in the LIPTC GM volume following
intensive learning were different between rs162008 genotype groups. The P-value for interaction effect between total study time and
genotype groups, which were derived from the linear mixed-effects regression model adjusting for baseline values, is presented above the
plot. Solid lines represent the linear fit of the data, whereas colored regions represent the s.e.m. Tick marks above the regression lines denote
total study time in minutes for each individual. The blue color is for the CC genotype group, while the green color is for the CT or TT genotype
group at rs162008. MRI, magnetic resonance imaging.
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condition, Student’s t-test; **Po0.01, ***Po0.001). (n) Dynamic range of transient IOS in mice from STD and EE. (o) Measurement of IOS
amplitude in each condition versus time (**Po0.01, Student’s t-test). The bottom, middle and top horizontal lines of the box correspond to
the 25th, 50th and 75th percentiles, respectively. The whiskers extend to show the 10th and 90th percentiles. The thin horizontal line in the
box represents arithmetic mean.
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plausibility of this finding, as all participants had intensive
instruction on the etymology of unfamiliar foreign words.
Individuals with the CC genotype, the genotype we expected
greater AQP4 expression levels upon cellular activity through the
luciferase reporter assay, demonstrated greater LIPTC GM volume
increase after learning, which was also associated with greater
verbal learning capacity change.
The hippocampal region was not identified to be associated

with AQP4 genetic variation in the voxel-wise analyses in either
Sample 1 or Sample 2. The hippocampus not only shows high
plasticity but also has great vulnerability to environmental stress
and other factors.63,64 Particularly in Sample 2, with the intensive
learning protocol, stress-induced atrophy from overuse may have
occurred, which could well overcome the plastic changes induced
by learning.65 There was a discrepancy between the findings from
a previous study by Martensson et al.,41 in which participants were
military trainees exposed to a similar amount of foreign language
learning as in our study. In their study, the inclusion of regular
exercise in the protocol, which is one of the protective factors
against stress-induced hippocampal atrophy,66,67 may have
contributed to hippocampal volume increase.41

In the current study, the exact molecular mechanisms under-
lying the effects of allelic variation at SNP rs162008 on the gene-
expression-level regulation have not been investigated. The 5′UTR,
on which rs162008 is located, resides directly upstream from the
initiation codon and is widely known for its critical role of
regulating gene expression levels through various mechanisms,
including the microRNA (miRNA)-mediated pathway.68 For genes
of which prompt changes in the expression level are required,
translational regulation is particularly important to respond to
milieu changes or external stimuli.68 AQP4, considering its rapid
downregulation or upregulation in response to internal and
external stimuli,58 could be one of the genes requiring these
genetic switches.
Rs162008, the SNP tested in our investigation, is predicted to be

bound by miRNAs according to the RegRNA software.69 Intrigu-
ingly, binding potentials of miRNAs are modulated depending on
the rs162008 SNP.69 Although speculative, the binding of miRNAs
to 5′UTR of AQP4 when the T allele is present at rs162008, may
inhibit gene expression. Further experiments are required to
evaluate this hypothesis.
AQP4 being a novel candidate gene for brain plasticity and

associated neuropsychiatric disorders, there is a paucity of existing
literature, as anticipated, regarding the role of this gene in the
pathogenesis of brain disorders with the exception of neurological
conditions, such as neuromyelitis optica, epilepsy and brain
edema related to stroke or traumatic brain injury.70,71 A line of
indirect evidence supporting the role of AQP4 genetic variation in
the development of neuropsychiatric disorders may be found
from genetic linkage analysis studies. The short arm of the
chromosome 18, where AQP4 resides, has repeatedly been
implicated in the brain disorders of schizophrenia,17 attention-
deficit hyperactivity disorder,20 developmental delay, intellectual
disability21 and autism spectrum disorders.22 AQP4, as one of the
contributors among other multi-genetic factors, may be partly
responsible for the reduced potential of brain plasticity and
learning capacity, particularly with regard to the language-
associated learning, in these disorders.
A pharmacological agent targeting the AQP4 channel function

may be developed as a novel therapeutic for enhancing astrocyte-
modulated brain plasticity and learning in neuropsychiatric
disorders. However, as AQP4 may regulate multiple functions of
astrocytes and is expressed in other organs such as the lung
and thyroid gland, although at far lower concentrations than in
the brain,72 potential side effects should be considered and
prevented.
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