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Neuroimaging with diffusion-weighted imaging is routinely used for clinical diagnosis/prognosis. Its
quantitative parameter, the apparent diffusion coefficient (ADC), is thought to reflect water mobility
in brain tissues. After injury, reduced ADC values are thought to be secondary to decreases in the
extracellular space caused by cell swelling. However, the physiological mechanisms associated
with such changes remain uncertain. Aquaporins (AQPs) facilitate water diffusion through the
plasma membrane and provide a unique opportunity to examine the molecular mechanisms
underlying water mobility. Because of this critical role and the recognition that brain AQP4 is
distributed within astrocytic cell membranes, we hypothesized that AQP4 contributes to the
regulation of water diffusion and variations in its expression would alter ADC values in normal brain.
Using RNA interference in the rodent brain, we acutely knocked down AQP4 expression and
observed that a 27% AQP4-specific silencing induced a 50% decrease in ADC values, without
modification of tissue histology. Our results demonstrate that ADC values in normal brain are
modulated by astrocytic AQP4. These findings have major clinical relevance as they suggest that
imaging changes seen in acute neurologic disorders such as stroke and trauma are in part due to
changes in tissue AQP4 levels.
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Introduction

Water channels (aquaporins, AQPs) drive water
diffusion through the plasma membrane and open
new avenues for understanding the molecular under-
pinnings of water movement in mammalian tissues
(Tait et al, 2008). These channels are widely
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distributed in several tissues, and brain AQP4 has
been found to be highly expressed with a preferential
location within astrocytic cell membranes in contact
with blood vessels (Badaut et al, 2002). Several
studies have already shown that AQP4 is important
in edema formation and resolution after acute brain
injury in various disorders, including stroke (Hirt
et al, 2009; Tait et al, 2008).

In vitro astrocyte culture experiments have shown
that AQP4 is involved in water movement within the
cell membrane (Nicchia et al, 2003). So far, the
involvement of AQP4 in cellular water mobility has
not been explored in vivo in normal brain. The
apparent diffusion coefficient (ADC) value measured
using magnetic resonance imaging (MRI) represents
water mobility within tissue. Water diffusion can be
extracellular, intracellular, and transcellular through
cell membranes, and the ADC value likely reflects all
three components. Alterations of this coefficient are


http://dx.doi.org/10.1038/jcbfm.2010.163
mailto:jbadaut@llu.edu
http://www.jcbfm.com

(=)

Brain water mobility requires astrocytic AQP4
J Badaut et al

820

Standard Hypothesis

A B
@ Neuron
' ] Neuron
@ Neuron
7
v

H*/H,0 H*/H.0
Normal diffusion Cell swelling, ADC decrease
Working Hypothesis 11AQra
C D
/Neurnn
Neuron
’zﬁ K I Astrocyte
@ @
H*/H,0 H*/H,0
MNormal Diffusion, AQP4 decrease
via AQP4 without cell swelling, ADC decrease

Figure 1 Hypothesis for apparent diffusion coefficient (ADC)
value changes in brain tissue. Schema depicting the standard
(A, B) and our working hypothesis (C, D) to explain decreased
brain ADC values following silencing of AQP4 expression.
Classically, decreased ADC is associated with decreased
extracellular space due to cellular swelling (B). The water
channel, AQP4, is expressed in astrocyte membranes and
can facilitate water movement (C). After silencing APQ4, we
hypothesize that lower ADC values are caused by
decreased water permeability due to a decreased number of
AQP4 channels (D).

often used as an early indicator of ischemic injury
(Obenaus and Ashwal, 2008). MRI is used for the
clinical evaluation and assessment of treatment in
many neurologic disorders and more recently as an
early indicator of brain activation during functional
MRI studies (Le Bihan, 2007).

In pathological conditions, ADC values represent
water movement within tissues and reduced values
are thought to be associated with decreases in
the extracellular space caused by cell swelling
(Figure 1). This interpretation is hypothetical and
the underlying physiological basis of the ADC
remains incompletely understood (Obenaus and
Ashwal, 2008). A correlation between the ADC
changes and AQP4 expression has been observed in
rat models of hypoxic ischemic (Meng et al, 2004)
and hydrocephalus (Tourdias et al, 2009). These
results suggest indirectly that ADC values are
correlated to the level of AQP4 expression under
pathological conditions. Therefore, we hypothesized
that AQP4 in astrocytes contributes significantly to
water diffusion and ADC values in normal brain
tissues (Figure 1). This hypothesis has never been
directly tested in normal brain, and to address this
question, we used RNA interference, to acutely
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knockdown AQP4 expression in the rat brain and
evaluated brain ADC changes (Figure 1).

Materials and methods

In vitro experiments described in the present work were
approved by the Animal Care and Use Committee of the
University of Lausanne. In vivo animal studies were
conducted according to the principles and procedures of
the Guidelines for Care and Use of Experimental Animals
and were approved by Loma Linda University.

Astrocyte Cultures and Small Interference RNA Tests

Neurospheres were prepared with striatopallidum struc-
tures from E14 mouse embryos as previously described
(Brunet et al, 2004). Cells spontaneously formed floating
neurospheres. Passages were performed at 7-day intervals
by mechanical dissociation and replating at 50,000 cells per
mL in new DN1 medium containing 20 ng/mL of epidermal
growth factor. After mechanical dissociation of the neuro-
spheres, cells were plated into 12-well tissue culture plates
(Costar 3524, Corning, NY, USA) for differentiation into
astrocytes using fetal calf serum (10%) that was added to
the culture 4 days before cellular characterization and use
in small interference RNA (siRNA) applications. Glial
fibrillary acid protein (GFAP) staining demonstrated a pure
astrocyte culture with the same metabolic properties as
described in primary astrocyte cultures (Brunet et al, 2004).

Our AQP4 silencing protocol was adapted from a
previous publication (Saadoun et al, 2005): custom
SMART pool containing four small interference RNA
duplexes against AQP4 (20nmol/L, siAQP4, Dharmacon
Research) were mixed with Dharmafect (Dharmacon
Research), diluted 1:50 in Opti-MEM (Invitrogen, Basel,
Switzerland). For controls, nontargeted siRNA (siGLO
RNA-induced silencing complex (RISC)-free control
siRNA) were used to monitor nonspecific effects of the
siRNA. siGLO was prepared using the same protocol used for
siAQP4. The mixture was incubated for 20 minutes at room
temperature for complex formation and then added to the
cells. For each experiment, specific silencing was confirmed
by Western blot and dot blot analysis 4 days after transfection.

Sequences of siAQP4 in the SMART pool were sub-
mitted to a BLAST search to avoid the possible targeting of
other genes present in brain. The four individual siRNA
duplexes against AQP4 present in the SMART pool were
tested individually on astrocyte cultures and gave the same
degree of inhibition (data not shown).

Organotypic Slice Cultures and Small Interference
RNA Tests

Organotypic hippocampal slice cultures were prepared as
previously described (Badaut et al, 2005; Hirt et al, 2004).
Briefly, coronal hippocampal sections (350um) were
dissected from 10- to 12-day-old rats (Sprague-Dawley,
Charles River, Arbresle, France) and placed onto sterile
porous membrane units (Millicell-CM, Millipore, Billerica,



MA, USA) in wells containing 1mL of culture medium
with 25% horse serum, 50% minimal essential medium
supplemented with HEPES and sodium bicarbonate, 25%
Hank’s salt solution, L-glutamine (2mmol/L), and D-
glucose (35 mmol/L). Cultures were grown at 33°C, 100%
humidity, 5% CO, for 7 days, an then transferred to culture
medium with 15% horse serum, containing D-glucose
(5 mmol/L), which was changed every 3 to 4 days.

For slice cultures, we modified the protocol used for
astrocyte cultures to improve transfection and silencing.
SMART pool siRNA duplexes against AQP4 (400ng,
siAQP4, Dharmacon Research) and siGLO (400ng, Dhar-
macon Research) were mixed with 2ul. of interferin
(Polyplus-transfection, Illkirch, France), diluted in a saline
solution (0.9%) containing 5% glucose for final volume of
4 uL. The reagents were incubated for 20 minutes at room
temperature for complex formation and then 4 uL. were
dispensed onto the CA1 area. AQP4 protein expression
was determined by immunoblotting after 3 and 4 days after
application of siGLO or siAQP4 (see protocol below, n=4
independent experiments with eight slices/condition).
Immunohistochemistry was also performed on fixed slices
with 4% paraformaldehyde in phosphate-buffered saline
(PBS) (n=4 independent cultures with four slices). The
adapted transfection protocol developed for slice cultures
was used for the in vivo experiments.

Rat Surgery and Small Interference RNA Injection

Male Sprague-Dawley rats (Charles River, San Diego, CA,
USA) were used at P17 (n=22). Rats were housed in
individual plastic cages in a room with controlled tempera-
ture and a light cycle from 0600 to 1800hours and accli-
matized for 7 days with food and water provided ad libitum.

For intracortical injection, rats were anesthetized with
3% isoflurane and placed in a stereotaxic apparatus (David
Kopf Instrument, Tujunga, CA, USA). A sterile 22-gauge
needle on a Hamilton syringe for injection into the right
frontal cortex with coordinates of 0.0 mm posterior to the
bregma, 1.0mm lateral to the midline, and 1.0mm to the
surface of the skull (Supplementary Figure 1). The siRNA
mixture was prepared as described for the organotypic
slice cultures (see above). The 4ul. of mixture were
injected into the cortex at 0.4 uL/min, with a second
injection repeated 2 days later (Supplementary Figure 1).
For regional and cellular distribution of siRNA in the
brain, untargeted siRNA (siGLO) tagged with the fluores-
cent dye, CY3 (CY3-siGLO) was used 3 days after the initial
siRNA injection. Rat brains were freshly collected (n=4)
and frozen for protein analysis and other rats (n=7) were
transcardially perfused with 4% paraformaldehyde for
immunohistochemistry.

Magnetic Resonance Imaging Experiments and
Analysis

The MRI was performed at 3 days after siRNA and siGLO
injection (n=4, per group). Rats were lightly anesthetized
using isoflurane (1.0%) and then imaged on a Bruker
Avance 11.7 T MRI (Bruker Biospin, Billerica, MA, USA)
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(Badaut et al, 2007; Obenaus et al, 2007). Two imaging data
sets were acquired: (1) a 10 echo T2 and (2) a diffusion-
weighted sequence, where each sequence collected
20 coronal slices (1mm thickness and interleaved by a
1mm). The T2 sequence had the following parameters:
TR/TE (time to repetition/echo time)=4,600 milliseconds/
10.2 milliseconds, matrix=128 x 128, field of view =3 cm,
NEX (number of acquisitions)=2 and acquisition
time = 20 minutes. The spin echo diffusion sequence para-
meters were TR/TE = 3,000 milliseconds/25 milliseconds, b
values=0.72, 1,855.64 s/mm?, matrix=128 x 128, field of
view =3 cm, NEX =2, and acquisition time = 25 minutes.

T2 and ADC values were quantified using standardized
protocols published previously (Badaut et al, 2007;
Obenaus et al, 2007) on a single coronal slice (1 mm thick)
at the site of the injection (Figure 7A) and at the same
level used for histology analysis. T2 maps were generated
and ADC maps were calculated using a linear two-point
fit. Four primary regions of interest (ROIs) within ipsi-
and contralateral hemispheres (cortex and striatum)
were delineated on T2WI with ipsi-cortex (23 pixels);
contra-cortex (40 pixels); ipsi and contra striatum (41
pixels each) (Supplementary Figure 1). These ROIs were
overlaid onto corresponding T2 and ADC maps and the
mean, s.d., number of pixels and area for each ROI were
extracted. The MRI analysis was performed by two masked
readers without knowledge of treatment. The difference
in the results obtained by the two readers was 2% in
siGlo-treated animals and 7% variability in the siAQP4-
treated animals.

Western Blot Analysis

After imaging, four animals were freshly dissected and
seven were transcardially perfused with 4% paraformalde-
hyde. The freshly dissected brains were frozen and cut
at —20°C on a cryostat (Leica, Glattbrugg, Switzerland).
Quantification of AQP4 Western blots was performed as
previously described (Hirt et al, 2009). Protein was
prepared from tissues slices obtained from frozen brains
of siGLO- and siAQP4-treated rats. Slices were prepared in
an appropriate buffer (Hirt et al, 2009) and sonicated for
30seconds. A measure of 1ug of protein was then
subjected to SDS polyacrylamide gel electrophoresis on a
12% gel (Nupage, Invitrogen, Carlsbad, CA, USA) for the
quantification of AQP4. Proteins were then transferred
to a polyvinylidene fluoride membrane (PerkinElmer,
Schwerzenbach, Switzerland). The blot was incubated
with a polyclonal antibody against AQP4 (Chemicon,
Temecula, CA, USA, 1:3,000) and a monoclonal antibody
against actin (Sigma, Buchs, Switzerland, 1:25,000) in
Odyssey blocking buffer (LI-COR Bioscience, Lincoln, NE,
USA) overnight at 4°C. After washing, the filter was incu-
bated with two fluorescence-coupled secondary antibodies
(1:10,000, anti-rabbit Alexa-Fluor-680 nm, Molecular Probes,
Oregon (Eugene, OR, USA) and anti-mouse immuno-
reactivity (IR)-Dye-800nm, Roche, Basel, Switzerland)
for 2hours at room temperature. After washing, the
degree of fluorescence was measured using an infrared
scanner (Odyssey, LI-COR Bioscience, Lincoln, NE, USA).
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Quantification was performed blindly by two experimen-
ters (J.B. and B.T.) for total AQP4 (Hirt et al, 2009).

Immunohistochemistry and Image Analysis

The fixed brains were put in 30% sucrose in PBS for
cryoprotection before freezing and cutting on a cryostat.

IgG staining for blood-brain barrier evaluation: Sections
were incubated for 4hours at room temperature with
biotin-conjugated affinity purified donkey anti-rat IgG
coupled with biotin (Vector Laboratories, Burlingame,
CA, USA, 1:200) and then a streptavydin-coupled infra-
red-dye-680 nm (Molecular Probes) diluted (1:400) in PBS
containing 0.1% Triton X-100 and 1% bovine serum
albumin. After washing, sections were scanned on an
Odyssey infrared scanner to quantify fluorescence in ROI
(same as defined in MRI experiments) on two adjacent slices.
The IR was quantified and fluorescence was converted into
average integrated intensities from the ipsilateral and
contralateral hemispheres. The integrated intensities were
expressed as a percent of values from control rats.

AQP4/GFAP/NeuN immunohistochemistry: Commer-
cially available, affinity purified, rabbit polyclonal anti-
bodies were used for AQP4 and GFAP immunolabeling
(Chemicon International, Temecula, CA, USA), and mouse
monoclonal antibodies were used for GFAP and neuronal
nuclei (NeuN) (Chemicon International) labeling. Immu-
nostaining was performed in PBS containing 0.1% Triton
X-100 and 0.3% bovine serum albumin and after each
incubation sections were rinsed in PBS 3 x 10 minutes.

For immunolabeling, sections were first incubated over-
night at 4°C with anti-AQP4 (1:300), GFAP (1:400), and
NeuN (1:500). After washing, floating sections were
incubated for 2 hours at room temperature with secondary
antibodies.

Infrared immunofluorescence was performed for AQP4
and GFAP staining using secondary antibodies containing
an infrared-dye-680-nm secondary anti-rabbit (1:1,000,
Molecular Probes) and an infrared-dye-800-nm secondary
anti-rabbit (1:1,000, Roche) antibody. Sections were scanned
with an Odyssey infrared scanner and fluorescence was
quantified (Badaut et al, 2007). The fluorescence from
AQP4-IR and GFAP-IR were quantified with four ROIs
placed in ipsilateral and contralateral cortices and striatum.

In a second set of experiment, Alexa-Fluor-594 nm
coupled secondary rabbit antibody (Molecular Probes,
Invitrogen, 1:500) and Alexa-Fluor-468nm coupled sec-
ondary mouse antibody (Molecular Probes, Invitrogen,
1:500) were used to reveal anti-AQP4, anti-GFAP, and
anti-NeuN. Sections were mounted and coverslipped with
anti-fading medium Vectashield containing DAPI (Blue
color in pictures, Vector, Vector laboratories). Immuno-
fluorescent preparations were examined using confocal
laser scanning microscopy (Zeiss, Feldbach, Switzerland)
and epifluorescence microscopy (Olympus, BX41,
Switzerland). Optical density measurements of AQP4
immunoreactivity was performed using Morpho-Expert
(Explora-Nova, La Rochelle, France) on 1 um thick confocal
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laser scanning microscopy images at three different levels
in each slice and in three different regions of the ipsilateral
and contralateral cortex and striatum. All measurements
were performed by two masked experimenters (J.B., B.T.)
on raw images from four independent series of immuno-
histochemical experiments. This method of quantification
showed the same trends observed with infrared immuno-
histochemistry.

NeuN-positive cells were counted in the four selected ROIs
each one containing 80 to 95 different fields (422 x 338 um?).
The counting of NeuN-positive nuclei was automatically
performed using Mercartor software (Explora-Nova). The
accuracy of the counting was previously tested on slices from
control rats stained with NeuN and DAPI, and no significant
differences were observed between the two hemispheres
(data not shown).

For astrocyte morphology, convexity factors were mea-
sured using Morpho-Expert (Explora-Nova) from GFAP-
stained tissues. This factor was calculated using the
following: convexity factor=P,/P,, where P, and P, are
the perimeters of the convex hull and cell, respectively
(Soltys et al, 2005). These values were semiautomatically
calculated from binarized images from three different areas
inside the ipsilateral and contralateral cortex and striatum
in four independent series of immunohistochemistry
experiments, using Morpho-expert (Explora-Nova).

For all immunohistochemical experiments, controls
were performed by omitting the primary antibody, which
gave negative results with no detectable labeling. Depletion
of the AQP4 antibody by an excess of the specific peptide
(Chemicon International) was also performed and gave
negative results as previously observed (de Castro Ribeiro
et al, 2006).

Statistical Analysis

All data are presented as the mean +s.e.m. and statistical
analysis was performed using GraphPad InStat version
3.05 (GraphPad Software, San Diego, CA, USA) and
(Sigmastat, SPSS Inc., Chicago, IL, USA). A Kolmogorov
and Smirnov test was first performed to assess the
Gaussian distribution of the data. Data that passed the test
were analyzed with an unpaired t-test, and analysis of
variance followed by Tukey—Kramer multiple comparison
tests. For other data (Western blot analysis) nonparametric
Wilcoxon and Kruskal-Wallis tests were used.

Results
In Vitro AQP4 Inhibition

RNA interference experiments were performed using
a siRNA specifically designed against AQP4
(siAQP4) or a nontargeted siRNA (siGLO) as a
control. The siAQP4 was first tested in astrocyte
cultures and revealed a 76% + 4% decrease in AQP4
compared with siGLO-treated cultures (Figure 2A),
with no cellular morphologic changes (Figure 2B).
Our in vitro results are in accordance with previous
publications (Nicchia et al, 2005; Saadoun et al,
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Figure 2 In vitro application of small interference RNA against AQP4 (siAQP4) decreases AQP4 expression. (A) AQP4 expression
was quantified from dot blot experiments (inset) in primary astrocyte cultures treated with siGLO (control) and siAQP4. AQP4
expression was decreased 3 days after siAQP4 application (76% + 4%, **t-test, P <0.001, n=6). (B) AQP4 (red) and GFAP
(green) immunolabeling in primary astrocyte cultures treated with siGLO (control, n=6) and siAQP4 (n=6) showed no
morphological differences between groups. Nuclei were stained with DAPI (blue). (C) Confocal images of AQP4 immunoreactivity
(AQP4-ir) in CA1 of control (siGLO, C1) and siAQP4-treated organotypic hippocampal slices (C2) demonstrated a large decrease in
AQP4 staining. (D) Optical densities of immunohistochemistry from organotypic slices showed a significant decrease in AQP4-ir from
siAQP4-treated slices (67%) compared with siGLO-treated slices (analysis of variance and Tukey—Kramer multiple comparisons
tests, **P < 0.001, n = 8). These results provided the basis for our small interference RNA (siRNA) transfection protocol for in vivo
experiments. (E) AQP4 expression quantified from Western blot experiments (inset) in organotypic hippocampal slice cultures treated
with siGLO (control), or siAQP4. Treatment with siAQP4 decreased AQP4 levels (inset: red) (54% + 7%) compared with siGLO-
treated (i.e., control) hippocampal slices (Kruskal-Wallis test, nonparametric analysis of variance, *P < 0.05, n = 6). GFAP, glial
fibrillary acid protein.

In Vivo Small Interference RNA Diffusion and
Cell Transfection

2005). The maximum decrease in AQP4 expression
was observed at 3 days after siRNA application
(Supplementary Figures 2A and 2B). An adapted

protocol for siAQP4 used in vivo was validated on
hippocampal slice cultures, demonstrating a signifi-
cant decrease in AQP4 expression at 3 days in
astrocytes by Western blot (54% 7% of control,
Figure 2E) and immunohistochemistry (67% of
control, Figures 2C and 2D).

Injection of siGLO tagged with CY3, a fluorescent
dye, showed diffusion of siRNA along the
corpus callosum, into the contralateral cortex and
bilaterally into the striatum (Figures 3A and 3B).
Astrocytes were positively transfected by siAQP4 as
demonstrated by the presence of CY3 fluorescence in
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Brain water mobility requires astrocytic AQP4
J Badaut et al

824

Cx-contra

50 um

\contra-striatum

Figure 3 Small interference RNA (siRNA) for AQP4 diffuses within brain tissues. (A) Diffusion of nontargeted siRNA (siGLO) tagged
with CY3 in a rat coronal section at the site of injection. CY3-siGLO (large arrow) was observed in the cortex at the site of injection
and siRNA diffused within the brain parenchyma toward the contralateral striatum via the corpus callosum (CC, small arrows and
inset box, higher magnification B2). The presence of siRNA was also detected at the surface (B1) of the ipsilateral and contralateral
cortex (arrow heads) and within the ipsilateral striatum (not shown). (B) Confocal images (B1, B2, B3) of GFAP (green) and siGLO-
CY3 (red) immunostaining at 3 days after the initial injection. (B1) Double staining revealed positive CY3 in astrocytes (arrows)
around blood vessels and also in the glia limitans (arrowheads) in close proximity to the injection site. Several astrocytes were
transfected by the tagged siRNA. (B2) In the CC, siRNA was detected in astrocytes (arrows), showing that the siRNA is able to diffuse
via the CC to the contralateral hemisphere. (B3) Far from the injection site, siGLO-CY3 was observed in astrocytes in contact with
blood vessels (arrows) within the contralateral striatum. GFAR, glial fibrillary acid protein.

GFAP-positive cells (Figure 3B). This protocol
allowed us to study siAQP4 effects on brain areas
remote from the injection site (Figures 3A and 3B)
including the contralateral striatum (Figure 3B3).

AQP4 Expression After Small Interference RNA
Against AQP4

Western blot analysis of the ipsilateral brain hemi-
sphere showed that AQP4 expression was decreased
by 27% in siAQP4-treated rats compared with
controls (1.23 +0.11 in control versus 0.90 + 0.09 in
siAQP4, P<0.05. unpaired t-test, Figures 4A and 4B).
AQP4 isoforms, AQP4-m1, and AQP4-m23, were
both decreased after injection of siAQP4 in our
experiments (Supplementary Figure 3).
Immunohistochemistry demonstrated that perivas-
cular AQP4 expression was decreased in the
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ipsilateral cortex adjacent to the site of injection
(Figures 4C1, 4C2, and 4E). In the contralateral
striatum (Figure 4D), AQP4 staining was also
significantly decreased compared with siGLO
(11.4 £1.9 versus 18.6 £ 1.5, P<0.01, unpaired ¢-test,
Figures 4D1, D2, and 4E). A decrease in AQP4
staining was observed on the astrocyte endfeet in
contact with blood vessels, in the neuropil and in the
glia limitans (Figures 4C and 4D; Supplementary
Figure 4). Interestingly, the level of AQP4 expression
in cells lining the third ventricle was not changed
(Supplementary Figures 4G and 4H).

Morphological Tissue Analysis

Several histological and morphological analyses
were undertaken to demonstrate that decreased
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Figure 4 Efficiency of AQP4 inhibition with small interference RNA against AQP4 (siAQP4). (A) AQP4 expression in siGLO- and
siAQP4-treated rats was analyzed by Western blot where a specific band at 30 kDa was observed (red) in siGLO-treated rats. The
intensity of the signal was decreased in siAQP4-treated rats, with no change in the intensity of the actin band (green). (B) Expression
of AQP4 (n = 4) was decreased (0.9 £ 0.09 arbitrary units, A.U.) in siAQP4 compared with siGLO-treated animals (1.22 £0.11
A.U., *P < 0.05, unpaired t-test). (C) AQP4 immunolabeling was also performed to examine variations in AQP4 expression in situ.
(C1, C2) Confocal images of AQP4 staining in siGLO- (C1) and siAQP4 (C2)-treated rats showed a significant decrease in the
intensity of AQP4 staining in the ipsilateral cortex of siAQP4-treated rats (P < 0.05, unpaired t-test). (D) AQP4 labeling in the
contralateral striatum of the siGLO- (D1) and siAQP4-treated rats (D2) revealed decreased AQP4 expression. These
immunohistochemical results are in accordance with the Western blot decreases in AQP4 expression (Figures 2A and 2B).
(E) AQP4 immunolabeling (n = 6) was quantified using optical densitometry demonstrating a decrease in all brain areas (*P < 0.05
and **P < 0.001, unpaired t-test). The color reproduction of this figure is available on the html full text version of the manuscript.
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Figure 5 Effects of small interference RNA against AQP4 (siAQP4) injection on neuronal survival and blood-brain barrier (BBB) integrity.
(A) Neuronal changes were evaluated using NeuN (red) immunolabeling and counterstained with DAPI staining for cell nuclei (blue) in the
ipsilateral cortex of siGLO- (A1) and siAQP4 (A2)-treated rats. (B) The number of NeuN-positive cells in four different regions of interest
(ROIs) was not significantly altered in the siAQP4-treated compared with the siGLO-treated rats (analysis of variance, n = 5 rats). In ipsi-
cortex, the number of neurons in siAQP4-treated rats (1,139 + 30 neurons per mm?) was higher than in the siGLO rats (998 + 62 neurons
per mm?, analysis of variance, P = 0.4). Similarly, no significant results were seen in the contralateral striatum (1,145 + 38 neurons per
mm?) of siAQP4-treated versus siGLO-treated rats (1,229 + 53 neurons per mm?, analysis of variance, P = 0.2). The data are consistent
with the idea that siAQP4 is not toxic in brain regions where small interference RNA (siRNA) is detected. (C) IgG staining was used to
evaluate BBB integrity 3 days after siGLO and siAQP4 injection in four ROIs (ipsilateral and contralateral cortex and striatum). In siGLO-
treated rats, IgG staining was increased within the ipsilateral cortex (162% + 16%, analysis of variance and Tukey—Kramer multiple
comparisons tests, *P < 0.05, n = 5) compared with controls and siAQP4-treated rats (128% + 16%). In the other ROls, there were no

significant modifications of IgG staining compared with control values suggesting that the BBB was not affected.

AQP4 levels were not due to altered tissue composi-
tion. In the ipsilateral cortex close to the needle
track, there was no significant difference in the
number of neurons in siAQP4-treated (1,139 £ 30 per
mm?) compared with siGLO-treated rats (998 + 62 per
mm?, Figures 5A and 5B), suggesting that silencing
AQP4 is not toxic to neurons. In the ispilateral
cortex, astrocyte staining (anti-GFAP) revealed that
gliosis formation due to insertion of the needle was
reduced 58.3% in siAQP4-treated rats compared
with siGLO controls (P<0.05, analysis of variance,
Tukey—Kramer tests, Figures 6A1, A2, and 6C).
Increased IgG staining in the ipsilateral cortex of
siGLO-treated rats (Figure 5C) was consistent with
needle track induced blood-brain barrier (BBB)
disruption, but increased IgG staining was not
observed in siAQP4-treated rats (Figure 5C). These
results suggest that BBB disruption was minimized
in the siAQP4-treated animals at the site of the
injection compared with siGLO-treated rats (Figure
5C), a finding that correlates well with our observed
lack of gliosis (Figures 6A1, A2, and 6C).
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One important observation was that AQP4 expres-
sion was decreased at sites distant from the site of
injection (ipsilateral striatum and contralateral cor-
tex and striatum, Figure 4). In the contralateral
striatum, the neuronal count showed no difference
between siAQP4- (1,145 £ 38 per mm?) and siGLO-
treated animals (1,229+53 per mm?) (Figure 5B).
Astrocytic GFAP expression was also not signifi-
cantly altered in the contralateral striatum in siAQP4
rats compared with siGLO (Figures 6B1, B2, 6C, and
6D). Similarly, astrocyte morphology showed no
difference between the groups (Figures 6A-6D).
Together, these results demonstrate that AQP4 silen-
cing did not affect astrocyte morphology, identical to
our in vitro studies (Figure 2B).

Reduced AQP4 Expression Elicits Decreased Apparent
Diffusion Coefficient Values

Acute AQP4 silencing resulted in a significant
decrease in ADC values bilaterally within the cortex
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Figure 6 Small interference RNA against AQP4 (siAQP4) has no effect on astrocyte morphology. (A, B) Astrocyte morphology using GFAP
staining following AQP4 silencing was evaluated in animals undergoing neuroimaging. GFAP staining was examined in siGLO-treated rats
(A1, B1) and in siAQP4-treated rats (A2, B2) in the ipsilateral cortex adjacent to the injection site (A1, A2) and in contralateral striatum
(B1, B2). There was increased GFAP staining intensity in siGLO-treated (A1) compared with siAQP4-treated rats (A2) in the ipsilateral
cortex, that was confirmed by of fluorescence quantification (C). In the contralateral striatum (contra-striatum), GFAP staining in siGLO-
treated rats (B1) and in siAQP4-treated rats (B2) showed no differences in staining intensity. The presence of siAQP4 did not significantly
affect the morphology of the astrocytes in the ipsilateral cortex (A1, A2) or contralateral cortex (B1, B2). (C) Quantification of GFAP-IR
showed a significant increase in the ispilateral cortex (ipsi-cortex) of the siGLO-treated rats (7.95+0.40 A.U.) compared with
the siAQP4-treated rats (4.63+0.43 A.U., analysis of variance and Tukey—Kramer multiple comparisons tests, *P < 0.05, n=7)
demonstrating that siAQP4 prevents an increase in GFAP expression. (D) Astrocyte morphology was quantified using convexity factor and
demonstrated that the presence of siAQP4 did not affect astrocyte morphology identical to our in vitro results. GFAP, glial fibrillary acid
protein; IR, immunoreactivity.

and striatum, and at distance from the site
of injection in an anterior to posterior direction
(Figure 7). In the ipsilateral cortex at the site of
injection, ADC values were decreased 33% after
siAQP4 (60.8£2.5 x 10"°>mm?/s) compared with si-
Glo-treated controls (91.1 £ 2.5 x 10> mm?/s; P<0.05,
analysis of variance and Tukey—Kramer multiple
comparison test) (Figures 7A and 7C). Decreased
ADC values were also observed in the ipsilateral
striatum (51%) and contralateral cortex (51%) and
contralateral striatum (50%) compared with siGLO
animals. In contralateral striatum, ADC values were
decreased 51% (siAQP4, 45.4+1.7 x 10~°mm?/s;
siGlo, 92.1+1.0 x 10 °mm?/s, P<0.01, analysis of

variance and Tukey-Kramer multiple comparison
test) (Figure 7C). At 1 and 2 days after siAQP4
injection, the ADC values were not significantly
altered (Supplementary Figure 5A) and water content
was also unchanged (Supplementary Figure 5B).
Water content, based on T2-weighted images, showed
no changes at 3 days (Figures 7B and 7D).

Discussion

The principal novel finding of the current study
is that silencing AQP4 expression resulted in a
decrease in water mobility, as measured using
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Figure 7 Apparent diffusion coefficient (ADC) and T2 values after small interference RNA against AQP4 (siAQP4) injection. (A) The
in vivo ADC was calculated in siGLO- and siAQP4-treated rats from anterior to posterior brain regions. A global decrease in ADC
values was observed at several levels ( + 1, injection, —1, —2, —3). Enlarged ADC images focusing on the contra-cortex showed a
decrease in ADC in siAQP4 compared with siGLO-treated rats (right panel). Arrows illustrate decreased ADC location in the cortex
(dotted line indicates corpus callosum). The quantification of the ADC was performed at the site of injection at the same level used for
the histology. (B) The in vivo T2 was recorded in siGLO- and siAQP4-treated rats from anterior to posterior brain regions. No changes
were observed within the brains of both groups. (C) In the ipsilateral cortex (ipsi-cortex), ADC values in siAQP4-treated rats were
significantly decreased to 60.8+2.5 compared with 91.1+2.5x 10°mm?/s in siGlo rats representing a 33% reduction
(*P < 0.05, analysis of variance and Tukey—Kramer multiple comparison test, n = 4). Similarly, a 50% decrease was observed in
ipsilateral striatum and in contralateral cortex and striatum. In the contralateral striatum, ADC values were 45.4 + 1.7 in siAQP4-
treated rats compared with 92.1 +1.0 x 10-°*mm?/s in siGLO representing 51% decrease (**P < 0.01, analysis of variance and
Tukey—Kramer multiple comparison test). (D) T2 values, measured in siGLO- and siAQP4-treated rats were not significantly different

between brain regions suggesting that water content was not changed.

MRI-derived ADC values in normal brain tissue. Our
results strongly suggest that astrocytes, and in
particular their water channels, greatly contribute
to water mobility.

Until now, the contribution of brain AQP4 to water
movement has primarily been shown in astrocyte
cultures prepared from wild-type mice treated with
siRNA or from AQP4-knockout (AQP4~~) mice
(Manley et al, 2004; Nicchia et al, 2003, 2005).
In vivo, the role of AQP4 in water movement was
evaluated in several pathological models using
transgenic mice (Manley et al, 2004). AQP4 was
shown to have a key but dual role in edema for-
mation and resolution (Tait et al, 2008). Using
transgenic mice lacking AQP4 (AQP4 /"), the authors
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showed that AQP4 aggravated cytotoxic edema forma-
tion (Manley et al, 2000) and likewise facilitated
water removal in vasogenic edema (Papadopoulos
et al, 2004). Alternative existing mouse models
have also been used to study the role of AQP4,
including the dystrophin null mdx-f transgenic
mouse (mdx) and the w«-syntrophin null mouse
(Syn~") (Amiry-Moghaddam et al, 2003; Nico et al,
2003; Vajda et al, 2002). These transgenic mice have
a normal AQP4 protein level but a significant
reduction in AQP4 expression in the astrocytic foot
processes surrounding blood vessels and at the
glia limitans (Amiry-Moghaddam et al, 2003; Nico
et al, 2003; Vajda et al, 2002). These previous
experiments have confirmed that AQP4 has an



important role in cytotoxic edema formation in water
intoxication and stroke models (Amiry-Moghaddam
et al, 2004; Vajda et al, 2002).

Under normal physiological conditions, Manley
et al (2004) reported that brains from wild-type and
AQP4"~ mice did not reveal gross anatomical
differences by light microscopy and structural MRI.
However, the extracellular space was increased in
the AQP4 '~ compared with wild-type mice (Binder
et al, 2004; Yao et al, 2008). Despite the increase of
the extracellular space, the diffusional properties for
large molecules was not different between these
AQP4~~ and wild-type mice (Xiao and Hrabetova,
2009). The mdx and Syn~/~ mice display baseline
morphological abnormalities, including swollen
astrocyte foot processes (Amiry-Moghaddam et al,
2004) and increased BBB permeability (Frigeri et al,
2001; Nico et al, 2003). However, these abnormalities
did not alter MRI measurements in mdx mice, where
brain ADC values were similar between mdx and
wild-type mice (Vajda et al, 2002). In these murine
models, deletion of dystrophin and syntrophin may
affect other transporters and proteins with potential
compensatory mechanisms inhibiting any observable
changes in ADC values.

Until now, the contribution of astrocytic AQP4 in
water diffusion has never been investigated directly
in vivo in normal brain. In vitro, the water perme-
ability of cells has been indirectly determined by
measuring the kinetics and the maximum degree
of astrocyte cell swelling in response to solution
exchange between isotonic and hypotonic saline
(Nicchia et al, 2003, 2005). Cell swelling is signifi-
cantly reduced in astrocytes that did not express
AQP4, suggesting that this water channel contributes
significantly to astrocytic water movement in vitro
(Nicchia et al, 2003, 2005). In our in vitro experi-
ments, siAQP4 induced a significant decrease in
AQP4 expression in primary mouse astrocyte cul-
tures 3 days (Figure 2; Supplementary Figure 2) after
application in accordance with previous studies
(Nicchia et al, 2005; Saadoun et al, 2005). Decreased
AQP4 expression did not alter the morphology of
the astrocytes in our primary cultures (Figure 2),
although the water permeability of the cells was
significantly decreased (data not shown).

Similarly, cortical injection of siAQP4 induced
a decrease in AQP4 at the site of injection and
remotely in the contralateral striatum (Figure 4) after
3 days. The 27% decrease in AQP4 in the ipsilateral
hemisphere did not affect astrocyte morphology
based on GFAP analysis (Figure 6), similar to that
observed in vitro. Thus, at 3 days, decreased AQP4
levels induced a significant decrease in ADC values
without modification of tissue histology, BBB dis-
ruption, neuronal cell death nor significant modifi-
cation of astrocyte morphology (Figures 5 and 6).
Evaluation of ADC before 3 days did not reveal any
decrements (Supplementary Figure 5A), consistent
with the notion that a threshold reduction in AQP4
expression is needed to elicit the 50% reduction in
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ADC values reported in our studies. The decrements
in AQP4 expression do not change brain water
content (Supplementary Figure 5B). Together, our
results in the normal brain revealed that AQP4
significantly contributes to ADC values, a measure
of water diffusion. Previously, decreased ADC values
have been related to a decrease in the extracellular
space, as a consequence of cellular swelling under
pathological conditions (Figure 1). Early decreases
in ADC values in the hypoxic-ischemic rat model
correlated with decreased AQP4 expression (Meng et
al, 2004). In a rat model of hydrocephalus, an
increased level of AQP4 expression correlated with
increased ADC (Tourdias et al, 2009). Previous work
in pathological conditions and our study in normal
brain suggest that altered astrocyte water permeabil-
ity likely has a critical role in water mobility. The
contribution of astrocytic AQP4 to ADC values
reinforces the importance of the astrocytic compart-
ment in neuroimaging.

The needle induced a mild mechanical lesion with
an increase in GFAP staining in the ipsilateral cortex
and with BBB disruption (Figures 5 and 6). Interest-
ingly, we observed that siAQP4 injection prevented
the increase in GFAP and BBB disruption induced by
the needle track (Figures 5 and 6). These observa-
tions suggest that injection of siAQP4 may prevent
gliosis formation and BBB disruption induced by
mechanical forces. Our results are in accordance with
previous reports in AQP4~~ mice showing that the
absence of AQP4 protects against cell death caused by
edema (Manley et al, 2000; Saadoun et al, 2008) and
inhibits glial scar formation (Auguste et al, 2007;
Saadoun et al, 2005). Our results suggest a promising
future for the use of siRNA therapies against AQP4.
We speculate that this novel approach of AQP4
silencing could be used to prevent edema formation
after acute brain injury, particularly with improved
methods of drug delivery (e.g. intranasal route).

The cellular location of AQP4 in astrocytic endfeet
in contact with cerebral blood vessels (Supplemen-
tary Figure 4) suggests a role in BBB modulation
(Wolburg et al, 2009). AQP4~~ mice showed both
disruption (Zhou et al, 2008) and no change of the
BBB (Saadoun et al, 2009). In our experience,
decreased AQP4 at sites distant from the injection
site (contralateral striatum) did not alter BBB
permeability (Figure 5C). In accordance with pre-
vious studies, our results demonstrate that decreased
AQP4 does not induce leakage of the BBB (Saadoun
et al, 2009). Our results are consistent with the idea
that AQP4 is not critical for BBB maintenance in
normal brain, in the absence of mechanical or
metabolic stress.

In conclusion, involvement of AQP4 in modulat-
ing ADC values strengthens the role of the neurovas-
cular unit in regulating water movement under
normal and pathological conditions, where de-
creased ADC values are usually interpreted as
reflective of cytotoxic edema, which may be due to
decreased AQP4 expression. The contribution of
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astrocytic AQP4 to ADC values reinforces the
importance of the astrocytic compartment in neuroi-
maging.
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