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Background: GABA ,Rs regulate osmotic tension in prominin™ neural stem cells and ependymal cells.
Results: GABA ,R activation increases surface expression of AQP4, thereby affecting water exchange between the subependyma

and the lateral ventricle.

Conclusion: Modulation of AQP4 expression by GABA underlies the osmotic function of the neurotransmitter.
Significance: GABA ,Rs contribute to the regulation of water exchange between lateral ventricle and subependyma.

Activation of y-aminobutyric A receptors (GABA ,Rs) in the
subependymal zone (SEZ) induces hyperpolarization and
osmotic swelling in precursors, thereby promoting surface
expression of the epidermal growth factor receptor (EGFR) and
cell cycle entry. However, the mechanisms underlying the
GABAergic modulation of cell swelling are unclear. Here, we
show that GABA ,Rs colocalize with the water channel aqua-
porin (AQP) 4 in prominin-1 immunopositive (P*) precursors
in the postnatal SEZ, which include neural stem cells. GABA ,R
signaling promotes AQP4 expression by decreasing serine phos-
phorylation associated with the water channel. The modulation
of AQP4 expression by GABA 4R signaling is key to its effect
on cell swelling and EGFR expression. In addition, GABA,R
function also affects the ability of neural precursors to swell in
response to an osmotic challenge in vitro and in vivo. Thus, the
regulation of AQP4 by GABA 4 Rs is involved in controlling acti-
vation of neural stem cells and water exchange dynamics in the
SEZ.

In the subependymal zone (SEZ),* the largest neurogenic
region in the adult murine brain, neural stem cells (NSCs) give
rise to neuroblasts throughout adulthood (1). Adult NSCs con-
tact the blood vessels at the basal cell side and extend a primary
cilium into the lateral ventricle at the apical side (2). The polar-
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ized structure of NSCs is reflected by the expression of prom-
inin-1 at the tip of the primary cilium (3). Although they are
largely quiescent, prominin-1 immunopositive (P*) NSCs can
undergo activation and enter the cell cycle in normal conditions
and upon injury (4). Activated NSCs and transit-amplifying
precursors (TAPs) express high levels of the epidermal growth
factor receptor (EGFR) at the cell surface (E™€"), and they pro-
liferate in vivo and in vitro in response to EGF (5). Because
EGER is progressively down-regulated during the differentia-
tion of intermediate progenitors into neuroblasts (6), prom-
inin-1 and EGFR represent useful markers for the efficient
identification and isolation of activated NSCs and TAPs (7-9).

In the pre- and postnatal SEZ, the inhibitory neurotransmit-
ter y-aminobutyric acid (GABA) through the activation of its
type A receptors (GABA ,Rs) affects multiple aspects of neuro-
genesis, including proliferation of the various precursor types,
cell migration, and differentiation (10-12). In neuroblasts,
GABA ,R-induced cell depolarization was consistently found
to decrease proliferation and migration (13, 14). In contrast, the
effect of GABA 4R activation on the proliferation of NSCs and
TAPs is still debated (15). The multiple effects elicited by
GABA 4R activation are likely a consequence of the differences
in magnitude and direction of the anionic GABAergic currents.
In primary precursors, they are small and hyperpolarizing
leading to osmotic swelling, whereas the GABAergic currents
increase in magnitude and turn depolarizing in differentiating
neuroblasts (16 -18).

Aquaporins (AQPs), provide a major pathway for osmoti-
cally driven water transport through cell membranes. AQP4,
the predominant isoform in the central nervous system, is
extensively expressed in adult neurogenic regions such as the
SEZ, especially in ependymal cells and subependymal astro-
cytes (19). Adult NSCs express AQP4 (20), and genetic ablation
of AQP4 affected multiple aspects of NSC function, including
proliferation (21). However, the molecular mechanisms under-
lying the effects of AQP4 on NSCs are still unclear.

Genetic ablation of AQP4 expression leads to a marked
reduction of water uptake through the blood-brain barrier (22)
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and of brain swelling following cytotoxic brain edema (23, 24).
The expression of AQP4 is not constant but is functionally reg-
ulated at the levels of both transcription and channel assembly
(25-27). Phosphorylation of AQP4 has been consistently
reported as a mechanism underlying the regulation of channel
assembly as well as water permeability (28, 29). Nevertheless,
little is known concerning the regulation of AQP4 expression in
the SEZ lineage and the relationship between osmolarity and
neurogenesis.

In this study, we provide evidence that within the SEZ
GABA 4R signaling modulates the expression of AQP4 at the
cell surface. We show that the GABAergic-dependent osmotic
regulation in this region affects EGFR expression in neural pre-
cursors and water uptake upon osmotic challenge.

MATERIALS AND METHODS

Cell Sorting and Culture—Neonatal (P7) and adult (P56)
C57B6 mice were killed by decapitation and cervical dislocation
after CO, inhalation, respectively, in accordance with the local
ethical guidelines for the care and use of laboratory animals
(Karlsruhe, Germany). The AQP4 knock-out (KO) mice were
generated as described previously (24). The whole SEZ of the
lateral ventricle was dissected and dissociated in sucrose solu-
tion (150 mm sucrose, 125 mm NaCl, 3.5 mm KCI, 1.2 mm
NaH,PO,, 2.4 mm CaCl,, 1.3 mm MgCl,, 6.65 mM glucose, and
2 mM HEPES, pH 6.9, osmolarity 326 mw, all from Sigma), and
cells were processed for sorting as already described (17).
Briefly, after enzymatic tissue dissociation, cells were incubated
with prominin-1-APC antibodies (Miltenyi Biotec) and then
stained with Alexa488-tagged EGF (EGF-A; 20 ng/ml) (Molecular
Probes) and 1 ug/ml propidium iodide, 0.001% DNase (all from
Sigma). Before sorting, bicuculline methobromide (50 um)
(Biotrend) was added to dissection and sort solution for 30 min.

After sorting, cells were plated on Matrigel-coated 12-well
chamber slides (Ibis) in neurobasal (NBA) (Invitrogen) media,
2% B27, 2 mm L-glutamine, penicillin 100 units/ml, 100 ug/ml
streptomycin (all from Sigma), 10 ng/ml FGF-2 (PeproTech)
and analyzed by live imaging or were fixed and processed for
immunocytochemistry after 6 or 24 h, as described in the text.
Neurosphere cultures were established from the dissociated
SEZ of WT and AQP4 KO neonatal mice in NBA medium sup-
plemented with 2% B27, 10 ng/ml FGF-2, and 20 ng/ml EGF-2
(PeproTech), as described previously (17).

Immunocytofluorescence—Cells were fixed and immuno-
stained with or without previous permeabilization as described
previously (30). Before fixation, and 6 h after plating, cells were
incubated with bicuculline (50 um, up to 30 min) or muscimol
(25 uMm, up to 15 min), with or without 30 min of pretreatment
with brefeldin-A (BFA 3 ug/ml) as described in the text.

Primary antibodies were detected using Alexa 488- or Cy3-
conjugated secondary antibodies (Molecular Probes). Rabbit
polyclonal to AQP4 (Abcam, 1:500), mouse monoclonal to
GABA R B-chain antibody (Chemicon 1:200), and EGFR
(Sigma, 1:200) primary antibodies were used on permeabilized
or nonpermeabilized cell and tissue sections, as indicated.
Nuclei were counterstained with 4,6-diamidine-2-phenylindol
dihydrochloride (DAPI) 1:1000 (Roche Diagnostics).
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Immunopositive cells were quantified from at least three
independent experiments by analyzing an average of 300 cells
across multiple fields with a conventional fluorescence micro-
scope (DMIRBE Microscope; Leica, Germany). Changes in
expression were evaluated by calculating the number of immu-
nopositive cells as percentage of DAPIL.

Immunohistofluorescence—Adult mice were deeply anesthe-
tized by intraperitoneal injection of sodium pentobarbital (2
ml/kg body weight; Narcoren®, Merial, Germany) and perfused
transcardially with 4% paraformaldehyde in 0.1 M phosphate
buffer. Brains were post-fixed overnight in 4% paraformalde-
hyde at 4 °C and transferred into a 20% sucrose solution. After
embedding in 4% low melting agarose, 30-um thick coronal
vibratome sections were cut and processed for immunohisto-
chemistry. Image acquisition and analysis were done as described
previously (17).

Immunoprecipitation and Western Blot—Lysates of homog-
enized tissue were obtained in Membrane extraction buffer (5
mm HEPES, 0.32 M sucrose, 0.1 mm EDTA) and/or whole cell
lysis buffer (50 mm HEPES, 150 mm NaCl, 1% Triton X-100, 2
mM EDTA, 0.5 mm DTT, pH 7.4) supplemented with Phospho-
Stop (Sigma) and protease inhibitor mixture complete (Roche
Diagnostics). Cell extracts (300 ng) were immunoprecipitated
with AQP4 antibody (2 pg) using Dynabeads Protein G
(Novex). Finally, proteins were fractionated by SDS-PAGE and
incubated with antibodies to AQP4 (Abcam 1:1000) or to phos-
phoserine (Millipore, 1:500).

Proximity Ligation Assay—Proximity ligation assay (PLA)
was used to visualize in situ protein interaction (31) and protein
phosphorylation (32) because it is based on dual recognition of
epitopes, which can be detected only if they are localized less
than 40 nm apart. Here, we used PLAs to investigate the prox-
imity of AQP4 and GABA 4R and changes in serine phosphor-
ylation associated with AQP4. PLAs were performed using the
Duolink kit (Olink Bioscience, Uppsala, Sweden). Briefly, iso-
lated precursor cells or brain slices were blocked with 5%
diluted FCS for 30 min at room temperature. Antibodies
against AQP4, in combination with either GABA 4R or phos-
phoserine antibodies, were diluted in PBS containing 1% FCS at
suitable concentrations and were incubated overnight at 4 °C.
Oligonucleotide-bound secondary antibodies and additional
oligonucleotides were ligated for the generation of a circular
DNA substrate that was amplified and detected by means of
fluorescent complementary oligonucleotides according to the
manufacturer’s instructions. Quantitative analysis was done by
calculating the percentage of cells displaying fluorescent dots,
revealing colocalization of the primary antibodies. Alterna-
tively, when indicated in the text, cells were subdivided into
groups based on the number of the displayed fluorescent sig-
nals, and the effect of the treatment was quantified by calculat-
ing the percentage of the total cells in each group.

Brain Surgery—Mice were fully anesthetized and set into a
stereotactic frame. Vaseline was placed over the eyes of the
animals to prevent them from drying. Mice were given bilateral
intraventricular injection with 1.2 ul of vehicle, bicuculline (30
pmol), muscimol (3 nmol), or hypo-osmotic solution at a rate of
0.4 pl/min with a 33-guage stainless steel guided cannula. The
following stereotactic coordinates were used to target the lat-
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eral ventricle on both sides of the brain: AP = 0mm, ML = =1.2mm,
V = —2.0 mm from the bregma. The cannula was left in place
for 5 min following the injection. Mice were sacrificed 30 — 60
min after the injection and were processed for immunohisto-
chemistry or water retention experiments.

Measurement of Tissue Water Content—After dissection, the
tissue was supersonicated in tubes. The tubes containing the
different tissue samples were weighted before and after drying
in a Fistreem vacuum oven for 24 h at 80 °C and —1.000 mbar.
Brain water accumulation was calculated by comparing values
for baseline brain water content with the tissue water content
after treatment. The percentage of water content per tissue
sample was calculated as (wet mass — dry mass) X 100/(wet
mass) (22).

Osmotic Swelling and Cell Size Measurements—For osmotic
swelling measured by live imaging, the sorted cells were loaded
with calcein-AM (1 um) (Invitrogen) diluted in Hanks’ buffered
salt solution (HBSS, 1.3 mm CaCl,, 0.5 mm MgCl,, 0.4 mm
MgSO,, 5.4 mm KCl, 0.44 mm KH,PO,, 4.2 mm NaHCO,, 137
mwm NaCl, 0.25 mm Na,HPO,, and 5.6 mm glucose) for 30 min at
37 °C. Recordings were performed at 37 °C in an open-topped
perfusion chamber (Life Imaging Service, Switzerland) mounted
in an inverted fluorescent microscope (IX70 Olympus, Ger-
many) equipped with a CCD camera (ImagoQE, TILL Photon-
ics GmbH, Germany) and a software interface (TILLviSION 4.0,
TILL Photonics GmbH, Germany). Excitation light of 390 nm
was generated by a monochromator (Polychrom IV, TILL Pho-
tonics GmbH, Germany) coupled to a xenon short arc light
source (USHIO, Japan). After incubation with bicuculline (50
M, up to 30 min) or muscimol (25 M, up to 15 min), as indi-
cated in the text, cultures were treated with hypo-osmotic (200
mosM/kg), hyper-osmotic (400 mosm/kg), or iso-osmotic solu-
tion (300 mosm/kg) as control for an additional 30 min. Differ-
ent osmolarity reflected variations in NaCl or p-gluconic acid
sodium salt used to obtain hyper-osmotic Cl~ free solution.
Recordings were performed after the cells had adapted to the
environment for 15-20 min. Images were taken every 10 s.
Changes in cell size were calculated using Image] software. All
data came from at least three independent experiments from
different cell preparations.

For volume analysis by spinning disk confocal microscopy,
sorted P* cells were treated with bicuculline (50 um) or left
untreated as control for 30 min at 37 °C before loading with
wheat germ agglutinin-Alexa 488 (5 ug/ml) (Invitrogen) for 10
min. After rinsing with pre-warmed HBSS, the cells were incu-
bated at 37 °C for a further 15 min before fixation. Images of
confocal sections were taken every 0.15 wm using a spinning-
disk confocal system, merged together and converted by decon-
volution methods. Changes in cell size were calculated using
Image] software. All data were collected from 20 to 30 cells
from three independent experiments from different cell prepa-
rations. Osmotic swelling was also measured by flow cytometry
in cell suspensions. Changes in forward scattering (FSC)
reflected variations in the osmolarity of the medium and were
analyzed using FACSDiva 6.1.3. FACS histograms illustrating
the frequency distribution of FSC were fitted with SigmaPlot by
single Gaussian functions whose mean, S.D., and adjusted
R-squared values were calculated. The statistical significance of
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the variations between control and treated groups was calcu-
lated using Student’s ¢ test.

Quantitative Reverse Transcription-PCR—Cells were sorted
into lysis buffer, and the total RNA was extracted with RNeasy
micro kit (Qiagen). Total RNA was reversely transcribed using
oligo(dT) primers and Moloney murine leukemia virus reverse
transcriptase, RNase H Minus (all from Promega). TagMan
probes for genes of interest were purchased from Applied Bio-
systems. The quantitative reverse transcription (qQRT)-PCR was
performed in 7300 Real Time PCR system from Applied Bio-
systems. Cycle threshold (Ct) values were obtained from the
logarithmic phase of the amplification plot between normalized
fluorescence of a Fam reporter dye for the TagMan MGB probe
and cycle numbers for the PCR. Ct values for the genes of inter-
est were normalized against 3-actin. Expression levels of the
genes of interest in different cell types were normalized to
P~ /E"Y cells.

Statistical Analysis—The data are represented as means =
S.E. and analyzed using SigmaStat 3.5 or analysis of live imaging
experiments means of averaged values for each time point were
compared between control and treatment. In the figure are
given the highest p values obtained. Statistical significance was
determined by one-way analysis of variance (ANOVA) for mul-
tiple comparisons followed by Bonferroni post hoc test or the
two-tailed Student’s ¢ test using a statistical package (GraphPad
Prism). Calculated p values are indicated in the figure as fol-
lows: * and #, p = 0.05; ** and ##, p = 0.01; *** and ###, p =
0.001.

RESULTS

Colocalization of GABA 4,Rs and AQP4 in SEZ Precursors—
Previous studies have shown that AQP4 is expressed in neuro-
sphere cultures derived from adult murine and human neural
precursors (20). However, the distribution of AQP4 in the dif-
ferent precursor types of the SEZ is still unknown. To investi-
gate this issue, we used flow cytometry to measure expression
levels of EGFR and prominin-1 and purify the following cell
populations from the SEZ of neonatal mice: P*/E'*" cells con-
sisting of ependymal cells and quiescent NSCs; P*/E"e" cells
being highly enriched in activated NSCs; P~ /E"€" cells enriched in
TAPs and pre-neuroblasts; and P~/E'" cells representing
mostly neuroblasts (7, 9, 17).

To investigate the relationship between GABA ,Rs and water
channels, we first analyzed the expression of AQP4 in these four
populations. Analysis by qRT-PCR revealed increased mRNA
levels in P cells. In particular, P*/EM&P-activated NSCs con-
tained approximately six times more Agp4 transcripts than iso-
lated neuroblasts and P~ /E™e" cells (Fig. 1A). A similar expres-
sion pattern was also observed upon analysis of AQP4 protein
by immunofluorescence, showing an increased number of
immunopositive cells and higher levels of fluorescence in the
sorted P* cells than in the remaining P~ populations (Fig. 1B).
As we had previously found that neural precursors display ben-
zodiazepine-sensitive GABA ,Rs, we next investigated by qRT-
PCR the expression of GABA 4R « subunits (gabra) 1, 2, 3, and
5, which confer high affinity binding of benzodiazepines, and of
gabra 4 and GABA ,R& subunits (gabrd), which are not associ-
ated with benzodiazepine sensitivity. We selected these sub-
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FIGURE 1. GABA,Rs and AQP4 are coexpressed in close proximity to SEZ precursors. A-C, analysis of levels of Agp4 transcripts (A), AQP4 immunoreactivity
(B), and transcripts for the indicated GABA,R subunits (C) in the given sorted populations. For transcript quantification, values are the means of relative
expression levels from ddCT + S.E. normalized to P~/E"" cells. * indicates significantly different from P~/E'°Y cells (ANOVA), n = 4. B, left panels show
representative photomicrographs of sorted nonpermeabilized cells illustrating AQP4 immunoreactivity (green) and DAPI counterstaining of the nuclei (blue).
Scale bar, 10 um. D, representative confocal photomicrographs of postnatal SEZ-dissociated cells (upper panel) and adult coronal slices (lower panel) upon
double immunostaining without previous permeabilization. Scale bar, 15 um. Arrowheads point to double immunopositive cells. D, dorsal; M, medial; L, lateral;
V, ventral. E, representative photomicrographs of sorted P™ cells illustrating AQP4 and GABA 4R colocalization (red) detected by PLAs upon incubation with the
indicated primary antibodies and DAPI (blue) counterstaining of the nuclei. Scale bar, 15 um.

units because our previous analyses (17) had revealed that they
were all expressed at very low levels in neural precursors.
Indeed, transcript levels for all genes analyzed were signifi-
cantly lower within the remaining populations than in purified
P/E'" neuroblasts. Although gabra2 and gabra4 were
detected in all isolated populations (Fig. 1C), transcripts for the
subunits gabrd and the remaining gabra subunits were not
detected in P*/EMeP activated NSCs (data not shown). This
suggests that gabra2 subunits are responsible for the sensitivity
to benzodiazepines in the NSC compartment (17).

We next examined the localization of GABA ,Rs and AQP4
by immunostaining. Immunoreactivities to AQP4 and GABA,Rs
colocalized in dissociated neonatal SEZ cells (Fig. 1D, upper
panel) and in coronal adult brain sections (Fig. 1D, lower panel).
The detection of GABA 4R and AQP4 antibodies by PLAs (Fig.
1E) generated a strong fluorescent signal confirming that
GABA ,Rs and AQP4 are localized in close proximity in P
precursors.
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GABA 4R Regulates AQP4 Phosphorylation and Its Expres-
sion at the Cell Surface—We next investigated the possibility
that GABA,R signaling may affect AQP4 expression. As
reported previously (17), 6 h after sorting and plating treatment
with the GABA ,R-specific antagonist bicuculline (50 um)
caused a reduction in the expression of both AQP4 (Fig. 24)
and EGFR (Fig. 2B) at the surface of sorted P* but not P~ cells
(data not shown). In addition, GABA ,R blockade led to a 50%
reduction in the colocalization of GABA,Rs and AQP4 (Fig.
2C) at the cell surface of P* cells as shown by PLAs. This
decrease was not due to an effect of bicuculline on total cellular
AQP4, as determined by permeabilization and immunostaining
of either P* or P~ cells (data not shown). Because in this system
bicuculline also does not affect GABA 4R expression (17), our
data indicate that endogenous GABA , R signaling promotes the
expression of AQP4 at the cell surface.

It has been reported that reversible phosphorylation of AQP4
results in allosteric changes, which in turn affect the expression
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FIGURE 2. Effect of GABA 4R signaling on phospho-AQP4 and the expression of the water channel at the surface of precursors sorted from the neonatal
(P7) SEZ. A and B, upper panels show representative photomicrographs illustrating AQP4 (A) and EGFR (B) immunoreactivity and colocalization of AQP4 and
GABA Rs detected by PLAs (C) at the surface of sorted P* precursors. Relative quantification is shown in the lower panels. D and E, representative micropho-
tograph illustrating AQP4 serine phosphorylation by PLAs in permeabilized neurosphere cultures derived from WT and AQP4 knock out (KO) mice (D) and
sorted P* cells (). Immunoreactivity and colocalization are visualized in red and DAPI counterstain of the nuclei in blue. Scale bars, 15 um (A-C) and 10 um (D).
F-H, quantitative analysis of phospho-AQP4 by PLAs in sorted P" and P~ cells as indicated. AQP4 primary antibodies were added with (F-H) and without (G)
previous permeabilization to visualize total and surface phospho-AQP4, respectively. G, cells were categorized based on the number of the displayed fluores-
cent signals, and the effect of the treatment was quantified by calculating the number of cells in each group as percentage of the total. /, quantitative analysis
of EGFR expression at the cell surface of sorted P* cells by immunostaining. Sorted cells were exposed to bicuculline (Bic, 50 um for 30 min) and calphostin C

(Cal-C, 1 um for 45 min) 6 h after culturing or left untreated (Ctr) as indicated. * indicates significantly different from untreated cells (ANOVA) n = 3.

of the water channel at the cell surface (33, 34) and its water
permeability (35). Therefore, we next investigated the effect of
GABA,R function on serine phosphorylation of AQP4.
Because of the unavailability of antibodies recognizing phos-
phorylated AQP4, for this analysis we took advantage of PLAs
using antibodies to AQP4 and phosphoserine (32). Because this
approach would detect phosphorylation on serine residues
localized on AQP4 as well as on a closely (less than 40 nm)
associated protein, hereafter we will use phospho-AQP4 to
refer to either possibility. We first verified the specificity of this
approach on neurosphere cultures established from WT and
AQP4 KO mice. Fluorescent signals, showing colocalization of

SASBMB

FEBRUARY 13,2015+VOLUME 290-NUMBER 7

the two antibodies, were only detected in neurosphere cultures
obtained from WT mice (Fig. 2D) suggesting that our approach
detects specifically changes in phospho-AQP4.

We therefore next took advantage of this method to investigate
the effect of bicuculline on phospho-AQP4 in sorted cells. Treat-
ment of sorted P* cells with bicuculline led approximately to a
3-fold increase in total phospho-AQP4 (Fig. 2, E and F). The treat-
ment also increased phospho-AQP4 in the water channel pool
expressed at the surface of P™ cells, albeit at a much lower extent
than in the total protein (Fig. 2G). In contrast, GABA 4R blockade
did not affect levels of phospho-AQP4 in P~ cells (Fig. 2H). It has
been previously shown that PKC mediates phosphorylation of ser-
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FIGURE 3. PKC and GABA,R signaling affects AQP4 expression and its phosphorylation in precursors sorted from the neonatal (P7) SEZ based on
prominin-1 or EGFR expression. A-C, effect of bicuculline (Bic, 50 um) and calphostin C (Cal-C, 1 um) on the expression of AQP4 (A and B) and EGFR (C) in sorted
P* and P~ precursors as indicated. n = 3. D, quantification of AQP4 expression at the cell surface of sorted EGFRM9" cells after treatment as indicated. n = 3.E,
analysis of phospho-AQP4 by PLAs in permeabilized sorted EM9" cells. Left column panels show representative photomicrographs of the cells and right column
panels relative quantifications. Red fluorescent signals reveal phospho-AQP4. Scale bar, 10 um. Six hours after sorting, cells were exposed to bicuculline (50 um
for30 min) in the presence or absence of Cal-C (1 um for 45 min) or left untreated (Ctr) as indicated. F, panels show representative photomicrographsillustrating
AQP4 immunoreactivity at the surface of P* cells that after sorting had been plated for 6 h before treatment without (Ctr) or with muscimol (Mus) and/or
brefeldin A (BFA) as indicated. Scale bar, 35 um. G, quantification of the immunostaining in F. n = 3. * indicates significantly different from control untreated

cells (ANOVA) *, #, p < 0.05; **, p < 0.01.

ine within the loop D region of AQP4 thereby affecting its function
(28). Therefore, to further investigate the relationship between
GABAergic regulation of AQP4 and EGFR expression, we next
used calphostin C (Cal-C), a selective PKC inhibitor, to interfere
with AQP4 phosphorylation and to modulate its expression at the
cell surface. In sorted P cells, exposure to Cal-C significantly
reduced intracellular phospho-AQP4 (Fig. 2, E and F) and coun-
teracted the effect of bicuculline on EGFR expression (Fig. 21).
Likewise, the Cal-C treatment also increased the expression of the
water channel at the surface and, to a lesser extent, the total
amount of intracellular AQP4 (Fig. 3A). In contrast to bicuculline,
treatment with Cal-C had similar effects also on isolated P~ cells,
increasing the expression of AQP4 (Fig. 3B) and EGFR (Fig. 3C) at
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the cell surface. Treatments with bicuculline and/or Cal-C also
similarly affected AQP4 expression (Fig. 3D) and phosphorylation
(Fig. 3F) in sorted E™&" cells, albeit to a lower degree. This is con-
sistent with our previous observations concerning the effect of
bicuculline on EGFR expression in this population (17).

Because GABA,R function mostly affected intracellular
phospho-AQP4 (see for comparison Fig. 2, F and G), we postu-
lated that it may modulate the recruitment of the water channel
at the cell surface. Therefore, we next investigated the effect of
the GABA 4R agonist muscimol on the expression of AQP4 at
the surface of sorted P™ cells, which had been either exposed for
30 min to BFA (36), to prevent the anterograde movement of
AQP4 from the cis-Golgi to the cell membrane, or left
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FIGURE 4. GABA ,Rs positively regulate AQP4 expression and its phosphorylation in vivo. A, confocal photomicrographs of coronal sections of the adult
SEZ illustrating representative examples of immunostaining as indicated and DAPI (blue) counterstaining of the nuclei. A, mice were microinjected (i.v.) with
vehicle (Ctr), bicuculline (Bic, 30 pmol) and muscimol (Mus, 3 nmol). Immunolabeling was performed without permeabilization. Scale bar, 15 um. B, quantitative
analysis of the immunostaining in A. * indicates significantly different from the control counterpart in each single and double immunopositive population. #
indicates significantly different from the control counterpart in total cells immunopositive for EGFR and AQP4 as indicated (ANOVA); n = 6 mice/group. C,
confocal photomicrographs illustrating representative examples of total phospho-AQP4 (red) in the adult SEZ revealed by PLAs and DAPI counterstaining of
the nuclei after exposure to vehicle, bicuculline, or muscimol as indicated. D, dorsal; M, medial; L, lateral; V, ventral. Scale bar, 25 um. D, plasma membrane (mem)
and remaining (cyto) fraction of dissociated SEZ tissue stained for AQP4 after indicated treatments shown by immunoprecipitation and immunoblots. £, whole
cell extracts of dissociated SEZ tissue upon the indicated treatments were immunoprecipitated with AQP4 antibody, and immunoblots were stained with
antibodies to phosphoserine (P-Ser) and AQPA4.

untreated as control. In line with our previous findings, forced
activation of GABA ,Rs greatly enhanced the expression of
AQP4 at the cell surface (Fig. 3, F and G). Pretreatment with
BFA did not affect surface expression of AQP4, although it
completely abolished the effect of muscimol (Fig. 3, Fand G).
Taken together, these data show that the modulation of sur-
face AQP4 requires intact anterograde transport, indicating
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that the change in phosphorylation may affect the anterograde
transport of the protein. Our data also indicate that the
GABAergic regulation of AQP4 expression contributes to the
effect of GABA ,Rs on osmotic tension and expression of EGFR
at the surface of neural precursors.

GABA R Activation Regulates AQP4 and EGFR in Vivo—We
next investigated whether endogenous GABA , R signaling had
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FIGURE 5. Blockade of GABA ,Rs delays swelling of E"" cells in response to osmotic challenge. A and D, effect of GABA,Rs on the response to osmotic
challenge of dissociated cells derived from the neonatal SEZ of neonatal WT (A and B) and AQP4 KO (C and D) mice. Representative FACS histograms illustrating
the frequency distribution of forward side scattering (FSC) values of E"9" cells are shown in B and C, quantification of the number of E"'9" cells upon the
indicated treatments are given in B and D. Curves were fitted by single Gaussian functions whose mean, S.D., and adjusted R-squared values were calculated.
FSCwas analyzed on freshly dissociated cells that had been treated with (Bic) or without (Ctr) bicuculline during dissection and staining for 30 min. Five minutes
before FACS analysis, hypo-osmotic solution (with the final osmolarity of 200 mosm/kg) was added to the control (Ctr+Hypo) and bicuculline (Bic+Hypo) group
as indicated. * indicates significantly different from control (ANOVA); ** ##, p < 0.01; ***, p < 0.001, ANOVA; n = 4-5. E-H, effect of GABA,Rs on the response
to osmotic challenge of neonatal EM9" (E and F) and E'° (G and H) cells that after sorting were cultured in NBA medium for 2 days before loading with
calcein-AM (1 um) and live imaging. Cells were exposed to bicuculline (50 um) or left untreated as control (Ctr) and were recorded for 25 min as indicated.
Thereafter, hypo-osmotic solution (Hypo, 200 mosm/kg) supplemented with or without bicuculline (50 um) was added, and cells were recorded for an additional
30 min. Changes in cell size are represented as mean = S.D.n = 3. %, p < 0.05; **, p < 0.01; ***, p < 0.001. Values of the mean curve obtained in basal and
treatment (Ctr-Hypo, Bic-Hypo) conditions were averaged every 60 s and analyzed by two-tailed Student’s t test.
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asimilar effect on the regulation of AQP4 expression within the
adult SEZ niche. Mice were microinjected intraventricularly
(i.v.) with vehicle as control or either bicuculline or muscimol to
inhibit or activate GABA ,Rs, respectively. After 30 min, mice
were sacrificed, and thereafter the brain slices were either
immunostained to investigate expression of AQP4 and EGFR
or processed for PLAs to determine phospho-AQP4. In vehicle-
microinjected animals, a similar number of cells expressed
either or both antigens at the cell surface, and they were mainly
localized at the apical side of the border (Fig. 4, A and B). Con-
sistent with our analysis in vitro, injection of bicuculline led to a
decrease in the number of all immunopositive populations,
which was significant for cells expressing EGFR and/or AQP4
(Fig. 4B). This was accompanied by an increase in phospho-
AQP4 in the germinal niche (Fig. 4C). Conversely, i.v. injection
of muscimol led to an overall decrease in phospho-AQP4 (Fig.
4C), which was paralleled by an increase in the coexpression of
EGFR and AQP4 at the cell surface (Fig. 4B). The analysis by
immunoprecipitation and immunoblot of the membrane and
cytoplasm fractions with AQP4 antibodies confirmed the opposite
effects of bicuculline and muscimol iv. injection on the cellular
localization of AQP4 (Fig. 4D). In addition, when whole cell
extracts were immunoprecipitated with AQP4 antibodies, sepa-
rated by electrophoresis, and immunoblotted with phosphoserine
antibodies, blockade of GABA,Rs led to an increase in serine
phosphorylation (Fig. 4E). Importantly, by probing parallel West-
ern blots with either phosphoserine or by AQP4 antibodies, we
detected bands of equivalent molecular weight. These experi-
ments strongly indicate that the change in phosphoserine intensity
associated with GABA 4R function concerns serine residues pres-
ent on the AQP4 molecule and not a coimmunoprecipitated pro-
tein, although the latter possibility cannot be formally ruled out.
Thus, GABA R signaling modulates AQP4 phosphorylation and
its expression at the cell surface in vivo and in vitro.

GABA R Function Modulates Osmotic Tension Thereby
Affecting Water Exchange in the SEZ—W e next investigated the
relationship between GABA 4R function and cell volume. We
first examined the effect of GABA ,Rs on the response to an
osmotic challenge in cells isolated from the neonatal SEZ. Con-
sistent with our previous observations (17), compared with
untreated controls, blockade of GABA ,Rs during dissection
decreased the osmotic swelling (Fig. 54) and the number (Fig.
5B) of EMe" cells, whereas exposure to hypo-osmotic conditions
for 5 min caused an opposite outcome. Treatment with bicu-
culline also significantly delayed the increase in EM&" cells in
response to hypo-osmotic treatment, which was significant
only 10 min after hypo-osmotic treatment (Fig. 5B). In contrast,
a similar treatment with bicuculline and/or hypo-osmotic solu-
tion exerted no significant effects in AQP4 KO mice on either
osmotic swelling (Fig. 5C) or EM&" cell number (Fig. 5D), con-
firming that AQP4 represents the main water channel in this
population and that the effect of GABA ,Rs on osmotic swelling
depends on AQP4. Importantly, similar results were also
observed in EM" cells loaded with calcein-AM (1 um) and ana-
lyzed by live imaging 1 day after sorting. This analysis revealed
that, in comparison with the control group, EM&" cells exposed
to bicuculline underwent shrinkage and showed a much slower
kinetic of swelling upon hypo-osmotic treatment (Fig. 5, E and
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FIGURE 6. Activation of GABA ,Rs promotes swelling of EGFR"9" cells and
cell volume recovery upon osmotic challenge. Effect of GABA,Rs on the
response to osmotic challenge of neonatal EM9" cells that after sorting were
cultured in NBA medium for 6-12 h before loading with calcein-AM (1 um)
and live imaging. After 3 min of imaging in basal conditions, muscimol (25
M) was added to the cells, and recording was performed for another 15 min.
Thereafter, the hyper-osmotic solution (400 mosm/kg) with or without Cl™
was added, and cells were recorded for further 15 min. n = 3. Values of the
mean curve obtained in basal and treatment conditions were averaged every
100 s and analyzed by two-tailed Student’s t test.
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F). A similar analysis on E'** cells showed that their size rapidly
increased after hypo-osmotic challenge, but it was not affected
by exposure to bicuculline (Fig. 5, G and H). Conversely, treat-
ment with muscimol led to a significant increase in cell size in
EM&h cells (Fig. 6). Both control and muscimol-treated cells
underwent fast shrinkage upon exposure to hyper-osmotic
conditions. However, the presence of muscimol led to a signif-
icantly faster volume recovery despite the persistence of the
increased osmolarity. This effect was likely due to the higher
Cl™ concentration used to obtain hyper-osmotic conditions, as
it was not observed upon treatment with a hyper-osmotic solu-
tion with a reduced content of Cl™. Taken together, these
observations show that the direction of the water reflects the
movements of C1~ across the GABA ,Rs.

In a similar fashion, sorted P cells displayed a decrease in
osmotic tension (Fig. 7A) and a significant reduction in volume
(18 = 1.2% of untreated control; Fig. 7B) when exposed to bicu-
culline for 30 min in iso-osmolar conditions. Also in isolated P
cells blockade of GABA ,Rs counteracted swelling induced by
exposure to hypo-osmotic conditions (Fig. 7A). Moreover,
these changes in osmotic swelling upon the various treatments
were associated with variations in EGFR expression as already
observed in dissociated SEZ cells (Fig. 7C). In contrast, the
expression of AQP4 at the cell surface of P cells was decreased
by bicuculline, but it was not affected by the change in osmo-
larity (Fig. 7D). Taken together, these data show that in vitro
GABA ,Rs regulate cell volume in iso-osmolar conditions and
upon exposure to an osmotic challenge.

Next, we investigated whether GABA R activation affects
the response to an osmotic challenge also in vivo. Adult mice
were i.v. microinjected with vehicle or bicuculline and after 30
min additionally microinjected with iso- or hypo-osmotic solu-
tion. After a further 30 min, mice were sacrificed, and changes
in the expression of EGFR and AQP4 were analyzed by immu-
nohistofluorescence. Compared with vehicle-microinjected
control, the exposure to hypo-osmotic conditions led to a sig-
nificant increase in the expression of EGFR and a trend increase
in AQP4 expression, which was not significant (Fig. 7, E and F).
However, mice pre-exposed to bicuculline before i.v. microin-
jection of hypo-osmotic solution displayed, like mice microin-
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FIGURE 7. GABA 4R function modulates osmotic tension and water uptake in response to osmotic challenge. A, representative FACS histograms illustrat-
ing the frequency distribution of FSC values of P* cells isolated from the P7 SEZ. Curves were fitted by single Gaussian functions whose mean, S.D., and adjusted
R-squared values were calculated. B, spinning disk confocal photomicrographs and quantitative analysis of the volume of P* cells treated as indicated before
loading with wheat germ agglutinin (WGA)-Alexa 488 and imaging. Scale bar, 10 um. C and D, quantitative analysis of the number of P cells expressing EGFR
(C)and AQP4 (D) at the cell surface after treatment as indicated and immunostaining. After sorting from the P7 SEZ and culturing for 6 h, cells were exposed to
bicuculline (Bic, 50 um) for 30 min or left untreated. C and D, before fixation and analysis, cells were exposed for 5 min to normal (Ctr) or hypo-osmotic (Hypo)
solution. n = 3. E, confocal photomicrographs of coronal sections illustrating a representative example of double immunostaining as indicated and DAPI (blue)
counterstaining of nuclei. Adult mice were microinjected (i.v.) with hypo-osmotic (Hypo) solution in the presence or absence of bicuculline as indicated.
Immunolabeling was performed without permeabilization. D, dorsal; M, medial; L, lateral; V, ventral. Scale bar, 15 um. F, quantitative analysis of the immuno-
staining shown in E. * indicates significantly different from control or hypo-osmotic counterparts; n = 6 mice/group.

jected with bicuculline, a similarly significant reduction in the edema (37, 38), we incubated the whole dissected SEZ with
amount of both membrane EGFR and AQP4 (Fig. 7, Eand F;see  vehicle or bicuculline for 30 min and thereafter exposed the
also Fig. 4, A and B for comparison). tissue to iso- or hypo-osmotic solution for a further 30 min. As

To investigate whether blockade of GABA sRs reduces water  shown in Fig. 84, compared with control tissue exposed to iso-
uptake under hypo-osmotic stress, which is used as a model of osmotic conditions, tissue incubated in hypo-osmotic medium
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FIGURE 8. Blockade of GABA,R prevents water accumulation in the SEZ
upon hypo-osmotic challenge. Quantitative analyses of the water uptake in
the SEZ exposed to the indicated treatments ex vivo (A) or in vivo (B). A, after
dissection, the tissue was incubated with or without bicuculline (Bic, 50 um)
for 30 min. Thereafter, tissue was treated with iso- (Ctr) or hypo-osmotic
(Hypo) solution for a further 30 min, all at 37 °C. B, 30 min after i.v. microinjec-
tion with vehicle or bicuculline (30 pmol), iso- (Ctr) or hypo-osmotic solution
was additionally microinjected as indicated. After a further 30 min, mice were
sacrificed, and the SEZ was dissected and processed for the analysis of the
water content. * indicates significantly different from vehicle + control group
(ANOVA); n = 3.

displayed an increase (~6%) in water content. Moreover, pre-
treatment with bicuculline reduced water uptake in the tissue
group exposed to hypo-osmotic but not iso-osmotic condi-
tions. Similar results were observed in vivo upon microinjection
of bicuculline and hypo-osmotic solution into the lateral ven-
tricle (Fig. 8B), showing that also in this case blockade of
GABA,Rs can prevent the increase in water uptake in SEZ
induced by injection of hypo-osmotic solution. Thus, blockade
of GABA ,Rs can serve as a mean to rescue water disequilibrium
in the SEZ.

DISCUSSION

We have previously shown that GABA 4R activation leads to
hyperpolarization and osmotic swelling in SEZ stem cells caus-
ing expression of EGER at the cell surface (17). In this study, we
provide evidence that in addition to Cl™ influx activation of
GABA R in SEZ precursors also modulates the surface expres-
sion of AQP4. We found that the effect of GABA 4R activation
on osmotic tension not only affected EGFR expression in the
SEZ but also water retention. As the primary function of AQP4
concerns the regulation of water exchange through the various
compartments of the brain (39), it is very likely that the effect of
bicuculline on water retention is a consequence of its modula-
tion of AQP4 expression.

Within the SEZ, the AQP4 channel is expressed in the
ependymal layer, where it contributes to maintain its integrity,
and in the underlying germinal epithelium in precursors and to
alesser extent in niche astrocytes (20). Consistent with this, we
found that in neonatal mice the expression of AQP4 is mainly
confined to the populations of P*/E'" and P*/EM&" cells,
which at this age include most of the ependymal cells as well as
NSCs (9). The latter are particularly enriched within in the
P*/EMe? population representing activated NSCs (7-9). In con-
trast, prospectively isolated neonatal P~/EM&" TAPs and
P /E"°" neuroblasts expressed very low levels of AQP4 mRNA,
showing that the AQP4 is rapidly down-regulated during neu-
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ronal differentiation. However, at the protein level the differ-
ences between P* and P~ cells were reduced, suggesting a rel-
ative stability of the water channel. Moreover, in culture
conditions the AQP4 immunoreactivity was observed in most
of the cells, which likely reflects the selection for precursor cells
in culture conditions.

In the SEZ, functional GABA , R currents have been recorded
from both precursors and more mature neuronal progenitors,
although their size and directions differ in the two cell groups
(17). In immature neural precursors, GABA,R currents are
hyperpolarizing and relatively small, which may lead to a
requirement for proximity within the cell between the anionic
channel and the targeted proteins. Indeed, our data indicate
that GABA ,Rs and AQP4 localize closely. Previous analyses
have shown that the localization of AQP4 at the end-feet of
perivascular astrocytes is dependent on its interaction with syn-
trophin within the dystrophin-glycoprotein complex (40, 41).
Because the dystrophin complex also plays a role in the assem-
bly of the GABA ,Rs, it is possible that both channels interact
with the dystrophin complex. However, this possibility may
only concern the subset of SEZ astrocytes, including P* NSCs.
In fact, although globules containing dystroglycan and other
dystrophin-glycoprotein complex components have been
observed in ependymal cells, the interaction between dystro-
phin-glycoprotein complex and AQP4 appears not essential for
the localization of AQP4 within this cell group (42).

Multiple kinases and phosphorylation sites have been
involved in the regulation of the phosphorylation status of
AQP4 (28, 29). For example, at the invasive hedges of gliomas,
PKC is closely localized to clusters of AQP4 and Cl™ channels
and transporters. In this system, PKC activation inhibits tumor
cell migration and invasiveness by promoting AQP4 phosphor-
ylation on serine 180 (43). Instead, in kidney epithelial cells
phosphorylation of serine 279 by casein kinase II leads to lyso-
somal targeting and degradation of the water channel (32). In
contrast, we found here that GABA R activation decreased
phospho-AQP4 and enhanced the expression of the water
channel at the cell surface, which was prevented by BFA. This
suggests that the GABAergic regulation of phospho-AQP4
modulates the anterograde transport of AQP4. Thus, the mech-
anisms underlying the regulation of the water channel are com-
plex and may be dependent on the cellular context.

In contrast to AQP4, our data indicate that GABA ,Rs regu-
late surface EGFR expression mainly by affecting osmotic ten-
sion, as endogenous GABA,R signaling maintains EGFR
expression only within P™ cells that express high levels of the
water channel. Moreover, blockade of GABA ,Rs did not affect
EGER expression in precursors isolated from AQP4 KO mice,
and EGFR expression was similarly enhanced by forced activa-
tion of GABA  Rs and hypo-osmotic treatment. However, the
exposure to hypo-osmotic conditions affected EGFR expres-
sion also in AQP4 ™ cells. It is unlikely that these AQP4~ cells
represent either neuroblasts or SEZ astrocytes, as they do not
express EGFR. Rather they may represent cells in the process of
down-regulating EGER before differentiating into neuroblasts.
This is consistent with our previous findings showing that the
amount of EGFR transcripts and protein peaks within the pop-
ulation of EM&" cells and that EGFR expression is rapidly down-
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regulated during the transition from pre-neuroblasts to neuro-
blasts (6). Thus, our findings unveil a new mechanism by which
GABA ,Rs regulate osmotic tension in the SEZ precursors,
thereby modulating EGFR expression and water exchange in
this region.
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