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Abstract Aquaporin 4 (AQP4) is expressed in the peri-
vascular glial endfeet and is an important pathway for
water during formation and resolution of brain edema. In
this study, we examined the functional properties and rel-
ative unit water permeability of three functional isoforms
of AQP4 expressed in the brain (M1, M23, Mz). The M23
isoform gave rise to square arrays when expressed
in Xenopus laevis oocytes. The relative unit water
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permeability differed significantly between the isoforms in
the order of M1 > Mz > M23. None of the three isoforms
were permeable to small osmolytes nor were they affected
by changes in external K* concentration. Upon protein
kinase C (PKC) activation, oocytes expressing the three
isoforms demonstrated rapid reduction of water perme-
ability, which correlated with AQP4 internalization. The
M23 isoform was more sensitive to PKC regulation than
the longer isoforms and was internalized significantly fas-
ter. Our results suggest a specific role for square array
formation.
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Introduction

Aquaporin 4 (AQP4) is the principal water channel in the
central nervous system. It is predominantly expressed in
areas with close contact to the blood vessels or to the
cerebrospinal fluid, such as the pericapillary glial endfeet
and the ventricular ependymal cell lining, in which fluid
exchange takes place between the brain and the blood/
cerebrospinal fluid [1, 2]. The distinct polarized expression
of AQP4 appears to be promoted by the basal lamina-
associated extracellular matrix component, agrin [3]. Dur-
ing pathophysiological conditions leading to brain edema,
AQP4 plays a role in the underlying brain water accumu-
lation, either by permitting water entry into the brain
parenchyma or by allowing accumulated water to exit,
depending on whether the edema is of cytotoxic or vaso-
genic origin (reviewed in [4]).

AQP4 in brain tissue, cultured primary astrocytes, or
expressed in various heterologous expression systems is
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reported to be regulated by numerous protein kinases, such
as protein kinase C (PKC), protein kinase A (PKA), Ca**/
calmodulin-dependent kinase II (CamKII), casein kinase II
(CKII), and protein kinase G (PKG) [5-11]. Phosphoryla-
tion-dependent regulation of AQP4 might thus encompass
several processes, including gating, protein internalization,
lysosomal targeting, and Golgi transition.

Three of the AQP4 isoforms have been demonstrated to
transport water: M1 (AQP4a) consisting of 323 amino
acids, the shorter M23 (AQP4c) consisting of 301 amino
acids, and Mz (AQP4e) consisting of 364 amino acids [12-
14]. M23 is the prevalent isoform in the mammalian brain
[15] and gives rise to the square arrays detected in the
astrocytic endfeet [16—18]. The isoform composition of
these square arrays is currently debated [19-21]. Co-
transfection of the M1 and M23 isoforms modulate the size
of square arrays [16], possibly due to palmitoylation of two
cysteines at positions 13 and 17, which are lacking in the
shorter M23 isoform [21, 22]. The importance of these two
residues for square array formation was recently chal-
lenged and new molecular determinants put forth [23].

The rationale for endogenous expression of distinct
isoforms of AQP4 in the brain and the function of square
arrays have remained elusive, although the adhesive
properties of AQP4 between adjoining membranes
expressing the M23 isoform may provide a possible
explanation [24]. Previously, two conflicting reports have
estimated the unit water permeability of M1 and M23 to be
either identical [15] or eightfold higher in M23 compared
to M1 [25]. In this study, we aimed to resolve this dis-
crepancy, in addition to investigating possible differences
in the permeability profile and phosphorylation-dependent
regulation of all three AQP4 isoforms.

Materials and methods
Oocyte preparation and expression of AQP4 isoforms

Xenopus laevis frogs were obtained from Nasco (USA) or
National Center for Scientific Research (France). After
surgical removal of the oocytes from anesthetized frogs,
the follicular membrane was removed by incubation in
Kulori medium (90 mM NaCl, 1 mM KCIl, 1 mM CaCl,,
1 mM MgCl,, 5 mM HEPES, pH 7.4, 182 mOsm) con-
taining 10 mg/ml collagenase (type 1; Worthington, NJ,
USA) and trypsin inhibitor (1 mg/ml; Sigma, Denmark) for
1 h. Subsequently, the oocytes were washed five times in
Kulori medium containing 0.1% bovine serum albumin
(Sigma) and incubated in 100 mM K,HPO, with 0.1%
BSA for 1 h. After the final oocyte collection, the frogs
were anesthetized and killed by decapitation. The protocol
complies with the European Community guidelines for the

use of experimental animals, and the experiments were
approved by The Danish National Committee for Animal
Studies. The three isoforms of rat AQP4 (AQP4a, AQP4c,
and AQP4e) will in the remainder of the paper be referred
to as M1, M23, and Mz, respectively. Note that it is not
fully resolved whether the AQP4e cDNA encodes the Mz
band detected in brain lysate [14]. The cDNAs encoding
the isoforms in the oocyte expression vector pXOOM were
linearized downstream from the poly-A segment, and in
vitro transcribed using mMessage Machine according to
manufacturer’s instruction (Ambion). cRNA was extracted
with MEGAclear (Ambion) and microinjected into defol-
liculated Xenopus oocytes (25 ng RNA/oocyte).

Freeze fracture electron microscopy

AQP4-expressing oocytes were fixed in 0.1 M sodium
cacodylate (NaCac), 2.5% glutaraldehyde, pH 7.4 for
80 min with slow shaking and subsequently stored in
0.12 M NaCac, 34% glycerol, 0.12% gluteraldehyde at
4°C. Freeze fracture was performed essentially as previ-
ously described [26]. In brief, fixed oocytes were
equilibrated overnight in 25% glycerol at 4°C, attached to
gold holders, and snap frozen in Freon 22 cooled in liquid
nitrogen. Oocytes were fractured in a Balzer’s freeze
fracture apparatus (BAF 300; Balzers) at —100°C. Samples
were immediately rotary shadowed at an angle of 25° with
platinum and carbon replicated. The replicas were cleaned
overnight in 40% chrome oxide, rinsed with water, and
analyzed with a CM100 TEM microscope (FEI).

Blue native gel electrophoresis (BN-PAGE) of AQP4
isoforms expressed in HeLa cells and Xenopus oocytes
HeLa cells were grown in 75-cm? culture flasks using
Dulbecco’s modified Eagle medium (DMEM; Invitrogen)
supplemented with 10% fetal bovine serum (FBS; Gibco)
and 1% L-glutamine (Lonza). At 24 h prior to transfection,
cells were seeded at a density of 20,000 cells/cm?.
FuGENES6 transfection reagent (Roche) was used at the
ratio of 3:1 (FuGENE6:DNA) in accordance with the
manufacturer’s instructions. Then, 24 h post-transfection
cells were trypsinized and suspended in 9 ml of medium
before centrifugation at 1,000g for 10 min. Subsequently,
cells were washed in 10 ml of phosphate buffered saline
(PBS) and centrifuged again at 1,000g for 10 min. Cells
from one 75-cm? culture flask were homogenized in 200 pl
of HEPES buffer (10 mM HEPES, pH 7.4, 2 mM EDTA,
333 mM sucrose, and complete protease inhibitor cocktail;
Roche) using cold mortar and pestle. The lysate was cen-
trifuged at 1,000g for 10 min and the supernatant used for
BN-PAGE electrophoresis. Xenopus oocytes and cerebel-
lum from rat were homogenized in the HEPES buffer in the
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ratio 1:10 (mg tissue: pl buffer) and the lysate was then
treated as described above for the cell lysate. Next,
2-10 pg of total protein sample was mixed with 4x native
PAGE sample buffer (Invitrogen) and 5% dodecyl
f-p-maltoside (DDM) to a final concentration of 1x sam-
ple buffer and 1% DDM in a volume of 20 pl. Samples
were incubated at RT for 10 min and then centrifuged
for 10 min at 10,000g. After centrifugation, the superna-
tant was mixed with Coomassie G-250 1:4 (Coomassie
G-250:DDM). Samples were loaded on a 4-16%
BN-PAGE Bis-Tris gradient gel. NativeMark unstained
protein standard (Invitrogen) was used as a molecular
weight marker. Electrophoresis was carried out at 150 V,
with the dark cathode buffer (5% 20x running buffer and
5% cathode additive; both Invitrogen) for the first 20 min,
and with the light cathode buffer (5% 20x running buffer,
0.5% cathode additive) for the next 140 min. The anode
buffer was the same as the cathode buffer but contained
no cathode additive. Gels were then blotted to PVDF
membranes and probed with AQP4 antibodies, as described
previously [20].

Osmotic water permeability measurements
on Xenopus oocytes

The osmotic water permeability measurements were per-
formed as previously described [27]. During the
measurements, the membrane potential of the oocytes was
measured by two-electrode voltage clamp with a Dagan
Clampator interfaced to an IBM-compatible PC using a
Digidata 1322 A/D converter and pClamp 9.2 (Axon
Instruments). The oocyte was placed in a small chamber
with a glass bottom, through which the oocyte could be
viewed via a long distance objective (x4) and a CCD
camera. To quantify the oocyte volume changes, oocyte
images were captured and processed as previously descri-
bed in detail [27]. The experimental chamber was perfused
by a control solution (100 mM NaCl, 2 mM KCl, 1 mM
CaCl,, 1 mM MgCl,, 10 mM HEPES, pH 7.4) and
hypertonic test solution which was obtained by adding
20 mOsm of mannitol to the control solution. For mea-
surements of the reflection coefficients, the mannitol was
replaced with equiosmolar urea, glycerol, or formamide.
Osmolarities of the test solutions were determined with an
accuracy of 1 mOsm by a cryoscopic osmometer (Gonotec,
Berlin, Germany). For the experiments with 8 mM K™, the
control 2 mM K™ solution contained an additional 6 mM
choline chloride to keep the two control solutions equi-
osmolar. Phorbol 12-myristate 13-acetate (PMA) was
obtained from Sigma-Aldrich. The osmotic water perme-
ability is given in units of (cm/s) and was calculated as
L, = —J,/A x An x V, where J, is the water flux during
the osmotic challenge, A is the true membrane surface area

(about nine times the apparent area due to membrane
foldings [28]), Ax is the osmotic challenge, and Vi, is the
partial molal volume of water, 18 cm’/mol.

Immunoblotting on Xenopus oocytes

The preparation of oocyte plasma membranes was modi-
fied from [29] and has been recently described in detail
[30]. In brief, total oocyte membranes were obtained by
homogenization (with a p200 pipette) of two oocytes in
1 ml HbA+ buffer: 5 mM MgCl,, 5 mM NaH,PO,, 1| mM
EDTA, 80 mM sucrose, 20 mM Tris, pH 7.48, containing
the protease inhibitors leupeptin (8 uM) and pefabloc
(0.4 mM). The supernatant was recovered following
10 min centrifugation at 250g and subsequently centri-
fuged at 14,000g for 20 min to obtain the total membrane
fraction. The pellets were resuspended in 20 ul HbA+
followed by addition of 5 pl of 5x sample buffer (7.5%
SDS, 250 mM Tris (pH 6.8), 30% glycerol, bromphenol
blue, and 60 mg/ml DTT) and heated at 65°C for 15 min.
Plasma membranes were obtained from a minimum of 15
oocytes for each construct/condition. The oocytes were
treated as previously described [29] prior to homogeniza-
tion and consecutive centrifugation steps [30]. Total oocyte
membranes and purified plasma membranes were subjected
to immunoblotting using rabbit polyclonal anti-AQP4
antibody (Alamone Labs, Israel), 1:1,000. Sites of anti-
body—antigen reaction were visualized using an enhanced
chemiluminescence substrate (GE Healthcare, Denmark)
before exposure to light-sensitive film. Numerous film
exposures were performed to be certain that the linearity of
the film was not exceeded. The band densities were
quantified by densitometry.

Immunocytochemistry and confocal laser scanning
microscopy on Xenopus oocytes

The oocytes were fixed for 1 h in 3% paraformaldehyde in
Kulori medium, rinsed in Kulori medium, dehydrated in a
series of ethanol concentrations (40 min in 70, 96, and 99%
ethanol) and incubated in xylene for 1 h. Oocytes were
infiltrated with paraffin for 1 h at 50°C before embedding.
Next, 2-um sections were cut on a Leica RM 2126
microtome and immunostained as described previously
[31] using rabbit polyclonal anti-AQP4 antibody. An Alexa
488-conjugated secondary antibody was used for visuali-
zation (DAR; Invitrogen). A Leica TCS SL confocal
microscope and Leica confocal software were used for
imaging of the oocytes. Control AQP4-expressing oocytes
were used to set laser intensity and capture settings on the
microscope such that saturation of images for each condi-
tion was avoided. The microscope and laser settings were
kept constant within each experiment. Images were taken
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using an HCX PL APO x63 oil objective lens. A minimum
of two images per oocyte, with 3-5 oocytes per experi-
ment, were used for statistical analysis. Image semi-
quantification and validation has recently been described in
detail [30]. To facilitate comparisons between experiments
and between individual oocytes, plasma membrane fluo-
rescence was normalized to total oocyte fluorescence.

Water permeability measurements in mammalian cells

A human bronchial epithelial cell line BEAS-2b (European
Collection of Cell Cultures, Center for Applied Microbi-
ology and Research, Salisbury, Wiltshire, UK; subpassages
8-16) was cultured on coverslips (Bioptechs, Butler, PA)
coated with collagen type I and fibronectin (Sigma—Aldrich
Sweden) in Dulbecco’s MEM/NUT MIX F-12 (1:1) med-
ium (Gibco, Paisley, Scotland, UK) containing 0.5 U/ml
penicillin, 50 pg/ml streptomycin, and supplemented with
10% heat-inactivated FBS and 2 mM L-glutamine. On the
second day of culture, the cells were transiently transfected
using CLONfectin (Clontech) according to the manufac-
turer’s protocol. cDNA constructs used for the transfection
were described previously [32]. cDNA fragments encoding
human AQP4 M1 and AQP4 M23 were subcloned into the
pIRES2-EGFP vector (Clontech). The resulting constructs
expressed AQP4 and GFP as separate proteins in the same
cell. Experiments were performed on the fourth day of
culture. Cells positive for AQP4 M1 and M23 were iden-
tified by GFP fluorescence. The GFP signal was distributed
evenly in the cytoplasm of the cells. The cells positive for
AQP4 M1 and M23 were not different in morphology
compared to each other or to the untransfected cells.
Water permeability of the cells was measured as pre-
viously described [7, 11, 33]. Briefly, the cells were
mounted in a closed chamber on the stage of an inverted
confocal laser scanning microscope in isoosmotic,
300 mOsm PBS. The cells were loaded with 20 pM cal-
cein-AM (Molecular Probes; Invitrogen) for 5 min at RT.
Loading with calcein was similar in transfected and
untransfected cells. The cells were perfused with isosmotic
PBS and scanned every 1.8 s with excitation at 488 nm.
The fluorescent signal was collected at 515-525 nm from
an optical slice within the cell body. The cells were then
subjected to an osmotic shock by switching the perfusate to
a hypoosmotic, 200 mOsm, PBS, obtained by omission of
50 mM NaCl from the isosmotic solution. The swelling of
the cells was monitored as a decrease of calcein fluores-
cence, which occurred due to the dilution of the
fluorophore and a reduction in self-quenching. The initial
slope of the fluorescence intensity curve was used to cal-
culate water permeability (Py) of each cell as described in
detail previously [7, 11, 32, 33]. The Py of all cells in each

experiment was expressed relative to the mean maximal Py
in cells transfected with M1.

Osmolyte uptake measurements in Xenopus oocytes

The uptake of osmolytes was measured using radioac-
tively labeled compounds. The experiments were
performed in 24-well plates (five oocytes/condition) con-
taining 500 pl test solution (100 mM NaCl, 2 mM KClI,
I mM CaCl,, 1 mM MgCl,, 10 mM HEPES, pH 7.4)
containing 20 mOsm of the unlabeled osmolyte and trace
amounts of [14C]mannitol, [14C]urea, []4C]glycerol, or
["*C]formamide (Amersham, UK). The oocytes were pre-
incubated in control solution containing 20 mOsm of non-
permeable sucrose in order to avoid imposing an osmotic
challenge at the initiation of the uptake experiment. The
oocytes were incubated in the test solution for 5 min at
RT with gentle shaking, washed four times in ice-cold test
solution without the radioactive osmolytes, and dissolved
individually in 200 pl 10% SDS. Finally, 2 ml scintilla-
tion fluid (Opti-fluor; Packard, Netherlands) was added
and the samples counted in a scintillation counter (Pack-
ard Tri-Carb).

Data are presented as mean £ SE for n = number of
cells. Student’s ¢ test has been used for the statistical
analysis.

Results

Three isoforms of AQP4 (M1, M23, and Mz) were indi-
vidually expressed in Xenopus oocytes to investigate
possible differences in their functional properties. This
expression system is widely used to assess relative unit
water permeability and solute permeability of different
aquaporins (see, e.g., [30, 34]). Expression of the AQP4
isoforms increased the water permeability of the oocytes
from (in x1073 cm/s) 0.10 £ 0.01 (n = 19) for the non-
injected oocytes to 1.47 +£0.05 (n=37) for MI,
1.60 = 0.11 (n = 37) for M23, and 1.31 & 0.06 (n = 37)
for Mz.

Formation of square arrays

To validate the use of Xenopus oocytes as an expression
system for this comparative study, we explored the ability
of AQP4 isoforms to form square arrays in oocytes by
performing freeze fracture electron microscopy. As shown
in Fig. 1a, b, and c, highly ordered structures character-
istic of square arrays were visible in M23-expressing
oocytes (P-face as well as E-face). These arrays were only
apparent at the oocyte plasma membrane (electronic
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supplementary material, Fig. 1). Due to the extensive
invaginations of the Xenopus oocyte membrane [28], only
sporadic patches of plasma membrane were in the plane
of the fracture, which excluded quantitative studies of the
array formation. No ordered structures were observed in
oocytes expressing M1 and Mz (Fig. 1d, e). In addition,
we analyzed M1-, M23-, and Mz-expressing oocytes using
blue native poly-acryl gel electrophoresis (BN-PAGE) that
was recently established as a biochemical assay to visu-
alize AQP4 higher order structures [20]. As shown in
Fig. 1f, the M23 isoform, whether heterologously
expressed in HeLa cells or Xenopus oocytes, gave rise to
the higher order structures that are the hallmark of the
square arrays and also apparent in rat cerebellum. The M1
and Mz isoforms did not form higher order structures
when expressed in HeLa cells or in Xenopus oocytes.
Thus, in Xenopus oocytes, AQP4 assembles similarly to
native tissue, making oocytes a suitable model for func-
tional studies.

Fig. 1 The M23 isoform forms square arrays in Xenopus laevis
oocytes. a—¢ At the plasma membrane, highly ordered structures
characteristic of square arrays are observed for the M23 isoform. In
contrast, neither the M1 isoform (d) nor the Mz isoform (e) show
similar ordered structures. f BN-PAGE analysis of AQP4. In contrast
to the M1 and Mz isoforms, the M23 isoform forms higher molecular
weight moieties in both HeLa cells and Xenopus oocytes. Lane I brain

Relative unit water permeability of AQP4 isoforms
expressed in Xenopus oocytes

The relative unit water permeability of M1 and M23 is
debated [15, 25] and we therefore set out to resolve this
issue. We have recently established sensitive methods to
estimate the relative unit water permeability of different
aquaporins [30] in which the water permeability of the
AQP-expressing oocyte is normalized to the abundance of
the AQP in the oocyte plasma membrane. We determined
the water permeability of oocytes expressing M1, M23, or
Mz by exposing the oocytes to an osmotic challenge of
20 mOsm mannitol (added to the control solution)
(Fig. 2a). The water permeability of the native oocyte
membrane (<10% of the total L,) was deducted in order to
obtain the contribution from each AQP4 (in x 107> cm/s):
1.15 £ 0.04 for M1 (n =25), 1.17 £ 0.09 for M23
(n = 25), and 1.07 £ 0.05 for Mz (n = 20) for a total of
4-5 batches, which were not significantly different from
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lysate (rat cerebellum), lanes 2—4 M1, M23, and Mz expressed in
HeLa cells, lanes 5-7 M1, M23, and Mz expressed in Xenopus
oocytes. Control M23-myc expressed in HeLa cells also exhibited
higher order bands (lane 8). Molecular weight markers are indicated
to the left, in kDa. The lower tetramer band and six higher order bands
are indicated by arrowheads
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Fig. 2 The relative unit water
permeability of M1, M23, and
Mz expressed in oocytes.

20 mOsm Mannitol

1.4

a An oocyte expressing the M23
isoform and a non-injected

oocyte (with Lys of 1.14 and
0.11 x 1073 cm/s, respectively)
were challenged with an
osmotic gradient of 20 mOsm
mannitol for 30 s. b The
average water permeability of
oocytes expressing M1, M23, or
Mz with the contribution of the
native oocyte membrane
deducted (n = 20-25 of each).
¢ Representative confocal laser
scanning microscopy of oocytes
expressing M1, M23 and Mz
immunolabeled for AQP4.

d Oocyte total fluorescent
counts (in arbitrary units) were
used to asses the abundance of
AQP4 in oocytes expressing the
three isoforms (n = 15-20 of
each). e Oocyte plasma
membrane fluorescent counts D
(in arbitrary units) were used to
asses the AQP4 abundance in

the plasma membrane of

oocytes expressing the three

isoforms (n = 15-20 of each).

f Normalized relative unit water
permeability of the three

isoforms based on quantification

by immunocytochemistry

(n = 4-5 experiments based on

3-5 oocytes of each).

g Normalized relative unit water F

Oocyte volume (%
g 8 2
[=2] =] o
Il L 1

994 -

Total oocyte fluor. (AU)

L, (x 10 cm sec™)

1.2
1.0 - —
0.8
0.6 -
0.4 1
0.2 1

M1 m23 Mz

E 0.08 - bl

0.07
0.06 -
0.05 S
0.04
0.03 -
0.02
0.01
0.00 <

e
o
I

Membrane fluor. (AU)

*kk

permeability of the three
isoforms based on quantification
by immunoblotting of purified
plasma membranes (n = 3
experiments, each based on

n =5 oocytes of each isoform
for the L, determination and

n = 20 oocytes of each isoform
for the plasma membrane
purification). ***P < 0.001
(compared to M1)

Relative unit L, (ICC)

each other (Fig. 2b). Subsequently, we determined the
relative abundance of AQP4 protein in each oocyte (total
abundance and plasma membrane abundance) by immu-
nolabeling of the same oocytes employed for the L,
measurements using an anti-AQP4 antibody that recog-
nizes the C-terminal part of the protein. Representative
confocal images of the immunostained oocytes are shown
in Fig. 2c. Semi-quantification of the images for each
isoform revealed a similar amount of total fluorescent
counts corresponding to total AQP4 protein in the oocytes
(Fig. 2d), whereas the plasma membrane abundance

1.2

Relative unit L, (IMB)

M1
ek
1

1.0
0.8 —_
0.6 -
0.4
0.2
0.0 -
M

M23 Mz
M23 Mz
differed between the isoforms, with M23 demonstrating a
significantly larger fraction of the total protein in the
plasma membrane (P < 0.001): (in arbitrary units, average
of all oocytes used in the 4-5 batches of oocytes used in the
dataset): 0.047 £ 0.004 for M1 (n = 20), 0.072 £ 0.004
for M23 (n = 18), and 0.047 + 0.004 for Mz (n = 18)
(Fig. 2e).

To compare the unit water permeability of the three iso-
forms, the water permeability relative to the plasma

membrane abundance was calculated for each experiment
(batch of oocytes) after which it was normalized to M1 and
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then averaged. As shown in Fig. 2f, the relative unit water
permeability of M23 was significantly lower than Ml
(P < 0.001). The relative unit water permeability of Mz was
intermediate and significantly lower than M1 (P < 0.001):
1.00 £ 0.00 for M1, 0.63 % 0.07 for M23, and 0.81 & 0.04
for Mz (n = 4-5 experiments with 3—5 oocytes expressing
each isoform). To verify these results, we performed
immunoblotting of total oocyte membranes and purified
plasma membranes from M1-, M23-, and Mz-expressing
oocytes day-matched with water permeability measure-
ments on the same batch of oocytes. The total expression of
AQP4 was similar for M1-, M23-, and Mz-expressing
oocytes (data not shown) but in accordance with the
immunostaining data, the M23 abundance was increased in
the plasma membrane (data not shown). The relative unit
water permeability of the different isoforms was calculated
based on the densitometry of the immunoblotting of the
purified plasma membranes (Fig. 2g): 1.00 & 0.00 for M1,
0.58 + 0.06 for M23, and 0.73 & 0.05 for Mz (n =3

C D
1.2"
8 1.4 -
c 2 40
8 g
g 1 E 0.8 1
o 1 e
309 = 0.6
0.4
® 34 & o2
- E -
e
0.7 04
5 10 M1 M23
Time (s)

Fig. 3 The relative unit water permeability of M1 and M23 in
transfected human bronchial epithelial cell line. a The level of GFP
fluorescence within the cells. b Loading with calcein, which was used
for water permeability measurements, was similar in AQP4-positive
and AQP4-negative cells. Numbers indicate the same cells before (a)
and after (b) calcein loading. ¢ Single cell traces showing the dilution
of calcein due to the cell swelling after an osmotic challenge. In cells
with low GFP (and hence AQP4) expression (cells 1-3 in a), the
swelling rate was increasing (line 1 through line 3 in c¢) with the
increase in GFP (AQP4) level. The swelling of the cells 3 and 4
occurred at practically identical speed, probably due to saturation of
the plasma membrane with AQP4. d Maximal relative water
permeability in cells expressing M1 (n = 22) and M23 (n = 13),
*#P < 0.01

experiments, each based on n = 5 oocytes for L, measure-
ment and n = 20 oocytes for membrane preparation for each
isoform), thus confirming the reduced relative unit water
permeability of the M23 isoform.

Water permeability of AQP4 isoforms expressed
in mammalian cells

To exclude the possibility that the reduced water perme-
ability of M23 compared to M1 was specific to Xenopus
oocytes as an expression system, we compared the relative
water permeability of M1 and M23 in a bronchial epithelial
cell line. The cells were transiently transfected with cDNA
constructs that in each transfected cell produced two sep-
arate proteins, AQP4 and green fluorescent protein (GFP).
GFP, which is a compact water soluble protein, was dis-
tributed throughout the cytoplasm and the nucleus of
transfected cells (Fig. 3a). The cells with a weaker GFP
signal demonstrated low water permeability, as judged
from a low rate of swelling after hypoosmotic challenge
(Fig. 3a, cell 1, and Fig. 3c, line 1). The cells with a
stronger GFP signal had a higher water permeability
(Fig. 3a, cells 2, 3, and Fig. 3c, lines 2, 3). With further
increase in GFP expression, the rate of the swelling did not
increase any further and the swelling of the cells 3 and 4
(Fig. 3a) occurred at practically identical speed (Fig. 3c),
probably due to a saturation of the capacity of the plasma
membrane to accommodate the water channels. The rela-
tive maximal P; values that could be achieved in cells
transfected with the M1 isoform were significantly higher
than those in cells transfected with M23: 1.00 £ 0.05 for
M1 (n = 22 cells) and 0.77 £ 0.05 for M23 (n = 13 cells),
P < 0.01 (Fig. 3d).

Sensitivity to external K -concentration

To investigate a possible effect of K™ on the water
permeability of M1-, M23-, and Mz-expressing oocytes,
we compared the water permeability in test solutions
containing 8 mM KCI to the water permeability obtained in
the presence of 2 mM KCIl. In this experiment, oocytes had
Lys of (in x1073 cm/s) 1.63 £ 0.19 for M1, 2.38 £+ 0.19
for M23, 1.37 £0.25 for Mz (n =5 of each), and
0.10 & 0.01 for non-injected oocytes (n = 4). The L, of
each oocyte was assessed at both K concentrations and
thereby served as its own control. The data are therefore
presented as the ratio between the L, obtained at 8 mM
KCl and the L, obtained at 2 mM KCl (Fig. 4). The water
permeability of the three isoforms and the non-injected
oocytes showed no significant degree of K*-dependence;
Lp(SK)/Lp(ZK): 0.98 £ 0.02 for Ml, 1.01 £ 0.01 for M23,
1.05 & 0.02 for Mz (n = 5 of each), and 1.02 4+ 0.02 for
non-injected oocytes (n = 4).
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Solute permeability profile

To explore if M1-, M23-, or Mz-expressing oocytes were
permeable to urea, glycerol, or formamide, we determined
the L, with 20 mOsm of each of these osmolytes and
related them to the L, obtained with the larger osmolyte,
mannitol, to obtain the reflection coefficient, o. These
oocytes had Lys of (in x1073 cm/s) 1.93 £ 0.12 for M1,
2.10 & 0.41 for M23, 1.78 +£ 0.33 for Mz (n = 4 of each),
and 0.09 £ 0.02 for non-injected oocytes (n = 3). The
reflection coefficients were identical for the three isoforms
and the non-injected oocytes, which indicated that AQP4,
independent of the isoform, was not permeable to these
small molecules (Fig. 5a). The reflection coefficient was
reduced for formamide, both for AQP4-expressing oocytes
and for the non-injected oocytes, indicating that the native
oocyte plasma membrane is slightly permeable to form-
amide. As a very low permeability to the osmolyte would
not be detectable by this method, we performed uptake
experiments using radio-labeled '*C-mannitol, '*C-urea,
4C-glycerol, and "*C-formamide (Fig. 5b). The pattern of
the solute uptake by oocytes expressing M1, M23, Mz, and
non-injected oocytes was identical to that observed for the
reflection coefficients; expression of any of the three iso-
forms did not confer an increased permeability of the
oocyte to any of these solutes (n = 4 experiments, 5
oocytes per condition).

PKC-dependent regulation

AQP4 is downregulated by PKC [8, 11, 35, 36] which we
have found to be due to internalization of the protein [35].

1.2+

1.0 4=

0.8

0.6

0.4

0.2 -

Relative L, (8mM K*/2 mM K*)

0.0

M1 m23 Mz non-inj

Fig. 4 Lack of K™-dependent water permeability in M1, M23, and
Mz-expressing oocytes. Oocytes expressing the three different
isoforms were voltage-clamped to —50 mV to avoid K*-dependent
changes in membrane potential and exposed to test solution contain-
ing the standard 2 mM K* (+6 mM Ch™) in which the L, was
determined. Subsequently the same oocyte was exposed to a test
solution containing 8 mM K™ in which the L, was determined. The
data are presented as the L, obtained in 8 mM K* relative to that
obtained in 2 mM K (n = 4 of each)

Here, we investigated the rate of PKC-dependent down-
regulation of the three different isoforms. For each oocyte,
the membrane-permeable PKC-activator, PMA (1 nM),
was added to the test solution after determination of the
oocyte basal water permeability. In this way, each oocyte
was its own control and variations in the expression level
did not affect the data. The L, of the oocytes employed in
this set of experiments was (in x 1073 cm/s): 1.36 + 0.07
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Fig. 5 Lack of permeability to small osmolytes in M1, M23, and Mz-
expressing oocytes. a The L, of oocytes expressing M1, M23, and Mz
as well as non-injected oocytes was determined with different
osmolytes; mannitol, urea, glycerol, and formamide (20 mOsm of
each). The L, obtained with urea, glycerol, and formamide was
plotted relative to that obtained with mannitol for each oocyte
(reflection coefficient, ¢). The reflection coefficients for oocytes
expressing M1, M23, or Mz were not significantly different from that
of the non-injected oocytes (n = 4 of each isoform and n = 3 for the
non-injected oocytes). b Oocytes expressing M1, M23, and Mz as
well as non-injected oocytes were exposed to test solution containing
different osmolytes; mannitol, urea, glycerol, and formamide
(20 mOsm of each) in addition to trace amounts of the ['*C]-labeled
osmolyte. The data are presented as the average uptake of four
experiments performed in pentaplicate, with no significant difference
between oocytes expressing the three isoforms and the non-injected
oocytes
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for M1 (n = 8), 1.40 £ 0.15 for M23 (n = 8), 1.19 + 0.08
for Mz (n = 9), and 0.05 £ 0.01 for non-injected oocytes
(n = 3). Figure 6a shows the PMA-dependent reduction of
the L, for the various isoforms of AQP4. The water per-
meability of oocytes expressing the three isoforms were
down-regulated in response to PMA, but M23-expressing
oocytes showed a faster and more pronounced down-reg-
ulation than M1- and Mz-expressing oocytes, with the non-
injected oocytes being insensitive to PMA treatment. The

<« Fig. 6 PKC-dependent down-regulation of AQP4. a The relative

water permeability of oocytes expressing M1, M23, or Mz or non-
injected oocytes as a function of time. 1 nM PMA was included in the
external solution as marked by the black bar. After 30 min of PMA
treatment, the L, was reduced to (in % of control) for M1; 70 & 5
(n=28), M23; 35 £ 7 (n="17), Mz; 57 + 4, error bar within the
symbol (n = 9), and non-injected; 99 & 8 (n = 3). The significance
levels on the graph refer to M1, *P < 0.05, ***P < 0.001. b Repre-
sentative confocal laser scanning microscopy of oocytes expressing
M1, M23, and Mz immunolabeled for AQP4 without (upper panels)
or with (lower panels) 30 min PMA treatment (1 nM). ¢ Represen-
tative immunoblot of plasma membrane purification of oocytes
expressing M1, M23, or Mz in control condition and after 30 min of
PMA treatment (1 nM), minimum 15 oocytes for each condition. d
Relative membrane abundance of M1, M23, and Mz was assessed by
densitometry of the immunoblots as presented in panel (c) of oocytes
with control treatment or 30 min PMA treatment (1 nM). 15-20
oocytes were used for each condition (n =3 experiments),
*P < 0.05, ***P <0.001. The M23-expressing oocytes had a
significantly lower AQP4 abundance in the plasma membrane after
PMA treatment compared to M1 and Mz, P < 0.01

significance levels on the graph refer to the M1 isoform.
After 30 min of PMA treatment, the L, was (in % of
control); 70 = 5 (n = 8) for M1, 35 £ 7 (n = 7) for M23,
57 £ 4 (n=9) for Mz, and 99 £+ 8 (n = 3) for the non-
injected oocytes. To visualize the predicted PMA-depen-
dent internalization of AQP4, immunocytochemistry was
performed with the C-terminal anti-AQP4 antibody on
oocytes expressing M1, M23, or Mz incubated for 30 min
in control solution with or without 1 nM PMA (n = 11-14
of each). Representative confocal images clearly demon-
strate appearance of AQP4 in intracellular vesicles,
indicating PMA-dependent internalization of all three iso-
forms (Fig. 6b). In order to quantify the level of
internalization, we prepared purified plasma membranes of
Ml1-, M23-, and Mz-expressing oocytes after 30 min
incubation in control solution with or without 1 nM PMA.
The purified plasma membranes were immunoblotted with
the anti-AQP4 antibody, representatives of which are
shown in Fig. 6¢. A summary of the densitometry is shown
in Fig. 6d. After 30 min of PMA treatment, the amount of
AQP4 left in the plasma membrane (in % of control) was
63 £ 3 for M1, 28 £ 3 for M23, and 69 + 8 for Mz
(n = 3 experiments with 15-20 oocytes for each condition
per experiment). For all isoforms, PMA-dependent reduc-
tion in plasma membrane abundance was significantly
different from control (P < 0.001 for M1 and M23 and
P < 0.05 for Mz) and the PMA-dependent internalization
of M23 was in addition significantly more pronounced than
that of M1 and Mz (P < 0.01). PMA reduced the water
permeability (Fig. 6a) and the membrane abundance of
AQP4 (Fig. 6d) to the same extent for all three isoforms,
suggesting that the effect of PKC on AQP4 may be due to
the level of AQP4 internalization and not to a direct effect
on channel function.
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Discussion

In the present study, we investigated functional parameters
of three isoforms of AQP4. All three isoforms were strictly
permeable to water and did not allow permeation of smaller
osmolytes, which is in agreement with previous studies
performed on M1 and/or M23 [13, 34, 37], but has not
previously been shown for Mz. The water permeability did
not alter with the membrane potential and electrophysio-
logical experiments were unable to detect any ionic
conductance through either of the three isoforms (data not
shown).

The large square arrays observed in freeze fracture
replicas of perivascular glial endfeet [17] can be reconsti-
tuted in cell-line models by transfection of the M?23
isoform of AQP4 [16, 18]. To validate the Xenopus
expression system used here for functional comparison of
AQP4 isoforms, it was necessary to investigate the for-
mation of square arrays in this cell type. To this end, we
performed freeze fracture studies of oocytes expressing the
three isoforms. Expression of the M23 isoform in oocytes
gave rise to square arrays, while the M1 or Mz failed to
induce the formation of these higher order structures. To
exclude the possibility that putative square arrays could
have been overlooked in the MI- and Mz-expressing
oocytes due to the membrane invaginations [28], we
employed a newly developed biochemical assay for
studying higher order AQP4 structures, BN-PAGE [20].
This method confirmed that M23, but not M1 and Mz, was
organized in the high-molecular weight complexes when
expressed in either Xenopus oocytes or HeLa cells. Taken
together, our freeze fracture and BN-PAGE experiments
validated our use of Xenopus oocytes for functional anal-
ysis of the three AQP4 isoforms.

The relative unit water permeability of the M1 and M23
isoforms has been debated in several studies. Experiments
using heterologous expression of M1 and M23 in Xenopus
oocytes have demonstrated identical water permeability of
oocytes expressing M1 or M23 [13, 15], although the
membrane abundance of AQP4 was not quantified in these
studies. A conflicting study has reported an eightfold
higher water permeability of the M23 isoform compared to
the M1 isoform LLC-PKI1 cells [25]. Comparative deter-
mination of the water permeability in the latter study may
have been complicated by the large variability in size of the
LLC-PK1 cells, which was dependent on the AQP4 iso-
form expressed, and the fact that the calculation of the
water permeability was based on an assumption of the
LLC-PK1 cells being spherical. In the present study,
the overall water permeability of oocytes expressing the
different AQP4 isoforms was similar, which is in agree-
ment with the previous studies performed on Xenopus
oocytes [13, 15]. In addition, the total abundance of AQP4

was similar for the three isoforms, although the M23 iso-
form had a significantly higher plasma membrane
abundance compared to the other isoforms. The plasma
membrane abundance was assessed with immunocyto-
chemistry as well as with immunoblotting of purified
plasma membranes to rule out possible isoform-specific
differences in antibody binding, i.e., steric hindrance upon
square array formation. Relating the water permeability of
MI1-, M23-, and Mz-expressing oocytes to the amount of
AQP4 in the plasma membrane revealed that the relative
unit water permeability of the M23 isoform was ~40%
lower than that of M1 while Mz was intermediate in its
water permeability (~20% lower than M1).

To exclude the possibility that the lower relative water
permeability of M23 was specific to the oocyte expression
system, the difference between the water permeability of
M1 and M23 was investigated in a mammalian expression
system. In these experiments, the maximal water perme-
ability of M23-expressing cells was also lower than that of
M1-expressing cells, which is in agreement with our oocyte
data. However, the membrane abundance of the two iso-
forms was not quantified in this set of data nor in a previous
study on COS-7 cells transfected with c-myc-tagged M1 or
M23 [19] in which a similar result was obtained. Taken
together, in contrast to [25], but in agreement with [19], our
results suggest that the unit water permeability of M23 is
lower than the other isoforms.

In astrocytes and retinal Miiller cells, AQP4 is exten-
sively co-localized with the inwardly rectifying Kt channel
Kir4.1 [38, 39]. The co-localization of a Kt channel with
an aquaporin has warranted suggestions that AQP4 might
facilite K* clearance from the perisynaptic space [38, 39].
To that effect, it has indeed been shown that mice lacking
either AQP4 itself [40] or the endfoot-specific localization
of AQP4 [41] had a slower K' clearance and therefore
more intense and longer lasting experimentally induced
seizures. However, the functional characteristics of Kir4.1
in freshly isolated glial cells were not altered by genetic
deletion of AQP4, which suggests that Kir4.1 is not
directly affected by its co-localization with AQP4 [42, 43].
Our recent studies showed that Kir4.1 was activated by cell
swelling, and that AQP4 thereby may pose an indirect
effect on the activity of Kir4.1 [44]. The question then
arose if the water permeability of AQP4 could be affected
by the increase in external K* concentration that inevitably
leads to glial cell swelling [45, 46]. Increasing the K™
concentration in the test solution from 2 to 8§ mM did
not alter the water permeability of Ml1-, M23-, or
Mz-expressing oocytes, which bears evidence of AQP4
being insensitive to increase in external K+ concentration
(at least in the range tested).

AQP4 is regulated by several protein kinases with var-
ious effects on the protein, such as gating, internalization,
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trafficking to the plasma membrane, and lysosomal tar-
geting [5-11]. PKC has been shown to phosphorylate
AQP4 directly in rat brain homogenate [8] and in AQP4-
expressing glioma cells [36], although this was not appar-
ent in mouse primary cultured astrocytes [9]. PKC
activation down-regulates the water permeability of AQP4
expressed in a mammalian cell line, glioma cells, or in
Xenopus oocytes [8, 11, 35, 36]. We recently showed that
the PKC-dependent reduction of the water permeability of
AQP4-expressing Xenopus oocytes was due to internali-
zation of AQP4 [35]. In the present study, it was evident
that the water permeability of the M23-expressing oocytes
was significantly more sensitive to PKC activation than
oocytes expressing the longer isoforms. Importantly, PKC-
dependent AQP4 internalization was also more prominent
with the M23 isoform. There was no significant difference
between the PMA-dependent reduction in water perme-
ability and the PMA-dependent level of internalization for
any of the three isoforms, suggesting that the effect of PKC
on AQP4 is primarily due to the level of AQP4 internali-
zation and not to a direct effect on channel function. The
increased PKC sensitivity of the M23 isoform suggests a
function for the organization of AQP4 isoforms into large
square arrays. One may speculate that, after phosphoryla-
tion of AQP4, the internalization machinery will be able to
retrieve more units of AQP4 per unit of adaptor proteins if
AQP4 is organized into square arrays. The more efficient
internalization of large amounts of AQP4 with square
arrays would thus increase dynamic regulation of AQP4 in
vivo, and therefore we may have revealed the first func-
tional rationale for maintaining the elaborate square arrays.
Disruption of square arrays in the glial endfeet within
minutes after the onset of cerebral ischemia has indeed
been demonstrated [47—49], although a conflicting study
identifies square arrays present in the astrocytic endfeet
60 min after the onset of hypoxia [50]. One may speculate
whether the putative hypoxia-induced disruption of square
arrays may be indicative of phosphorylation-dependent
internalization of AQP4, i.e., via the G-protein coupled
vasopressin receptor, VI,R [35].
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