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Aquaporin-4 (AQP4) exists as two major isoforms that differ
in the length of the N terminus, the shorter AQP4-M23 and the
longerAQP4-M1. Both isoforms form tetramers, which can fur-
ther aggregate in the plasma membrane to form typical orthog-
onal arrays of particles (OAPs)whose dimensiondepends on the
ratio of theM1 andM23. In this study, we tested the hypothesis
that the M23 isoform can be produced directly by the M1
mRNA. In cells transiently transfected with AQP4-M1 coding
sequence we observed besides AQP4-M1 the additional pres-
ence of theAQP4-M23 isoform associatedwith the formation of
typical OAPs observable by two-dimensional blue native/SDS-
PAGE and total internal reflectionmicroscopy. Themutation of
the second in-frame methionine M23 in AQP4-M1 (AQP4-
M1M23I) prevented the expression of the M23 isoform and the
formation of OAPs. We propose “leaky scanning” as a transla-
tional mechanism for the expression of AQP4-M23 protein iso-
form and that the formation of OAPs may occur even in the
absence of AQP4-M23 mRNA. This mechanism can have
important pathophysiological implications for the cell regula-
tion of the M1/M23 ratio and thus OAP size. In this study we
also provide evidence that AQP4-M1 is mobile in the plasma
membrane, that it is inserted and not excluded into immobile
OAPs, and that it is an important determinant of OAP structure
and size.

Aquaporin-4 (AQP4)3 is a water channel protein abundantly
expressed in the central nervous system (1, 2). It is localized
mainly in astrocyte end feet surrounding blood vessels, in the
astrocyte processes that form the glia limitans, and in ependy-
mal cells lining the ventricles. This water channel has been
demonstrated to have a key role in fluid movement in mamma-

lian brain, in cell migration and glial scar formation, and in
signal transduction (3–5). The AQP4 gene encodes for two dif-
ferent mRNAs with different translation initiating methioni-
nes, M1 or M23 (6–8). Thus, AQP4 is expressed as two major
isoforms of 32 kDa (AQP4-M1) and 30 kDa (AQP4-M23),
which differ by 22 amino acids in the N terminus. These two
major AQP4 isoforms are organized in the plasma membrane
as heterotetramers (6, 9, 10), appearing as regularly spaced
intramembrane particles in freeze-fracture electron micros-
copy images (11–14). Multiple intramembrane particles aggre-
gate to form structures known as orthogonal arrays of particles
(OAPs) or square arrays (12, 13, 15). Correlations have been
reported between OAP alteration and various neuromuscular
disease, including brain ischemia, edema, stroke, brain tumor,
focal cortical freeze injury, acute bacterial meningitis, brain
abscess (16–21), and muscular dystrophy (22–27). Recently,
AQP4was correlatedwith neuromyelitis optica (28), an inflam-
matory demyelinating autoimmune disease associated with
AQP4 water channel antibodies (NMO-IgG) detectable in the
serum of patients (29–33). Little is known about the molecular
target of AQP4 autoantibodies. We recently reported (34) the
ability of NMO-IgG to recognize AQP4 specifically only when
present as OAPs, indicating that the NMO-IgG epitope is not
present in the AQP4 protein per se, but it is intrinsic in AQP4
assembled into OAPs.
The physiological role of AQP4 organization into OAPs and

their size are as yet largely unknown. It has been speculated that
this assembly might enhance water permeability (35–37),
although thewater permeabilities of the individual isoforms are
similar (4). Alternately, formation of OAPs may confer higher
level plasma membrane stability necessary for AQP4 polariza-
tion in particular zones such as astrocyte foot processes (38).
Such functional differences in plasma membrane lateral diffu-
sion have been documented. The AQP4-M23 isoform was
shown to have lower mobility in the plasma membrane com-
pared with the AQP4-M1 isoform (39).
Freeze-fracture electron microscopy analysis of the

AQP4-M1 and AQP4-M23 isoforms, selectively expressed in
cultured cells, has shown that AQP4-M23 alone forms large
size OAPs, whereas AQP4-M1 alone is unable to form OAPs.
When coexpressed, they form OAPs of intermediate size, sim-
ilar to those seen in native tissues, suggesting that the ratio of
the two isoforms is central to the determination of OAP size
(14, 37). Biochemical analysis using blue native (BN)/SDS-
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PAGE has recently shown the expression of several AQP4mul-
tisubunit complexes (pools) ranging from severalMDa to�400
kDa in the brain, indicative of OAPs of various sizes (40, 41).
These pools contain different ratios of the 30/32-kDa isoforms.
AQP4-M23 is expressed mainly in the higher molecular mass
pools in contrast with AQP4-M1 expressedmainly in the lower
molecular mass pools.
Little is known about themolecularmechanism that controls

the tissue-specific expression ratios AQP4-M1/M23 isoforms
and the mechanism by which AQP4-M23 isoform is expressed
from theAQP4 gene. TheAQP4-M23 isoformwas described as
a transcript or spliced variant of the AQP4 gene (6, 42), and
more recently, AQP4-M23 has been assumed as translational
variant of the AQP4-M1 isoform mRNA (8). According to the
scanning model for translational initiation (43–45), the 40 S
ribosomal subunits enter at the 5� m7G cap end of the mRNA
and scan in a 5� to 3� direction until they find a suitable start
codon, at which point they initiate translation. However, if this
first start codon is not in a “good nucleotide context” as defined
by the Kozak consensus sequence (43, 44), the scanning can be
“leaky,” whichmeans that some ribosomesmay fail to initiate at
this AUG and continue scanning to the next AUG. Comparison
of the sequences surrounding the two start codons in AQP4
indicates that the second downstreamAUG (M23) is in an opti-
mal nucleotide context (ATCAUGG), whereas the upstream
AUG (M1) is in a suboptimal context (GGCAUGA). Therefore,
we hypothesized that the shorter M23 isoform of AQP4 can be
translated from theAQP4-M1mRNA through a leaky scanning
mechanism. To test this hypothesis we analyzed whether cells
transiently transfected with AQP4-M1 cDNA also synthesize
the AQP4-M23 isoform and, consequently, form OAPs. As
control, a mutated form of AQP4-M1 was studied in parallel in
which the methionine 23 was substituted with isoleucine
(AQP4-M1M23I).

EXPERIMENTAL PROCEDURES

SDS-PAGE and Western Blot Analysis—Cerebrum, cerebel-
lum, spinal cord, kidney, stomach, and skeletal muscle were
removed and cut into small pieces in seven volumes of lysis
buffer (10 mM Trizma (Tris base), 150 mM NaCl, 0.2 sodium
orthovanadate; 1% Triton X-100, 0.5% IGEPAL, 1 mM EDTA, 1
mM EGTA, protease inhibitors mixture (Roche, Diagnostics)).
The lysis was performed on ice for 2 h, and the samples were
then centrifuged at 22,000 � g for 1 h. The protein content of
the supernatant wasmeasured with BCA protein assay kit (Bio-
Rad). Membrane proteins were dissolved in SDS loading buffer
and 2.5% �-mercaptoethanol, heated to 37 °C for 10 min, and
resolved on a 13% polyacrylamide gel. Immunoblotting was
performed as described previously (46, 47). Reactive proteins
were revealed with an enhanced chemiluminescent detection
system (ECL-Plus; Amersham Biosciences) and visualized on a
Versadoc imaging system (Bio-Rad).
Plasmids andMutagenesis—Thewild type humanAQP4-M1

andAQP4-M23 cDNAswere cloned into the pTargetMamma-
lian Expression Vector system (Promega). The mutant con-
struct named pTarget human AQP4-M1M23I, containing the
missense mutation able to replace the methionine 23 in isoleu-
cine, was obtained with a site-specific mutagenesis approach

using a QuikChange II Site-directed Mutagenesis kit (Strat-
agene) according to the manufacturer’s protocol. Briefly, the
wild type human AQP4-M1 isoform was used as template in a
long high fidelity PCR performed with PfuUltra� High Fidelity
DNA polymerase. The site-specific mutant primer M23I (5�-
CCTTTGTGTACCAGAGAGAACATCATAGTGGCTTTC-
AAAGG-3) was designed using the Stratagene web-based
QuikChange Primer Design program available online. The
amplified product was digested with DpnI specific for methyl-
ated and hemimethylated DNA to digest the parental DNA and
subcloned in Escherichia coli XL1-Blue supercompetent cells
(Stratagene). The samemethod was used to convert the methio-
nine 23 translational context (ATCATGG) into an inefficient
translational context (CTCATGC). This mutation allow us to
maintain the apolar methionine 23 context converting the
isoleucine 22 and the valine 24 into two leucines. The wild
type human AQP4-M1 cDNA was also cloned into
pcDNA3.1/NT-GFP-TOPO vector, containing the green fluo-
rescent protein (GFP) coding sequence to create AQP4-M1
tagged at its N terminus with GFP (N-terminal GFP-AQP4-
M1). All of the plasmids were subjected to sequencing.
Cell Culture and Plasmid Transfection—HeLa cells were

maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 100 units/ml penicillin, and
100 �g/ml streptomycin. Six h before transfection, the cells were
plated at subconfluence using antibiotic-free medium. Cells were
transfectedwithLipofectamine2000 (Invitrogen) according to the
manufacturer’s protocol and analyzed after 24–48 h.
Immunofluorescence—HeLa cells plated on coverslips were

fixed in 4% paraformaldehyde, washed in phosphate-buffered
saline (PBS), and permeabilized with 0.3%Triton X-100 in PBS.
After blocking with 0.1% gelatin in PBS, cells were incubated
with primary antibodies for 1 h at room temperature. After
washing in PBS, cells were incubated for 30 min with Alexa
Fluor-conjugated secondary antibodies. The staining with
NMO serum was performed on unfixed living cells. Coverslips
were mounted on slides with mounting medium and examined
by using a Nikon photomicroscope equipped for epifluores-
cence (DMRXA; Leica, Heidelberg GmbH, Mannheim, Ger-
many). Digital images were obtained with a DMX 1200 camera
(Nikon, Tokyo, Japan).
Protein Samples for BN PAGE—Transfected HeLa cells were

washed once in ice-cold PBS and dissolved in BN lysis buffer
(48) (500 mM �-aminocaproic acid, 50 mM imidazole, 2 mM

EDTA, 12 mMNaCl, 10% glycerol, 1% Triton X-100, and a pro-
tease inhibitor mixture (Roche Diagnostic). After a 30-min
incubation on ice, the samples were centrifuged at 22,000 � g
for 30 min, and the protein content of the supernatant was
measured with a BCA protein assay kit.
BN/SDS-PAGE—Polyacrylamide native gradient gels (3–9%)

were prepared as described (40, 41). Twenty �g of protein sam-
ple prepared as described earlier were mixed with 5% of Coo-
massie Blue G-250 and loaded in each lane. Twenty �g of fer-
ritin was used as the molecular mass standard (440 and 880
kDa). The running buffers were the anode buffer (25 mM imid-
azole, pH 7) and blue cathode buffer (50 mM Tricine, 7.5 mM

imidazole, 0.02% Coomassie Blue G-250, pH 7). After the blue
running front has moved about one-third of the desired total
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running distance, the blue cathode buffer was removed, and the
run was continued using slightly blue cathode buffer B/10 (50
mM Tricine, 7.5 mM imidazole, 0.002% Coomassie Blue G-250,
pH 7) for better detection of faint protein bands and to improve
native blotting. The electrophoresis was stopped when the
tracking line of Coomassie Blue G-250 dye had left the edge of
the gel. Lanes from the first dimension were cut into individual
strips and equilibrated in denaturation buffer (1% SDS, 1%
�-mercaptoethanol) 1–2 h at room temperature. A single strip
was then placed into a second dimension gel of the same thick-
ness and subjected to SDS-PAGE performed according to
standard protocols. At the end of the run, the gel was blotted
onto a polyvinylidene difluoride (Millipore, Bedford, MA)
membrane for Western blot analysis.

Antibodies—Goat anti-AQP4 polyclonal antibodies (Santa
Cruz Biotechnologies, Santa Cruz, CA) were used for Western
blot and immunofluorescence analysis. For AQP4 and NMO
double immunofluorescence experiments, a rabbit anti-AQP4
antibody was used (1). Peroxidase-conjugated secondary anti-
bodies were from Santa Cruz Biotechnologies. The secondary
antibodies used for immunofluorescence were fromMolecular
Probes (Eugene, OR). A pool of four different sera from NMO
patients at a dilution of 1:1000 in immunofluorescence experi-
ments was used.
Chemicals—�-Aminocaproic acid, imidazole, Tricine, and

ferritin were from Fluka (St. Louis, MO). Acrylamide/bisacryl-
amide was from Serva (Heidelberg, Germany). All other chem-
icals were obtained from Sigma.

FIGURE 1. Possible mechanism responsible for AQP4-M23 synthesis from AQP4-M1 mRNA. A, Western blot analysis of AQP4-M1 and AQP4-M23 in
different tissues. A polyvinylidene difluoride membrane containing rat tissues and transfected cells, immunoblotted with anti-AQP4 antibodies after glycine/
SDS-PAGE is shown. The AQP4-M1/M23 ratio is variable among the different tissues; in particular, the AQP4-M23 isoform is abundant in the cerebrum,
cerebellum, and spinal cord. Note that in HeLa cells transiently transfected with the M1 isoform, two bands of 30 and 32 kDa are present. B, analysis of AQP4
mRNA at the level of the TISs surrounding M1 (TIS-1) and M23 (TIS-2). The 5�-proximal AUG corresponding to M1 is located in a suboptimal context, whereas the
AUG corresponding to M23 is in an optimal context (42– 45). C, mutated form of AQP4-M1 mRNA (M23I) was generated by mutagenesis in which the
substitution methionine in isoleucine at position 23 will destroy the TIS-2, avoiding the leaky scanning mechanism.
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Total Internal Reflection Fluorescence (TIRF) Microscopy
Analysis for the Measurement of AQP4 Dots—A Nikon laser
TIRF setup was used, consisting of a 488 nm argon laser
mounted on a Nikon laser TE2000U microscope, which also
allows phase-contrast and epifluorescence techniques to be
combined with TIRF technology. An incidence angle greater
than the critical angle was achieved by the use of a 100� CFI
Plan Apo of 1.45 numerical aperture. Fluorescence excited by
TIR evanescent field was collected with the same objective, and
images were collected by a cooled charge-coupled device cam-
era (Hamamatsu Orca). Transfected HeLa cells were stained
with commercial AQP4 antibodies and with NMO sera as
described under “Immunofluorescence.” To determine the size
of AQP4 spots, images were taken with a 100� TIRF objective
and 1.5 optic zoom.
Fluorescence Recovery after Photobleaching (FRAP) Exper-

iments—For these studies a stable cell line (HeLa) expressing a
GFP-fusedM1 isoformofAQP4 (M1-GFP)was used. The clone
that we used for this study had approximately 60% transfected
cells. M1-GFP-expressing cells were grown on a 35-mm-diam-
eter glass bottom dish and transiently transfected with the
M23-AQP4 isoform.After 1 or 2 days, cells expressing large size
OAPs (M1-GFP/M23) were identified under UV light and were
easily recognizable from those only expressing theM1-GFP iso-
form. The use of NMO-IgG at the end of the FRAP experiment
confirmed the previous cell identification. FRAP experiments
were performed using an argon ion laser beam (488 nm, Nikon
D Eclipse C1) which was modulated by an acousto-optic mod-
ulator and directed onto the stage of an inverted epifluores-
cence microscope (Nikon Eclipse TE 2000-U). The full-field
and laser beams were reflected by a diachronicmirror (510 nm)
onto the sample by a 100� objective lens (Nikon Fluor, numer-
ical aperture 1.45). The laser beam was set to 200–500 mW.
Fluorescence cell images were taken before bleaching and at
10-s intervals after bleaching. All measurements were taken at
23 °C in a temperature-controlled darkroom. After the experi-
ments, the fluorescence intensity of the spot was measured for
both M1 and OAP-expressing cells present on the same dish.

RESULTS

Analysis of AQP4 Translation Initiation Signals (TISs)—The
ratio of AQP4-M1 to AQP4-M23 isoforms is variable among
the different tissues in which AQP4 is expressed. As shown in
the Western blot in Fig. 1A, this ratio is lower in the central
nervous system compared with other tissues such as skeletal
muscle and stomach. To understand the mechanism by which
the expression ratio of M1 and M23 isoforms is controlled, we
transfected HeLa cells with cDNA encoding AQP4-M1. Sur-
prisingly, analysis of AQP4 protein expression in these HeLa
cells revealed the 32 kDa band as expected but also the addi-
tional presence of a 30 kDa band, corresponding to the M23
isoform. To obtain insight into the mechanism regulating this
ratio, we compared the nucleotide contexts surrounding the
two TISs of AQP4, TIS-1 and TIS-2, which give rise to
AQP4-M1 and AQP4-M23, respectively. This analysis revealed
that the TIS-1 sequence in both human and rat AQP4
(GGCATGA) is in a suboptimal context, whereas TIS-2
(ATCATGG) is in an optimal context, according with Kozak

(43) (Fig. 1B). Thus, we hypothesized that a leaky scanning
mechanism might be involved in regulating the expression of
the twoAQP4 isoforms from the same transcript. To verify this
hypothesis, a mutated form of AQP4-M1 was produced
(AQP4-M1M23I) in which the methionine 23 was substituted
with isoleucine to abolish the TIS-2 (Fig. 1C).
Expression of Wild Type and Mutated AQP4 Isoforms—Ini-

tial experiments were done to analyze the expression of wild
type AQP4-M1 and AQP4-M23 together with the mutated
AQP4-M1 (AQP4-M1M23I) isoforms in transiently transfected
HeLa cells (Fig. 2). By Western blotting (Fig. 2A), the presence
of a 30 kDa together with the expected 32 kDa band was clearly
detectable in wild type AQP4-M1-transfected cells. The 30 kDa
band, corresponding to the M23 isoform of AQP4, was absent
in cells transfected with the AQP4-M1M23I, indicating that a
leaky scanning mechanism is likely responsible for the transla-
tion of the AQP4-M23 isoform in AQP4-M1-transfected cells.
By immunofluorescence (Fig. 2B), we found that the replace-
ment of the methionine with isoleucine at position 23 did not

FIGURE 2. Expression of AQP4-M1, AQP4-M1M23I, and AQP4-M23 in tran-
siently transfected HeLa cells. A, AQP4 immunoblot of membrane proteins
prepared from HeLa cells transfected as indicated. Note that the 30 kDa band
is present in cells transfected with the wild type AQP4-M1 and is absent in
those transfected with AQP4-M1M23I. B, epifluorescence micrographs of HeLa
cells transfected with AQP4-M1, AQP4-M1M23I, and AQP4-M23. Scale bar, 10
�m. Note the dot-like plasma membrane staining when M23 is expressed.
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affect the targeting of the protein to
the plasma membrane. This was
also confirmed by the absence of
intracellular staining with confocal
analysis (data not shown).
OAP Formation in AQP4-M1-

transfectedCells—Because both iso-
forms of AQP4 were expressed in
AQP4-M1-transfected cells, we
determined whether OAPs were
present in these cells. Analysis of the
plasma membrane organization of
the different AQP4 isoforms was
performed by both TIRF micros-
copy (Fig. 3A) and by BN-SDS/
PAGE (40, 41, 49) (Fig. 3B). The
TIRF microscopic analysis of wild
type AQP4-M1-transfected cells
stained with commercial AQP4
antibodies revealed the linear stain-
ing typical of the expression of M1
isoform. In addition, many cells
exhibited punctate staining, indi-
cating the presence of OAPs. In
agreement with these data, the
BN/SDS-PAGE analysis showed the
presence of several larger size spots
corresponding to discrete OAPs in
addition to the smallest �440-kDa
pool. In contrast, OAPs and larger
sized pools were completely absent
in cells transfected with AQP4-
M1M23I. Staining in AQP4-M1M23I

cells was found to be continuous
and evenly distributed in the plasma
membrane with no visible dots by
TIRF microscopy and only the 440-
kDa pool by BN/SDS-PAGE. The
size of the dots visualized by TIRF
microscopy as well as the size of the
AQP4 pools increased in parallel
with the increased amount of the
AQP4-M23 isoform and were the
largest in cells transfected with
AQP4-M23. All of these data fur-
ther confirm that AQP4-M23 can
be translated from AQP4-M1 tran-
script by a leaky scanning mecha-
nism and highlight the presence of
OAPs in transiently transfected
HeLa cells.
NMO-IgG Antibodies Recognize

AQP4-M1 Transiently Transfected
HeLa Cells—To demonstrate fur-
ther the presence of OAPs in
AQP4-M1 transiently transfected
HeLa cells and to give additional
support to leaky scanning as a pos-

FIGURE 3. Visualization of AQP4 OAPs by TIRF microscopy and two-dimensional BN/SDS-PAGE. A, TIRF
micrographs of Alexa Fluor 488-labeled AQP4-M1M23I, AQP4-M1, AQP4-M1M23I � AQP4-M23, AQP4-M1 �
AQP4-M23, and AQP4-M23 in HeLa cells. Scale bar, 10 �m. B, immunodetection of AQP4 pools after a 3–9%
gradient BN PAGE (first dimension) and 12% SDS/PAGE (second dimension). Note that in BN/SDS-PAGE exper-
iments the expression of AQP4-M1 isoform induced the immunodetection of five different pools due to the
concomitant expression of AQP4-M23 and the consequent formation of small OAPs. In contrast, the parallel
analysis of AQP4-M1M23I revealed the presence of the single smaller AQP4 pool corresponding to AQP4
tetramers.
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sible mechanism of regulation of the AQP4-M1/M23 expres-
sion ratio, we used NMO-IgG antibodies, which recognize
AQP4 only when assembled intoOAPs (34). As shown in Fig. 4,
the NMO-IgG antibody recognized AQP4 only in cells (Fig. 4,
insets) transfected with AQP4-M1, and not in AQP4-M1M23I

expressing cells, even though AQP4 expression, visualized
using theAQP4 commercial antibody, was not significantly dif-
ferent in the two conditions. To promote formation of OAPs,
we co-expressed AQP4-M23 with AQP4-M1M23I or AQP4-M1
and determined whether NMO-IgG now recognized AQP4. As
shown in Fig. 4, the NMO-IgG serum recognized AQP4 in all

cells expressing AQP4-M23. All of these results were also con-
firmed modifying the Kozak nucleotide context of the second
TIS but without altering the codon sequence for the M23 (see
supplemental Fig. 1).
OAPs Are Made of Both M23 and M1 Isoforms, and M23

Reduces M1 Plasma Membrane Lateral Diffusion—To study
whether OAPs are made exclusively of AQP4-M23 or whether
they are amixture of AQP4-M1 andAQP4-M23, we usedHeLa
cells stably transfectedwith fluorescent AQP4-M1 (AQP4-M1-
GFP) using a construct expressing AQP4-M1 fused at its N
terminus with GFP. In this case, because GFP TIS is the strong-
est (ACCATGG), the only possible translated protein is the
AQP4-M1-GFP fusion protein as confirmed by the absence of
multiple AQP4 pools in SDS-PAGE and by the absence of dots
by TIRF microscopic analysis (data not shown). This cell line
was transiently transfected with untagged AQP4-M23. Inter-
estingly, the co-expression of fluorescent tetramers of
AQP4-M1 together with untagged AQP4-M23 induced the
appearance of fluorescent OAPs in the same microscopy field,
making it possible to easily identify both AQP4-M1-expressing
cells (no OAPs) and AQP4-M1/M23-expressing cells (OAP-
containing). The presence of GFP-OAPs indicates that
AQP4-M1 is incorporated into OAPs (Fig. 5A).
In the same cell line, FRAPmeasurementswere performed to

determine the effect of the AQP4-M1/M23 ratio on the plasma
membrane lateral diffusion of AQP4. Fig. 5A shows sequences
of fluorescence micrographs of these cells during a representa-
tive FRAP experiment. Before the bleaching, AQP4-M1-GFP-
transfected cells exhibited a diffuse linear plasma membrane
staining, whereas the AQP4-M1-GFP�AQP4-M23 cells show
a typical dot-like plasma membrane staining. After the laser
shot at 0 min, the fluorescence was reduced in the bleached
regions in both cell types; and after 6 min, AQP4-M1-GFP-
expressing cells show a 80% of fluorescence recovery in the
bleached region (Fig. 5B, upper). Interestingly, the fluorescence
recovery was remarkably slowed in cells expressing both
AQP4-M1-GFP and AQP4-M23 (Fig. 5B, lower) with a recov-
ery of�30% of the fluorescence level over 25min. The recipro-
cal of the half-time (1/t1/2) recovery was about 6 times lower in
OAP-expressing cells compared with AQP4-M1-expressing
cells (Fig. 5C), demonstrating that AQP4 is much less mobile in
the plasma membrane when organized into OAPs.

DISCUSSION

The different ratios ofM1 andM23 isoforms found in differ-
ent tissues where AQP4 is expressed indicate that cells can reg-
ulate this ratio and thereforeOAP size, with possible functional
implications. Although in a recent paper it has been demon-
strated that hydrophobic intermolecular interactions at the N
terminus of AQP4 are necessary for OAP formation (50), the
molecular mechanisms controlling the expression of the two
isoforms of AQP4 to generate OAPs of different sizes (40) still
remain unclear as well as the mechanism by which AQP4-M23
is expressed from the AQP4 gene. Interestingly, even though in
human brain it has been shown a much higher relative abun-
dance ofM1 versusM23mRNA (42), this ratio is inverted when
it comes to AQP4 protein expression levels because M23 is
always more abundant compared with the M1 isoform.

FIGURE 4. OAPs visualization using NMO-IgG serum. Double immunofluo-
rescence experiments performed with rabbit polyclonal AQP4 antibodies
(AQP4) and with NMO serum (NMO) are shown. Several cells transfected with
AQP4-M1 were recognized by the NMO-IgG serum, whereas no positive cells
were found when the mutated AQP4-M1M23I isoform was used. Scale bar,
15 �m.
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In this study, we attempted to get an insight into the molec-
ular basis that controls the expression ofM1 andM23 isoforms.
We used mammalian cells transiently transfected with M1-
and/or M23-AQP4 coding sequence and with a mutated M1
isoform in which the methionine 23 was substituted with iso-
leucine to abolish the TIS-2 of AQP4, to analyze the source of
the M23 isoform, and to verify the hypothesis that the transla-
tion of M23 isoform can be obtained from M1 mRNA. Given
the absence of the intron sequences and the noncoding
sequences in the transfected plasmids, transcriptional and
M1/M23 alternative splicing mechanisms that have been
reported previously to explain the presence of different iso-
forms in rat, human, and mouse AQP4 (6–8, 42, 51, 52) are
excluded. Based on the obtained results, we propose that the
synthesis of the M23 isoform possibly occurs via a leaky scan-
ningmechanism. The first direct evidence of this mechanism is
the appearance of a 30-kDa isoform (M23) in cells transfected
with the M1 coding sequence associated with the formation of
OAPs, as observable by TIRF and BN/SDS-PAGE. In addition,
replacement of the methionine at position 23 with a isoleucine
(AQP4-M1M23I) prevented both translation of the 30-kDa iso-
form and the formation of OAPs. We conclude that the forma-
tion of OAPs can occur even in the absence of M23-AQP4
mRNA. Our results provide the possibility that the size and
formation of OAPs in different cells depend on the efficacy of
the leaky scanning mechanism. Some hypothesis are so far
available on the basic tetrameric composition of AQP4 and
therefore on the composition of the OAPs. Neely et al. (53)

demonstrated that the two
AQP4-M1 and -M23 isoforms are
able to form heterotetramers sup-
posed to aggregate to form OAPs
whose dimension is depending on
the M1/M23 ratio. Crane et al. (39),
however, using a quantum dot-
based approach, recently reported
that AQP4-M1 does not incorpo-
rate into OAPs, but it modulates
array size by competing for AQP4-
M23 monomers at the OAP edges
(39, 50) and by using TIRF micros-
copy revealed that OAPs are rela-
tively immobile in the plasmamem-
brane. In our approach, we used
cells stably expressing GFP-tagged
tetramers of AQP4-M1 isoform. In
experiments in which this cell line
was transiently transfected with the
untagged M23-AQP4 isoform we
observed the appearance of fluores-
cent GFP-OAPs that were clearly
distinguishable by TIRF micros-
copy, indicating that the fluorescent
M1 was inserted and not excluded
into the OAP structure and that
AQP4-M1 is also an important
determinant of OAP structure.
Importantly, whereas AQP4-M1-

GFP appears to be relatively mobile in the plasma membrane,
the co-expression of the untagged AQP4-M23 induced the
appearance of almost immobile GFP-OAPs. This is in agree-
ment with what reported by Crane et al. (39), indicating OAPs
as a stationary structure whose mobility is only moderately de-
pendent on other components such as the cytoskeleton or dys-
trophin-associated proteins (39). This may have physiological
and pathological consequences. For example, immobile AQP4-
OAPs such those present in astrocyte end feet close to blood-
brain barriermay have a role in sustaining the polarized expres-
sion of AQP4 for a highly confined osmotically driven water
flux. Otherwise, large OAPs could be useful to crowd together
dystrophin-associated proteins, ion channels (i.e. KIR4.1), and
other membrane proteins expressed (41). In fact, the finding
that �-syntrophin (9, 38) or dystrophin deletion (25, 42) results
in a loss of perivascular accumulation of AQP4 in astrocytes
and muscle suggest that other components are required for
OAP membrane stability. Smaller and more mobile AQP4-
OAPsmay have a role in cell migration and glial scar formation
(54, 55).
In conclusion, our present data demonstrate that the leaky

scanning mechanism exists as a translational mechanism for
the expression of AQP4 protein isoforms. We speculate that
this mechanism can have important pathophysiological impli-
cations for the cell regulation of the M1/M23 ratio and there-
fore of OAPs size.We also confirm that OAPs aremade of both
M1 and M23 isoforms and that the ratio is important in deter-
mining the size of the OAPs.

FIGURE 5. FRAP experiments performed on AQP4-M1- and AQP4-M23-expressing HeLa cells. A, four serial
images from a data set. The images displayed were recorded before and 1 and 6 min after photobleaching
pulse. B, representative AQP4-M1-GFP and AQP4-M1-GFP � AQP4-M23 individual FRAP curves. Note that
AQP4 organization in OAPs strongly slowed its plasma membrane lateral diffusion. C, data shown as reciprocal
half-times (t1/2) for fluorescence recovery (mean � S.E. of separate sets of measurements, n � 3–7).
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