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Introduction
Aquaporin-4 (AQP4) water channels are expressed in astro-
cytes throughout the central nervous system where they facili-
tate water transport across the blood–brain barrier, clearance  
of extracellular K+ after neuronal excitation, and cell migra
tion in response to injury (Papadopoulos and Verkman, 2013). 
AQP4-deficient mice show reduced cytotoxic brain swelling  
but increased vasogenic brain swelling (Manley et al., 2000;  
Papadopoulos et al., 2004), abnormal patterns of seizure activ-
ity and cortical spreading depression (Padmawar et al., 2005; 
Binder et al., 2006), and impaired astrocyte migration and glial 
scar formation (Saadoun et al., 2005b; Auguste et al., 2007). 
AQP4 is highly enriched at astrocyte end-feet (Nielsen et al., 
1997), but can also polarize to the leading edge of migrating  
astrocytes where it facilitates lamellipodial extension and in-
creases cell migration (Saadoun et al., 2005b).

AQP4 is expressed as two principal isoforms; a long iso-
form with translation initiation at Met-1 (M1–AQP4) and a 
short isoform with translation initiation at Met-23 (M23–AQP4; 
Jung et al., 1994; Yang et al., 1995; Lu et al., 1996). M1–AQP4 
and M23–AQP4 form heterotetramers (Neely et al., 1999) that 

further assemble into crystal-like supramolecular aggregates 
called orthogonal arrays (Landis and Reese, 1974; Yang et al., 
1996). Each isoform has similar water permeability but differ-
ent aggregation properties; intermolecular interactions between 
M23–AQP4 molecules on adjacent tetramers involving hydro-
phobic residues downstream from Met-23 promote array forma-
tion (Crane and Verkman, 2009), but palmitoylation-dependent 
anchoring of the N terminus of M1–AQP4 to the membrane 
blocks these interactions and homotetramers of M1–AQP4  
do not form aggregates (Suzuki et al., 2008). A model based 
on random M1–M23 association in heterotetramers and inter
molecular M23–M23 interactions predicts the size distribution of 
orthogonal arrays generated at different ratios of M1/M23 ex-
pression (Jin et al., 2011), and super-resolution imaging has 
demonstrated that orthogonal arrays of particles (OAPs) con-
sisting of an M23-enriched core surrounded by an M1-enriched 
periphery are formed in cells expressing both isoforms (Rossi  
et al., 2012a).

The functional significance of the two AQP4 isoforms and 
their distinctive supramolecular aggregation pattern has been 

The astrocyte water channel aquaporin-4 (AQP4) is 
expressed as heterotetramers of M1 and M23 iso-
forms in which the presence of M23–AQP4 pro-

motes formation of large macromolecular aggregates 
termed orthogonal arrays. Here, we demonstrate that the 
AQP4 aggregation state determines its subcellular local-
ization and cellular functions. Individually expressed  
M1–AQP4 was freely mobile in the plasma membrane 
and could diffuse into rapidly extending lamellipodial re-
gions to support cell migration. In contrast, M23–AQP4 
formed large arrays that did not diffuse rapidly enough to 

enter lamellipodia and instead stably bound adhesion 
complexes and polarized to astrocyte end-feet in vivo. 
Co-expressed M1– and M23–AQP4 formed aggregates 
of variable size that segregated due to diffusional sieving 
of small, mobile M1–AQP4-enriched arrays into lamelli-
podia and preferential interaction of large, M23–AQP4-
enriched arrays with the extracellular matrix. Our results 
therefore demonstrate an aggregation state–dependent 
mechanism for segregation of plasma membrane protein 
complexes that confers specific functional roles to M1– 
and M23–AQP4.
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AQP4 expression is strongly up-regulated in high grade 
gliomas (Saadoun et al., 2002), where it may contribute to 
tumor cell motility and invasiveness, but expression is rapidly 
lost after passage in culture (McCoy and Sontheimer, 2007). 
The human glioblastoma-derived cell line U87-MG forms tran-
sient lamellipodial-like protrusions when migrating on fibro-
nectin at low density (Caspani et al., 2006). We investigated 
recruitment of transfected M1– or M23–AQP4 into these struc-
tures. M1–AQP4 was enriched in actin-rich protrusions relative 
to wheat germ agglutinin (used as a plasma membrane marker), 
whereas M23–AQP4 was largely excluded (Fig. 1, C and D), as 
found in the astrocyte cultures. These results demonstrate a  
specific requirement for the M1- isoform during recruitment of 
AQP4 to the leading edge of migrating cells in culture.

Leading-edge translocation of AQP4 was further studied 
in live cells using fluorescent protein fusions and TIRF micros-
copy. U87-MG cells were transfected with fluorescent AQP4 
chimeras containing GFP at the C terminus of M1– and M23–
AQP4, which do not interfere with AQP4 surface transport or 
OAP assembly (Tajima et al., 2010). Lamellipodial extensions 
were visualized by cotransfection with mCherry fused to the 

unclear. Here, we demonstrate that macromolecular aggrega-
tion state determines the subcellular localization of M1– and 
M23–AQP4 and this translates to distinct functions in cell mi-
gration and polarization.

Results
Different cellular localization of M1– and 
M23–AQP4 expressed individually in 
migrating astrocytes and glioma cells
Wild-type astrocytes express both M1– and M23–AQP4 and 
show polarization of AQP4 toward the leading edge when  
migrating into a scratch wound (Saadoun et al., 2005b). We 
transfected cortical astrocyte cultures, generated from AQP4/ 
mice, with adenovirus encoding M1– or M23–AQP4 (Li et al., 
2011) and measured recruitment of each isoform to the leading 
edge of cells migrating into a scratch wound. M1–AQP4 showed 
diffuse staining throughout the cell membrane with some en-
richment in lamellipodia, but M23–AQP4 aggregates were ex-
cluded from leading-edge areas (Fig. 1, A and B).

Figure 1.  M1–AQP4, but not M23–AQP4, localizes to the leading edge of migrating astrocytes and glioma cells. (A) Schematic showing predicted distri-
bution of M1– or M23–AQP4 and F-actin labeling in migrating cells and TIRF images showing F-actin and AQP4 distribution in M1- and M23-transfected 
AQP4/ astrocytes during migration into a scratch wound. White dashed line demarcates the cell leading edge. (B) AQP4 staining intensity as a function 
of distance from the leading edge for cells labeled as in A (mean ± SE, 10 cells; *, P < 0.05 between M1 and M23 by t test at the indicated distance).  
(C) F-actin, AQP4, and wheat germ agglutinin (WGA) labeling in randomly migrating U87-MG cells transfected with M1– or M23–AQP4. (D) Ratio of 
mean AQP4 staining intensity in F-actin–rich lamellipodial (outlined) and somatic (rest of image) regions normalized to the ratio of WGA staining intensity 
in the same regions (mean ± SE, 10 cells; *, P < 0.001).
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dot single-particle tracking using a monoclonal antibody that 
recognizes an extracellular epitope common to M1– and M23–
AQP4 (mAb r58; Crane et al., 2009). In M1–AQP4-transfected 
cells, quantum dot labeling was seen in both lamellipodial and 
nonlamellipodial regions, whereas in M23–AQP4-transfected 
cells labeling was largely confined to nonlamellipodial regions 

actin-binding protein LifeAct (Riedl et al., 2008). Fig. 2 A and 
Videos 1 and 2 demonstrate rapid access of M1–AQP4–GFP in 
extending lamellipodia, whereas M23–AQP4–GFP, seen as dis-
tinct puncta representing orthogonal arrays, was excluded.

We also characterized the movement of single AQP4 mol-
ecules into the lamellipodia of migrating astrocytes by quantum 

Figure 2.  Dynamics of M1–AQP4 translocation to the leading edge in live, migrating astrocytes and glioma cells. (A) AQP4-GFP dynamics in randomly 
migrating U87-MG cells cotransfected with M1– or M23–AQP4–GFP and mCherry-LifeAct (to visualize F-actin–enriched lamellipodial protrusions). Center 
panels show single full frames and right panels show images of a sub-region (white rectangular box) at 10-s intervals during a cycle of lamellipodial protru-
sion and retraction. (B) Quantum dot, single-particle tracking in lamellipodial and somatic regions of AQP4/ astrocytes transfected with M1– or M23–
AQP4 and labeled with mAb r58 (binds an extracellular epitope on AQP4) and QDot-conjugated secondary Ab. Lamellipodial regions were identified from 
phase-contrast images taken immediately before QDot tracking and overlayed on reconstructed trajectories, allowing their assignment to lamellipodial (L) 
or somatic (S) analysis groups (top panels). Bottom panels show representative reconstructed trajectories over 5 s of M1–AQP4 in somatic or lamellipodial 
regions or of M23–AQP4 in somatic regions oriented so the leading edge is in the direction of the arrow. (C) Pooled analysis of 100–150 separate AQP4 
trajectories in somatic and lamellipodial regions of 10–12 astrocytes transfected with either M1– or M23–AQP4, shown as the average mean-squared 
displacement vs. time (top) and the cumulative distribution function of short-range (0–100 ms) diffusion coefficient (middle) and range at 1 s (bottom).

http://www.jcb.org/cgi/content/full/jcb.201308118/DC1
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that recognizes all AQP4 (Crane et al., 2009). Fig. 3 C shows 
that, as expected, mAb r93 binds U87-MG cells expressing 
M23–AQP4 but not M1–AQP4, whereas mAb r58 binds to cells 
expressing either M1– or M23–AQP4. In cells expressing both 
M1– and M23–AQP4 the ratio of r93 staining to total AQP4 
staining in lamellipodia was significantly lower than the ratio of 
r93 to total AQP4 in the soma, whereas no significant difference 
in the ratio of r58 to AQP4 staining was observed between the 
two compartments (Fig. 3, D and E). This result provides fur-
ther evidence that large arrays are selectively excluded from the 
lamellipodial plasma membrane.

Direct stochastic optical reconstruction microscopy 
(dSTORM) can be used to estimate AQP4 array size in cells 
transfected with M1– and M23–AQP4 at different ratios (Rossi 
et al., 2012b). We performed experiments to determine if this 
method could be used to measure differences in AQP4 array 
size in lamellipodial and somatic plasma membrane. In TIRF 
images of U87-MG cells coexpressing M1– and M23–AQP4 at 
a 1:3 ratio (as found in native astrocytes in vivo), AQP4 arrays 
in lamellipodia had generally lower fluorescence than those in 
soma, indicating a reduced number of AQP4 molecules per spot 
in lamellipodia and hence reduced array size (Fig. 4 A, left). 
dSTORM imaging of the same cells, under conditions giving 
20 nm spatial resolution, showed relatively larger aggre-
gates in soma than lamellipodia (Fig. 4 A, right). In addition, 
we measured array sizes in wild-type astrocytes that natively 
express both M1– and M23–AQP4 at a ratio of 1:1 in vitro. 
Fig. 4 B shows the distribution of size for the somatic and la-
mellipodial AQP4 populations derived from the cells shown 
in Fig. 4 A. The median aggregation state of AQP4 (aggregate 
size at which 50% of AQP4 is in smaller/larger aggregates) 
in U87-MG cells (transfected at 1M1:3M23) was 7,560 ± 
640 nm2 in lamellipodia and 13,300 ± 964 nm2 in soma (n = 6 
cells, P < 0.01 by paired t test); in cultured wild-type astro-
cytes (1M1:1M23) it was 4,250 ± 320 nm2 in lamellipodia 
and 5,630 ± 315 nm2 in soma (n = 4 cells, P < 0.05 by paired 
t test).

A final prediction of diffusional sieving is that AQP4 aggre-
gates with higher mobility are relatively enriched in lamellipodial 
plasma membrane compared with somatic plasma membrane of 
cells coexpressing M1– and M23–AQP4. To test this prediction 
we performed quantum dot single-particle tracking, as done in 
Fig. 2 B, in wild-type astrocytes. Fig. 4 C shows representative 
trajectories in lamellipodia and soma. Mean-squared displace-
ment analysis and cumulative probability plots indicate more 
rapid quantum dot diffusion in lamellipodia than soma and the 
absence of low mobility aggregates from the lamellipodial mem-
brane (Fig. 4 D; distribution of range and diffusion coefficients 
differ with P < 0.001 by Kolmogorov-Smirnoff test), thereby con-
firming that small, high mobility aggregates are present at higher 
density in the lamellipodial plasma membrane.

Mathematical modeling supports a 
diffusional sieving mechanism
In prior work we computed the size and composition of individ-
ual AQP4 arrays generated at different ratios of M1– and M23–
AQP4 (Jin et al., 2011). Here, we used the orthogonal array size 

of the plasma membrane (Fig. 2 B, top). Reconstructed single-
particle trajectories showed apparent Brownian movement of 
M1–AQP4 in both lamellipodial and adjacent somatic regions 
of the plasma membrane, whereas M23–AQP4 was largely im-
mobile over the 10-s recording time (Fig. 2 B, bottom). The 
mean-squared displacement vs. time relationship was linear for 
M1–AQP4 in both areas, without evidence for convective move-
ment of M1–AQP4 toward the leading edge (Fig. 2, B and C). 
Cumulative distribution plots of short-range diffusion coeffi-
cient (D1–3) and range at 1 s showed mildly increased diffusion 
of M1–AQP4 in lamellipodial vs. somatic regions, which ap-
peared to result from the absence of a low-mobility population 
of M1–AQP4 in lamellipodia (Fig. 2 C, all distributions are sig-
nificantly different [P < 0.001] by Kolmogorov-Smirnoff test). 
As expected, M23–AQP4 was nearly immobile in somatic re-
gions (Fig. 2, B and C). These results demonstrate that diffu-
sional mobility determines entry of AQP4 into the lamellipodial 
compartment and explain the absence of relatively immobile 
M23–AQP4 aggregates from the leading edge.

Size, composition, and mobility-dependent 
sieving of orthogonal arrays containing 
both M1– and M23–AQP4
The results in Figs. 1 and 2 show clear-cut differential localiza-
tion of separately expressed M1– versus M23–AQP4. When co-
expressed in the same cell the two isoforms form heterotetramers 
(Neely et al., 1999), which further assemble into orthogonal  
arrays whose size is determined by the number of M23–AQP4 
subunits available to participate in intra-tetramer interactions 
(Furman et al., 2003; Jin et al., 2011; Rossi et al., 2012b). Dif-
fusional mobility of orthogonal arrays containing both M1– and 
M23–AQP4 is highly dependent on the size, and consequently 
the M1/M23 ratio, of each individual aggregate. Heterogene-
ity in the population of orthogonal arrays is demonstrated by  
the observation that the range moved in 1 s by individual AQP4 
particles varies by more than two orders of magnitude in cells 
transfected with both M1– and M23–AQP4 (Crane et al., 2009). 
These observations led us to hypothesize that segregation of 
M1– and M23–AQP4 might occur in cells expressing both iso-
forms due to “diffusional sieving,” where relatively small and 
mobile aggregates enriched in M1–AQP4 diffuse into tran-
siently formed lamellipodia, and larger, M23 enriched aggre-
gates do not.

To test this we cotransfected U87-MG cells with M1–
AQP4–GFP and M23–AQP4–mCherry and measured the ratio 
of GFP to mCherry fluorescence in actin-rich lamellipodial and 
nonlamellipodial (somatic) regions. Fig. 3 (A and B) and Video 3 
show partial segregation of M1– and M23–AQP4 under these 
conditions; the ratio of M1/M23 fluorescence intensity was on 
average 45% higher in actin-rich lamellipodial areas than in 
nonlamellipodial areas, demonstrating preferential enrichment 
of M1-GFP at the cell periphery and in lamellipodia even under 
conditions where M1– and M23–AQP4 form heterotetramers.  
To detect segregation of native (nontagged) M1– and M23–
AQP4, we used two monoclonal anti-AQP4 antibodies derived 
from neuromyelitis optica (NMO) patients, one of which (r93) 
recognizes AQP4 only in orthogonal arrays and another (r58) 

http://www.jcb.org/cgi/content/full/jcb.201308118/DC1
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Figure 3.  Partial segregation of M1– and M23–AQP4 in lamellipodial and somatic regions of cells expressing both isoforms. (A) Schematic showing 
predicted distribution of M1–AQP4–GFP and M23–AQP4–mCherry in migrating cells and TIRF images of U87-MG cells transfected with both isoforms 
then fixed and stained with phalloidin showing localization of M1– and M23–AQP4 in relation to an actin enriched membrane extension. (B) Ratio of 
M1/M23 fluorescence intensity in somatic and lamellipodial regions of individual U87-MG cells. **, P < 0.01 by paired t test, n = 8. (C) Schematic show-
ing predicted distribution of labeling with monoclonal antibodies (mAbs) specific for only orthogonal arrays (r93) or for all AQP4 (r58) in migrating cells 
expressing both M1– and M23–AQP4 and confocal images demonstrating that mAb r93 does not bind to cells transfected with only M1–AQP4, whereas 
r58 binds to cells transfected with M1– or M23–AQP4. (D) TIRF images showing labeling of F-actin, total AQP4, and r93 or r58 mAbs in migrating U87-
MG cells transfected with M1– and M23–AQP4. (E) Quantification of the relative amount of AQP4 stained with each mAb in lamellipodial compared with 
somatic regions of cells stained with r58 (n = 5) or r93 (n = 6). ***, P < 0.001 between r58 and r93 groups by t test.
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M1/M23 expression ratio were distributed randomly through-
out the cell plasma membrane (Fig. 5 B). A single lamellipo-
dial extension with typical linear velocity of 0.5 µm/min over 
10 min was created at the leading edge of the cell, and AQP4 
particles were allowed to diffuse freely into the newly cre-
ated space.

Videos 4 and 5 show simulations for M1/M23 ratios of  
1:1 and 1:3. Fig. 5 C shows the distribution of AQP4 particle 
sizes (encoded by dot size) and M1/M23 composition (encoded 
by color) in lamellipodial and somatic plasma membrane. AQP4 
diffusion into lamellipodial extensions depended strongly on 
M1/M23 content, with marked diffusion of M1–AQP4 into  

and composition predicted by this model to determine if a size-
dependent diffusional mechanism could explain the experimen-
tally observed segregation of coexpressed M1– and M23–AQP4. 
As the diffusion of large orthogonal arrays is highly confined 
(Crane et al., 2008), the relationship between aggregate size and 
diffusion coefficient deviates substantially from that predicted 
by a consideration of cross-sectional radius alone. We empiri-
cally fitted an exponential function to the experimentally mea-
sured average AQP4 diffusion coefficient and array size in cells 
with defined M1/M23 expression ratios (Fig. 5 A; Crane et al., 
2009; Rossi et al., 2012b). Simulated AQP4 arrays, with size, dif-
fusion coefficient, and composition computed from a specified 

Figure 4.  Orthogonal arrays have different size and diffusional mobility in somatic and lamellipodial plasma membrane of cells expressing both M1– and 
M23–AQP4. (A) Left panels show TIRF images of AQP4 and F-actin in U87-MG cells cotransfected with M1– and M23–AQP4, and in wild-type astrocyte 
cultures (that express both isoforms). Right panels show reconstructed dSTORM images of AQP4 from the indicated areas (white boxes). (B) Cumulative 
distribution of AQP4 by array size in lamellipodial and somatic regions from cells shown in A. (C) Qdot single-particle tracking of AQP4 in lamellipodial 
and somatic regions of wild-type astrocytes (top panels) with representative trajectories from lamellipodial and somatic areas shown in bottom panels. 
(D) Pooled analysis of 216 somatic and 80 lamellipodial trajectories from 10 cells shown as the average mean-squared displacement vs. time (top) and 
cumulative probability plots of range at 1 s (middle) and short-range (0–100 ms) diffusion coefficient (bottom).

http://www.jcb.org/cgi/content/full/jcb.201308118/DC1
http://www.jcb.org/cgi/content/full/jcb.201308118/DC1
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section) may further retard diffusion of M23–AQP4 on the basal 
surface of cultured cells in vivo, also contributing to segregation 
of large and small arrays.

Distinct functions of M1– and M23–AQP4 
in astrocyte migration and polarization
We previously reported impaired migration of astrocytes from 
AQP4 knockout mice both in vitro (Saadoun et al., 2005b) and 
in vivo (Auguste et al., 2007). We postulated that access of 
AQP4 to the leading edge of migrating cells, and hence expres-
sion of M1–AQP4, would be required for AQP4-dependent cell 

lamellipodia but little diffusion of M23–AQP4, as found experi-
mentally. Fig. 5 D summarizes the relative lamellipodial enrich-
ment of M1– versus M23–AQP4 (top), particle size (middle), 
and particle diffusion (bottom) in simulations on cells coexpress-
ing M1– and M23–AQP4, which are in close agreement with 
experimental findings from cells in Figs. 3 and 4. These compu-
tations provide a quantitative basis for the hypothesis that a 
simple diffusional sieving mechanism can account for the ex-
perimentally observed segregation of coexpressed AQP4 isoforms 
in lamellipodial and somatic plasma membrane. Interactions 
of large orthogonal arrays with adhesion complexes (see next 

Figure 5.  Modeling of AQP4 diffusion in the plasma membrane of extending lamellipodia predicts size- and composition-dependent sieving of orthogonal 
arrays. (A) Dependence of AQP4 diffusion coefficient, D, on array size (number of tetramers/array), deduced from single-particle tracking data (Crane  
et al., 2009) and dSTORM imaging (Rossi et al., 2012b). (B) Schematic showing two-dimensional diffusion of AQP4 particles into an extending lamel-
lipodium of length 5 µm, with 50 µm × 50 µm cell body. (C) Computations showing the distribution of AQP4 particles just after a lamellipodia extension, 
for indicated M1/M23 ratios of 1:0, 1:1, 1:3, and 0:1. Filled circles encode particle sizes, and color encodes percentage of M1–AQP4 in each particle.  
(D) Distribution of AQP4 isoforms, size, and diffusion computed just after a lamellipodial extension for M1/M23 of 1:1 and 1:3. Computations show rela-
tive M1–AQP4 enrichment in lamellipodia (top), with reduced AQP4 array size (middle), and increased AQP4 diffusion (bottom).
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Defective cell migration is often associated with altered 
lamellipodial stability (Petrie et al., 2009). To determine if leading-
edge AQP4 regulates lamellipodial dynamics we performed 
time-lapse phase-contrast microscopy in migrating AQP4+/+ and 
AQP4/ astrocytes, and in AQP4/ astrocytes virally infected 
with M1– or M23–AQP4. As shown in representative kymograms 

migration. First, migration of U87-MG cells stably transfected 
with either M1– or M23–AQP4 was measured across Transwell 
filters. In the presence of a serum gradient (1–10% FBS), M1–
AQP4-expressing cells migrated more rapidly than the parental 
(AQP4 deficient) cell line, whereas M23–AQP4 expression did 
not increase cell migration (Fig. 6, A and B).

Figure 6.  M1–AQP4, but not M23–AQP4, enhances cell migration and increases lamellipodial stability. (A) Phase-contrast images of Coomassie-stained 
U87-MG cells (nontransfected or stably expressing M1– or M23–AQP4) after migration through 8-µm pore Transwells in the presence of a 1–1% or 1–10% 
FBS gradient. (B) Percentage of cells that migrated across Transwells under each condition. Bars indicate mean ± SE, n = 3 each; *, P < 0.05 by t test.  
(C) Phase-contrast images (left) and kymographs (right) of astrocytes of the indicated genotype migrating into a scratch wound generated by re-slicing 30-min 
video sequences along the indicated lines. (D) Mean lamellipodial extension duration and distance in kymographs from 5–8 cells for each condition. Bars 
indicate mean ± SE; *, P < 0.05 vs. AQP4+/+ by t test.
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Discussion
In this study we demonstrated that the distinct aggregation 
properties of M1– and M23–AQP4 result in differences in their 
cellular localization and functions. Our principal findings are 
summarized in Fig. 8; they are (1) that the individually expressed 
AQP4 isoforms show distinct cellular localization patterns; (2) 
that partial segregation of M1– and M23–AQP4 occurs when 
they are coexpressed due to differences in diffusional mobil-
ity and substrate adhesion of small, M1-enriched versus large, 
M23-enriched AQP4 arrays; and (3) that differences in AQP4 
isoform localization likely result in different functional roles, 
with M1–AQP4 required during lamellipodial extension and 
M23–AQP4 required for substrate interaction.

Leading-edge extension in motile cells is supported by  
ion transport and aquaporin-mediated water influx (Denker and 
Barber, 2002; Saadoun et al., 2005a). Potential mechanisms for 
delivery of these molecules and other integral membrane pro-
teins such as signaling receptors and integrins to the leading 
edge include diffusion, vesicular delivery, bulk membrane flow, 
and active surface transport (Keren, 2011). Leading-edge exten-
sion is not associated with bulk membrane flow (Sheetz et al., 
1989; Lee et al., 1990); instead, lipids move by Brownian mo-
tion and the membrane advances passively on both ventral and 
dorsal surfaces (Kucik et al., 1990). We found no evidence for 
directed or convective transport toward the leading edge in ex-
periments with AQP4-GFP chimeras or in single particle–tracking 
experiments, where active transport or bulk membrane flow would 
produce an upwardly curved mean-squared displacement vs. 
time relationship as has been observed for 1-integrin trans
location to the leading edge of migrating fibroblasts (Schmidt  
et al., 1993). The rate of leading-edge advance in extending 
lamellipodia of astrocytes and U87-MG cells is in the range 
0.5–1.0 µm/min; the mean diffusional range of AQP4 is 1.7 µm in  
1 min for cells expressing M1–AQP4 and 0.13 µm in 1 min for 
cells expressing M23–AQP4 (Crane et al., 2008). Our results dem-
onstrate that the low plasma membrane diffusional mobility of  
M23–AQP4 results in exclusion from the leading edge, whereas 
highly mobile M1–AQP4 can freely enter extending lamellipo-
dia. Additional factors, such as protein–protein and protein–lipid 
interactions, crowding, and percolation, may also be involved in 
the low diffusional mobility of large orthogonal arrays in the 
plasma membrane and contribute to the somatic retention of 
M23–AQP4. We have not addressed the mechanism of M1–
AQP4 leading-edge enrichment in this study, but this could po-
tentially be caused by local trapping, preferential movement 
perpendicular to the direction of migration once in the lamelli-
podium, and accumulation during multiple rounds of lamellipo-
dial extension and retraction.

M1– and M23–AQP4 form heterotetramers when coex-
pressed; only M23 subunits participate in inter-tetramer asso-
ciations and orthogonal arrays, with an assortment of sizes, 
diffusional mobilities, and M1/M23 content are found in cells 
expressing both isoforms (Jin et al., 2011). Our results demon-
strate that size-dependent diffusion of AQP4 aggregates pro-
duces mobility-dependent sieving of small, M1–AQP4-enriched 
arrays into lamellipodia under these conditions. Although this 

in Fig. 6 C (and in Video 6), lamellipodial stability was reduced 
in cells lacking AQP4. Significantly reduced lamellipodial du-
ration (average time between lamellipodial retractions) and 
extension length (average maximum extension) were found in 
AQP4/ astrocytes (Fig. 6 D). These defects in lamellipodial 
stability were rescued by transfection with M1–AQP4 but not 
M23–AQP4. Therefore, M1–AQP4 but not M23–AQP4 facili-
tates cell migration and lamellipodial stability, demonstrating 
that leading-edge translocation and high surface mobility of 
AQP4 are required in migrating cells.

AQP4 is highly enriched at astrocyte end-feet, where it 
is anchored to the basement membrane by interactions with 
adhesion complexes (Neely et al., 2001). We postulated that 
M1– and M23–AQP4 may play different roles in this process, 
reasoning that clustered AQP4 may form more stable inter
actions with adhesion complexes than individual AQP4 tet
ramers. Live-cell detergent extraction can be used to assess 
localization of specific molecules to adhesion sites (Boiko  
et al., 2007; Zhang et al., 2012), and we applied this method  
in U87-MG cells expressing M1– or M23–AQP4 and plated 
on fibronectin-coated coverglasses. Remarkably, more M23–
AQP4 remained bound to the substrate after detergent treatment 
in M23–AQP4- than in M1–AQP4-transfected cells (Fig. 7, 
A and B), despite complete cell disruption as confirmed by loss 
of F-actin staining. We also measured the M1/M23 ratio in 
adherent AQP4 complexes in cells cotransfected with M1–
AQP4–GFP and M23–AQP4–mCherry. Detergent-resistant 
arrays contained both M1– and M23–AQP4, but were enriched 
in M23–AQP4 (Fig. 7, C and D), supporting the conclusion that 
large, M23–AQP4-enriched arrays preferentially bind to the 
extracellular substrate.

As interactions with the ECM mediate enrichment of 
AQP4 at astrocyte end-feet that surround cerebral blood ves-
sels, experiments were done to determine if M1– and M23–
AQP4 show differences in polarization toward end-feet when 
expressed individually. Adenovirus constructs under control 
of a CMV promoter show preferential expression in astrocytes 
when used at low titers in vivo and in vitro (Sato et al., 2004; 
Kuhn et al., 2011). Adenoviruses specific for M1– or M23–
AQP4 were injected into the striatum of AQP4/ mice, then 
brains were fixed and sections stained for AQP4 and for  
the astrocyte marker glial fibrillary acidic protein (GFAP). 
AQP4 labeling was imaged in isolated, GFAP-positive cells, 
where blood vessels could be detected by ensheathment with  
GFAP-labeled end-feet. Astrocytes expressing only M1–AQP4 
showed diffuse AQP4 labeling throughout the cell, without 
obvious polarization toward blood vessels (Fig. 7 E, top), 
whereas astrocytes expressing only M23–AQP4 showed more 
restricted staining with concentration of AQP4 aggregates at 
end-feet adjacent to blood vessels (Fig. 7 E, bottom). Calcula-
tion of the relative density of AQP4 staining in perivascular 
and nonperivascular GFAP-labeled structures had a ratio of 
1 in cells expressing M1–AQP4, whereas the ratio was >2 in 
cells expressing M23–AQP4 (Fig. 7 F), demonstrating signifi-
cant enrichment of M23–AQP4 but not M1–AQP4 around 
blood vessels.

http://www.jcb.org/cgi/content/full/jcb.201308118/DC1
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Figure 7.  ECM adhesion and polarization to astrocyte endfeet requires M23–AQP4. (A) Wide-field and TIRF images of U87-MG cells stably transfected 
with M1– or M23–AQP4 and stained with antibody to AQP4 and for F-actin with phalloidin. Top panels shows untreated control cells; in bottom panels 
live cells were subject to detergent extraction by treatment with 0.5% Triton X-100 for 5 min before fixation. (B) Mean cellular AQP4 immunofluorescence 
staining intensity measured from TIRF images of M1- or M23-transfected cells under control conditions or with 0.5% Triton X-100 treatment before fixation. 
(n = 5 cells each, ±SE; n.s., P > 0.05; ***, P < 0.001 by t test). (C) TIRF images and ratio image of live U87-MG cells transfected with M1–AQP4–GFP 
and M23–AQP4–mCherry before and after incubation with 0.5% Triton X-100. (D) Quantification of M1/M23 ratio in transfected U87-MG cells before 
and after incubation with 0.5% Triton X-100; *, P < 0.05 by paired t test. (E) AQP4 distribution in astrocytes after intracerebral injection of M1– (top) or 
M23–AQP4 (bottom) adenoviruses into AQP4/ mice. Left panels show AQP4 distribution in GFAP-labeled astrocytes adjacent to cerebral blood vessels 
(dotted line), right panels show an enlarged view of AQP4 and GFAP staining in astrocyte end-feet (labeled “E”). (F) Quantification of the ratio of AQP4 
staining density in GFAP-labeled processes adjacent to blood vessels versus nonadjacent processes for cells transfected with M1– or M23–AQP4;  
**, P < 0.01 by t test.



569Localization and function of AQP4 isoforms • Smith et al.

In addition to different roles of M1– versus M23–AQP4 
in cell migration, we demonstrate differential interaction with 
extracellular substrate and different roles in localization to as-
trocyte end-feet. The simplest explanation for these findings is 
that the aggregation of M23–AQP4 into large orthogonal ar-
rays of >100 tetramers increases avidity for extracellular sub-
strate by increasing the number of sites available to interact 
with adhesion complexes. The exact nature of the molecular 
interactions responsible for AQP4 substrate binding and po-
larization remain unclear. The loss of AQP4 polarization ob-
served in -syntrophin knockout mice (Neely et al., 2001) led 
to the hypothesis that binding of AQP4 to the dystrophin com-
plex mediates anchoring to the basal lamina surrounding blood 
vessels. However, we found substantial immobilization of  
C-terminal M23–AQP4–GFP fusion proteins, in which the 
consensus PDZ-binding domain is presumably blocked from 
interaction with the -syntrophin PDZ domain. Recent find-
ings suggest that AQP4 polarization may involve additional or 
alternative factors, as subsets of macroglia retain AQP4 polar-
ization in the absence of -syntrophin (Enger et al., 2012) and 
AQP4 interaction with extracellular substrates is sensitive to 
disruption of integrin function (Tham and Moukhles, 2011). 
Vesicular trafficking might also play a role in redistribution 
of AQP4 in cultured astrocytes (Potokar et al., 2013), but it 
remains unclear if directed trafficking toward end-feet con-
tributes to AQP4 polarization in situ. Enrichment of AQP4 at 
astrocyte end-feet is required for rapid water transport across 
the blood–brain barrier and the loss of polarization observed 
in several neurological conditions, including Alzheimer’s dis-
ease (Wilcock et al., 2009) and after ischemia (Landis and Reese, 
1981; Frydenlund et al., 2006), may contribute to pathology. 
Our finding that M23–AQP4-dependent formation of orthogo-
nal arrays is required for localization to end-feet may lead to a 

may be a unique mechanism for segregation of two isoforms of 
the same protein, mobility-dependent sieving might be a more 
general mechanism to segregate molecules that display physio-
logically regulated plasma membrane mobility, such as integrin 
nanoclusters (Bakker et al., 2012) and immunoglobulin receptor 
complexes (Jaumouillé and Grinstein, 2011). Regulation of sur-
face mobility is therefore a mechanism that can allow cells  
to specify which plasma membrane proteins can access rapidly 
extending membrane regions such as lamellipodia, filopodia, or 
phagocytic cups.

The finding that M1–AQP4 but not M23–AQP4 increases 
lamellipodial stability and facilitates cell migration demon-
strates the importance of leading-edge localization of AQP4 
in motile cells. The requirement for this localized water flux  
presumably reflects the localization of transmembrane osmotic 
pressure gradients generated by activation of ion channels or  
exchangers at the leading edge. Cytosolic hydrostatic pressure 
equilibrates slowly over distance relevant to lamellipodial ex-
tension (Charras et al., 2005), so the subcellular localization of 
water influx may be important during leading-edge extension 
even under conditions where transmembrane osmotic gradients 
are more diffusely localized. The mechanisms connecting AQP4 
to lamellipodial stability are presently unknown; maintenance of 
stability requires continual delivery of actin monomers to the 
leading edge (Lee et al., 2013), and leading-edge water influx 
may assist diffusion of actin monomers by decreasing crowding 
within the lamellipodial cytoplasm. Similar relationships be-
tween lamellipodial stability and cell migration rate have been 
observed after knockdown of other proteins such as p120 catenin 
(Boguslavsky et al., 2007), PAK1 (Smith et al., 2008), and ac-
tinin-4 (Hamill et al., 2013), and are consistent with models of 
cell migration that emphasize the importance of the lamellipo-
dium in directed cellular movement (Petrie et al., 2009).

Figure 8.  Model of dynamic AQP4 segregation in astrocyte plasma membrane. M1–AQP4 expressed individually redistributes throughout the plasma 
membrane and is available to diffuse into rapidly extending plasma membrane regions. M23–AQP4 expressed individually does not diffuse rapidly enough 
to reach protruding membrane areas, but preferentially concentrates at astrocyte end-feet due to increased affinity of large OAPs for end-foot adhesion 
complexes. Co-expressed M1– and M23–AQP4 form arrays of varying M1/M23 ratio, size, and diffusional mobility in which large, M23-enriched arrays 
are available for polarization, and small, M1-enriched arrays and single tetramers are available to support extension of peripheral astrocyte processes.
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M1–AQP4 and M23–AQP4 were expressed from plasmid pcDNA3.1 
under control of the CMV immediate early promoter (Tajima et al., 2010). 
M1–AQP4–GFP, M23–AQP4–GFP, and M23–AQP4–mCherry (Rossi  
et al., 2012c) were expressed from plasmids pEGFP-N1 or pmCherry-N1 
under control of the CMV immediate early promoter. LifeAct-mCherry plas-
mid was generated by PCR amplification of the LifeAct cDNA (Riedl et al., 
2008) and cloning into pmCherry-N1 (Takara Bio Inc.). M1–AQP4 and 
M23–AQP4 adenovirus vectors (Li et al., 2011) were generated by Vec-
tor BioLabs from M1–AQP4 and M23–AQP4 subcloned into adenoviral 
shuttle vector pDual-CCM under control of the CMV immediate early pro-
moter. Alexa Fluor dye and quantum dot–conjugated secondary anti-
bodies, phalloidin, and FITC-conjugated wheat germ agglutinin, were from 
Life Technologies.

Cell culture and transfection
U87-MG glioblastoma cells (ATCC, Manassas, VA) were maintained in 
DMEM H-21/10% FBS and passaged twice weekly. Transient plasmid 
transfections were done with Lipofectamine 2000 (Invitrogen) according  
to the manufacturer’s instructions. After 16 h, transfection media was re-
placed and cells were trypsinized and re-plated on fibronectin-coated 
glass coverslips (Neuvitro) at low density (50 cells/mm2). Cells were then 
allowed to recover for 24 h before use in imaging experiments. U87-MG 
clones stably transfected with M1– or M23–AQP4 (Crane et al., 2011) 
were generated from cells transfected with pcDNA3.1 vectors that were 
subsequently cloned at very low density in 96-well plates and selected for 
geneticin resistance. Primary cultures of mouse astrocytes were generated 
from the cortex of AQP4+/+ and AQP4/ mice at P0 using standard tech-
niques (Crane et al., 2009). Cells were grown in tissue culture flasks for  
7–10 d in DMEM H-16/10% FBS, then trypsinized and re-plated on poly-
d-lysine–coated glass coverslips at a density of 103 cells/mm2 and used for 
experiments after 14–21 d. Cell monolayers were infected with adenovirus 
containing M1–AQP4 or M23–AQP4 expression constructs (Li et al., 
2011) at 4 × 107 cfu/ml for 24 h, media was then changed, monolayers 
were scratched with a plastic pipette tip, and astrocytes were allowed to 
migrate back into the scratch wound for 16 h.

TIRF and dSTORM imaging
Cells were fixed for 30 min with 4% paraformaldehyde in PBS (pH 7.4) 
followed by permeabilization and staining with primary then secondary 
antibodies, wheat germ agglutinin, or phalloidin conjugates. In experi-
ments where AQP4 extracellular epitopes were stained with recombinant 
NMO-IgG, antibodies were applied to the media at 10 µg/ml for 10 min, 
then unbound antibody was washed with three changes of HBSS/Hepes 
before fixation and subsequent processing. In live-cell imaging experi-
ments, U87-MG cells were plated on 25-mm fibronectin-coated coverslips 
and experiments were done in an open bath incubator at 35°C in DMEM/
FBS superfused with 5% CO2/95% O2. Fixed cells were imaged in PBS. 
TIRF imaging of stained and live cells was performed on an inverted micro-
scope (model TE-2000E; Nikon) equipped with 100×/1.49 NA objective, 
autofocus unit, four diode lasers for excitation (405, 488, 561, and  
642 nm) under AOTF control (AA Optoelectronic), quad-band filter cube and 
appropriate emission filters (Semrock) mounted on a Lambda 10-3 optical 
filter changer (Sutter Instrument), and EM-CCD camera (QuantEM:512SC; 
Photometrics) under control of Micro-Manager 1.3/1.4 software (Edelstein 
et al., 2010). In experiments where M1-GFP and M23-mCherry were co-
expressed, significant (24%) FRET-dependent quenching of the GFP signal 
was revealed by acceptor photobleaching. To prevent inaccuracies due to 
differences in GFP quenching between soma and lamellipodia, we first ac-
quired an mCherry image, and then completely photobleached mCherry 
with the 561-nm laser at full power for 2 min before acquisition of the GFP 
image. For dSTORM, cells were fixed and stained as above with anti– 
C-terminal AQP4 antibody, Alexa Fluor 647–labeled secondary antibody, 
Alexa Fluor 488–phalloidin, and 0.1 µm TetraSpeck fluorescent micro-
spheres (Life Technologies) as fiducial markers. Single images showing 
distribution of F-actin and AQP4 were captured, then Alexa Fluor 647 
was switched to dark state by incubation of fixed cells with 100 mM  
-mercaptoethylamine (MEA; Sigma-Aldrich) in PBS at pH 9.0 and increase 
of laser power (van de Linde et al., 2011). Spontaneous reactivation of indi-
vidual fluorophores was measured over 10–20,000 frames, and detection 
and localization of individual fluorophores, drift correction, and image recon-
struction was performed with the QuickPALM plugin for ImageJ (National 
Institutes of Health, Bethesda, MD; Henriques et al., 2010). Reconstructed 
images were rendered with 10-nm pixels and filtered with a 30-nm-diameter 
Gaussian blur function. For estimation of array size, a 1-pixel radius me-
dian filter was applied to improve edge definition and arrays were then 

more complete mechanistic understanding of polarization loss 
in these conditions.

This study is the first to identify isoform-specific require-
ments for M1– or M23–AQP4 and we would predict further func-
tional requirements for each isoform on the basis of the differences 
in their subcellular localization. AQP4 facilitates K+ clear
ance by astrocytes after neuronal activity (Amiry-Moghaddam  
et al., 2003; Padmawar et al., 2005); current models propose 
that this is caused by coupling of K+ uptake to swelling of fine 
astrocytic processes in the neuropil (Jin et al., 2013) and would 
therefore require M1–AQP4 expression. Projection of astrocyte 
lamellipodial processes toward active synapses in acute brain 
slices (Hirrlinger et al., 2004) may depend on AQP4-mediated 
water influx (Reichenbach et al., 2010); our results would pre-
dict that this process is M1–AQP4 dependent. M23–AQP4- 
mediated polarization to astrocyte end-feet is predicted to be 
associated with AQP4-dependent increases in water influx dur-
ing cytotoxic edema and increases in the rate of clearance after 
vasogenic edema (Manley et al., 2000; Papadopoulos et al., 
2004). In addition to the M1– and M23–AQP4 isoforms, several 
additional AQP4 transcripts have been identified in rat brain 
mRNA preparations (Moe et al., 2008), one of which (Mz-AQP4) 
is translated at low levels in rat brain lysates (Rossi et al., 2011). 
Rat Mz-AQP4 shows similar biochemical properties to M1–AQP4 
and we would predict similar functional roles for this isoform; 
however, as Mz-AQP4 is not expressed in human or mouse 
brain (Rossi et al., 2011) it would not affect the results reported 
in this study.

The differential expression and supramolecular organiza-
tion of M1– and M23–AQP4 isoforms provides a mechanism 
by which AQP4 can be locally enriched in specific subcellular 
regions but remain available for rapid translocation into extend-
ing membrane structures. It remains to be determined if altera-
tions in the M1/M23 ratio occur in physiologically relevant 
situations. Individual M1– and M23–AQP4 transcripts are gen-
erated from separate promoters in the AQP4 gene, and differ-
ences in isoform expression after vasopressin treatment (Van 
Hoek et al., 2009) as well as differential regulation by microR-
NAs (Sepramaniam et al., 2012) have been reported. Astrocytes 
cultured in vitro using conventional methods show gene expres-
sion profiles similar to those associated with reactive astrocytes 
(Foo et al., 2011) and display a very different M1/M23 ratio 
than that observed in vivo (1:1 vs. 1:3), supporting the possibil-
ity that M1/M23 ratio is subject to physiological regulation.

In conclusion, our results suggest specific biological roles 
for two distinct AQP4 isoforms. The association of AQP4 iso-
forms into supramolecular aggregates of different size and com-
position allow individual astrocytes to carry out their major 
functions, including migration and adhesion/polarization, with-
out altering global membrane water permeability.

Materials and methods
Materials
Culture and brain-slice immunostaining was done using an anti-AQP4  
C-terminal rabbit polyclonal antibody (Santa Cruz Biotechnology, Inc.), with 
recombinant monoclonal antibodies derived from NMO patients (Bennett 
et al., 2009) or with mouse monoclonal GFAP antibody (EMD Millipore). 
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phalloidin. The average AQP4 cellular fluorescence in TIRF images was 
expressed as a fraction of the average intensity in cells that were not solu-
bilized before fixation. Polarization of AQP4 to astrocyte end-feet was de-
termined by intracerebral injection of adenoviruses into AQP4/ mice. All 
animal studies were approved by the UCSF Institutional Animal Care and 
Use Committee (IACUC). Mice were anesthetized and mounted on a ste-
reotactic frame. A midline scalp incision was made and a burr hole of  
1-mm diameter was drilled in the skull 2 mm to the right of the bregma.  
A 30-gauge needle attached to a 50-µl gas-tight glass syringe (Hamilton)  
was inserted in the striatum 3 mm deep to infuse 8 µl adenovirus solution 
(1 µl/min). Mice were sacrificed after 7 d and brains were processed for 
sectioning. 5-µm-thick paraffin sections were deparaffinized with xylene, 
rehydrated, then blocked for 1 h in PBS containing 1% BSA and 0.1% Triton  
X-100, incubated for 1 h at room temperature with the indicated primary 
antibodies, washed with PBS, and incubated for 1 h with Alexa Fluor 
488– or 555–conjugated secondary antibodies (1:1,000; Life Technolo-
gies). Sections were then washed with PBS and mounted in ProLong Gold 
Antifade (Life Technologies). Sections were imaged using a laser-scanning 
confocal microscope (Eclipse C1; Nikon) equipped with a 100×/NA 1.49 
objective lens under control of EZ-C1 software (Nikon). For analysis, a 
threshold was applied to AQP4 and GFAP channels and the fraction of 
GFAP-labeled structures that were also stained for AQP4 was computed for 
perivascular and nonperivascular regions.

Online supplemental material
Video 1 shows distribution of M1–AQP4–GFP and LifeAct mCherry– 
labeled F-actin in transiently transfected U87-MG cells migrating on  
fibronectin-coated coverslips. Video 2 shows the same experiment but in 
cells transfected with M23–AQP4–GFP instead of M1–AQP4–GFP. Video 3 
shows distribution of M1–AQP4–GFP and M23–AQP4–mCherry in migrat-
ing U87-MG cells cotransfected with both constructs. Videos 4 and 5 show 
simulations of orthogonal array diffusion into lamellipodia at M1–AQP4/
M23–AQP4 ratios of 1:1 and 1:3, respectively. Video 6 shows leading-
edge dynamics of wild-type and AQP4/ astrocytes during migration into 
a scratch wound. Online supplemental material is available at http://
www.jcb.org/cgi/content/full/jcb.201308118/DC1.
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detected by binary thresholding and particle analysis in ImageJ. Lamellipo-
dial protrusions were identified by actin staining and particles were subse-
quently classified as lamellipodial or somatic based on position. The fraction 
of AQP4 in aggregates of a given size was calculated by multiplying ag-
gregate area by the corresponding number of aggregates, and normalizing 
to total AQP4 staining area in the cellular region under consideration.

Quantum dot, single-particle tracking
AQP4 was labeled in live astrocytes by a 5-min incubation with mAb r58 
at 0.2 µg/ml followed by 0.2 µg/ml QD655-conjugated goat anti–human 
secondary antibody in phenol red/FBS-free DMEM containing 10 mM 
Hepes. Experiments were done in phenol red–free DMEM with 10% FBS 
and 10 mM Hepes at 35°C on an inverted microscope (model TE-2000S; 
Nikon) equipped with stage incubator, shuttered lamp, and 100×/1.3 NA 
Ph3 oil objective. Image sequences were acquired with an EM-CCD cam-
era (Hamamtsu Photonics) using Wasabi software. Phase-contrast images, 
which were used for assignment of reconstructed tracks to lamellipodial or 
somatic regions, were obtained immediately before 10-s image series at 
30 Hz for reconstruction of single-particle trajectories. Tracks that crossed 
between these regions were excluded from analysis. Reconstruction of parti-
cle tracks was performed using the IDL macros for particle tracking (Crocker 
and Grier, 1996) and Labview MSD analysis macro (Crane et al., 2008).

Mathematical modeling
AQP4 diffusional sieving was modeled here, building on our prior model 
of the number distributions of OAP size and composition as a function 
M1/M23 ratio (Jin et al., 2011), which assumed random tetrameric as-
sembly of M1 and M23, inter-tetramer associations between M23 and 
M23, and a free energy constraint limiting OAP size. To model diffusional 
sieving, 105–106 OAPs were generated at specified M1/M23 ratio, with 
each OAP assigned a diffusion coefficient, D(n) = 0.029 × e(0.067n) + 2.4 × 
104 (µm2/s), where n is the number of tetramers per orthogonal array, 
which was based on experimental data (see Fig. 5 A). Particle diffusion 
was simulated by Brownian dynamics using MATLAB (The MathWorks). 
Each array was initially distributed randomly in a 50 × 50-µm, two- 
dimensional cell body. At each time step, x and y displacements were 
specified by random diffusion, using a random generation function with 
zero mean and standard deviation (2D(n)t)1/2, where the D(n) is OAP 
size-dependent diffusion coefficient and t is the time step. Particles mov-
ing outside of the cell boundary were reflected using reflective boundary 
condition. Lamellipodial extension was modeled by continuous expansion 
of the leading edge with linear velocity 0.5 µm/min over 10 min, allowing 
diffusion of AQP4 particles into the newly created space. Computed results 
included single-particle trajectories, as well as distributions (and average) 
particle concentration, size, and M1/M23 composition in lamellipodia vs. 
nonlamellipodial cell body.

Cell migration assays
Transwell migration of U87-MG cells stably transfected with M1– or M23–
AQP4 was performed essentially as described previously (Saadoun et al., 
2005b). 5 × 104 cells in DMEM containing 1% FBS were plated on poly-
carbonate membranes with 8-µm-diameter pores (Costar) and allowed to 
migrate across the pores into media containing 1% or 10% FBS for 16 h. 
After migration cells were fixed and stained with Coomassie, nonmigrated 
cells were removed by scraping with a cotton bud. Membranes were then 
photographed and cells were subsequently lysed with 1% Triton X-100 and 
retained dye was quantified by spectrophotometry. The percentage of cells 
that had migrated was determined by comparison to membranes in which 
nonmigrated cells were not removed. Background from membranes in 
which cells were removed from both sides of the membrane was sub-
tracted. Lamellipodial dynamics of astrocytes migrating in phenol red–free 
DMEM with 10% FBS and 10 mM Hepes at 37°C were recorded by 
phase-contrast video microscopy using an inverted microscope (Eclipse Ti; 
Nikon) equipped with stage incubator, a 100×/NA 1.3 Ph3 objective, 
and a camera (Clara; Andor Technology) controlled by NIS elements soft-
ware (Nikon). Kymograms were generated by sectioning sequences along 
a line drawn perpendicular to the center of the advancing lamellipodium 
using ImageJ software and analyzed manually as described previously 
(Hinz et al., 1999).

Adhesion and polarization assays
AQP4–substrate interactions were assayed by allowing U87-MG cells 
transfected with M1– or M23–AQP4 to adhere to fibronectin-coated cover-
slips for 24 h, then incubating the cells with 0.5% Triton X-100 for 5 min 
followed by extensive washing, fixation, and staining for AQP4 and  
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