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Background: Integrin signaling and membrane blebbing modulate cell adhesion and migration, however, the link between
them is unknown.
Results: NHE1 and NCX1 are located in the bleb membrane, where they modulate integrin-mediated membrane blebbing.
Conclusion: NHE1 and NCX1 functional coupling is important for bleb growth and retraction.
Significance: These data reveal novel functionality for NHE1 and NCX1 in both integrin signaling and membrane blebbing.

Integrin signaling and membrane blebbing modulate cell
adhesion, spreading, and migration. However, the relationship
between integrin signaling and membrane blebbing is unclear.
Here, we show that an integrin-ligand interaction induces both
membrane blebbing and changes in membrane permeability.
Sodium-proton exchanger 1 (NHE1) and sodium-calcium ex-
changer 1 (NCX1) are membrane proteins located on the bleb
membrane. Inhibition of NHE1 disrupts membrane blebbing
and decreases changes in membrane permeability. However,
inhibition of NCX1 enhances cell blebbing; cells become swol-
len because of NHE1 induced intracellular sodium accumula-
tion. Our study found that NHE1 induced sodium influx is a
driving force for membrane bleb growth, while sodium efflux
(and calcium influx) induced by NCX1 in a reversemode results
in membrane bleb retraction. Together, these findings reveal a
novel function for NHE1 and NCX1 in membrane blebbing and
permeability, and establish a link between membrane blebbing
and integrin signaling.

Animal cell plasma membranes undergo dynamic local
expansion and retraction to form transient, small spherical
blebs. Local disruption of the plasma membrane interaction
with the actin submembrane cortex initiates bleb formation,
followed by lipid incorporation into the bleb site (1–3). The
blebs expand (membrane bleb growth) by transient increases
in intracellular pressure accompanied by reassembly of F-ac-
tin in the bleb cortex by an unknownmechanism, which then
acts as a track for sliding of myosin motors (membrane bleb
retraction) (3). Membrane blebbing is associated with many
cellular activities, such as cell adhesion, spreading, migra-

tion, virus entry, cytokinesis, and apoptosis (1–4). Although
integrin receptors, which are heterodimers formed by com-
bination of 18 � and 8 � subunits, and their extracellular
matrix ligand proteins, either collagen, laminin, or fibronec-
tin, also regulate many of these cellular activities (5, 6), it is
unclear whether integrin-mediated signals are involved in
membrane blebbing.
Based on ligand specificity and restricted expression in

leukocytes, the 24 known integrins are divided into four sub-
families, arginine-glycine-aspartate (RGD)2 motif receptors,
collagen receptors, laminin receptors, and leukocyte-spe-
cific receptors (5, 6). Integrin�IIb�3 (the dominant integrin in
blood platelets) is an RGD receptor that modulates platelet
adhesion and spreading, critical for thrombosis (7–9). Pre-
viously, we demonstrated that activation of platelet and
CHO�IIb�3 cells (recombinant CHO cells expressing the
human integrin�IIb�3 protein) by fibrinogen and recombi-
nant rhodostomin (RGD-containing protein from Agkistro-
don rhodostoma snake venom), can induce cell adhesion,
spreading, and intracellular calcium oscillation (10–14). We
also reported that integrin�IIb�3 downstream signals induced
an interaction of NHE1-integrin�IIb�3-NCX1 on intracellu-
lar vesicles then targeting to the plasma membrane, leading
to the formation of functional complexes in lipid raft
microdomains (15, 16). NHE1 and NCX1 both appear in
homodimeric forms and are functionally coupled; NHE1
drives sodium ion influx, which in turn activates NCX1 in a
reverse mode to generate a calcium influx and modulate
intracellular calcium oscillations (15, 17–20). It is not clear if
integrin signaling generally triggers ion transport. In this
study, we employed whole cell voltage-clamp techniques to
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measure the ion flow when cells contacted with various sub-
strates, including fibrinogen and rhodostomin. Additionally,
we recorded cell membrane activity by time-lapse micros-
copy to observed membrane blebbing.

EXPERIMENTAL PROCEDURES

Cell Models, Preparation of Substrates, and Pharmacological
Treatments—Chinese hamster ovary cells expressing human
integrin�IIb and integrin�3 (CHO�IIb�3), and Chinese Hamster
Ovary cells expressing human integrin�v and integrin�3
(CHO�v�3) cell lines were gifted by Dr. M. H. Ginsberg (The
ScrippsResearch Institute, La Jolla, CA) andDr. Y. Takata (Uni-
versity of California-Davis, School ofMedicine). Purification of
recombinant rhodostomin (both wild-type RGD and mutant
RGE) and the isolation of humanplatelets fromvolunteerswere
performed as previously described (13). Human fibrinogen,
fibronectin, poly-L-lysine, bovine serum albumin (BSA),
n-methyl-D-glucamine (NMG), bepridil, and 5-(N-ethyl-N-iso-
propyl)-amiloride (EIPA) were purchased from Sigma. Sodium
Green fluorescent dye was obtained from Molecular Probes,
Inc. (Eugene, OR). Preparation of substrates (fibrinogen,
fibronectin, recombinant rhodostomin, and poly-L-lysine) at
4 � 10�7 M concentration was carried out as previously
described (12).
Whole Cell Voltage-Clamp Recording—For whole cell volt-

age-clamp recording, we used a commercially available ampli-
fier and data acquisition software (Axopatch 200B, Axon
Instruments, Union City, CA). For the preparation of cell sus-
pensions, cells were harvested using a 1� trypsin solution, and
dissociated usingDulbecco’smodified Eagles’medium (supple-
mented with 10% fetal bovine serum) (Invitrogen). Cells were
kept in suspension for 10 min in the presence or absence of
EIPA (25 �M) before use. Suspended cells were plated onto
various substrates for 5 min prior to transfer to the recording
chamber containing an extracellular electrolyte solution.
Whole cell voltage-clamp recording was carried out in the
chamber under a phase contrast microscope (DM IRE,
Leica Microsystems, Wetzlar, Germany). Membranes were
clamped at �40 mV and current changes continuously
recorded for 10 min. The intracellular electrolyte solution
was composed NaCl (140 mM), KCl (5 mM), MgCl2 (2 mM),
and HEPES (5 mM) at pH 7.35. The extracellular electrolyte
solution was prepared as per the intracellular electrolyte
solution, with the further addition of CaCl2 (1 mM). For ion
substitution experiments, sodium was replaced by an equal
molar amount of N-methyl-D-glucamine.
Live Cell Imaging—Live cell and sodium images were re-

corded according to previously described methods with some
modifications (15). Suspended cells were pretreated in the
presence or absence of EIPA (25 �M for CHO�IIb�3cell, 100 �M

forNIH3T3 cell) or bepridil (80�M) for 10min, and then plated
for 5 min, in preparation for phase contrast, differential inter-
ference contrast, and fluorescence time-lapse microscopy.
Cells were observed under these various microscopic methods
in a climate chamber, to maintain cell viability and activity.
Imageswere recorded at 5-s intervals. For sodium imaging, sus-
pended cells were labeled eitherwith 2�MSodiumGreen dye at
37 °C for 10 min in the presence or absence of EIPA (100 �M)

FIGURE 1. Detection of integrin�IIb�3-mediated membrane permeability
changes by the whole cell voltage-clamp technique. A, CHO�IIb�3 cells
were attached onto different substrates and membrane permeability
changes monitored by whole cell voltage-clamp recording. The current
change of cells attached onto various substrates are shown as different color
traces: CHO�IIb�3 cell onto fibrinogen (Fg), orange trace; rhodostomin (RGD)
(RHO (RGD), wild type), red trace; rhodostomin (RGE) (RHO (RGE), mutant),
blue trace; BSA, green trace; poly-L-lysine (PLL), black trace. B, summary of
membrane permeability changes data from three independent experiments
as shown in panel A. Note that integrin�IIb�3 specific substrates fibrinogen and
rhodostomin (RGD) induce membrane permeability changes. The numbers
(n) of cells recorded for each substrate were: fibrinogen, n � 6; rhodostomin
(RGD), n � 12; rhodostomin (RGE), n � 4; BSA, n � 13; poly-L-lysine, n � 3.
C, CHO�v�3 and CHO�IIb�3 cells were attached onto the rhodostomin (RGD)
substrate and the membrane permeability monitored using whole cell volt-
age-clamp recording. Note that rhodostomin (RGD) induced membrane per-
meability changes were observed in CHO cells expressing integrin�IIb�3 but
not integrin�v�3. The numbers (n) of cells recorded for each cell line were:
CHO�v�3, n � 4; CHO�IIb�3, n � 7. Error bars indicate S.E.
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before cell plating. Fluorescence signals were recorded (532
nm) at 20-s intervals, and then converted into pseudo-color
using theMetaMorph software version 6.1 (Universal Imaging,
Downingtown, PA).
Immunofluorescence Staining—Suspended cells were plated

for 10min and subjected to immunofluorescence staining using
previously described methods (15). Antibody probes and con-
centrations were used as follows: integrin�IIb antibodies (1:100
dilution) (Chemicon, Temecula, CA), NHE-1 (1:100 dilution),
NCX-1 (1:100 dilution), and CD45 (1:100 dilution) (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA). Fluorochrome-conju-
gated secondary antibodies (1:200 dilution) were obtained from
Jackson Laboratories (West Grove, PA). All stained samples
were observed under a BD CARV IITM confocal microscope
(BD Bioscience, San Jose, CA).

RESULTS

Integrin�IIb�3-Ligand Interaction Induces Changes in Mem-
brane Permeability—Weusedwhole cell voltage-clamp record-
ing to measure ionic flow across the plasma membrane, to
investigate if plating CHO�IIb�3 cells onto fibrinogen or rho-
dostomin (RGD wild type) substrates induced changes in ion
current (Fig. 1A). From representative data, there were changes
in ion current of approximately�1.5 to�2.5 nAduring the first
10 min, as cells attached onto fibrinogen or rhodostomin
(RGD) substrates (orange and red trace). Fig. 1B summarizes
quantitative data from 6 and 12 individual cells attached onto
fibrinogen and rhodostomin (RGD) substrates respectively.
Plating CHO��Ib�3 cells onto rhodostomin (RGEmutant, a glu-
tamic acid-substituted rhodostomin), BSA, or poly-L-lysine
(PLL)-coated substrates (Fig. 1, A and B) did not produce any
change in membrane permeability. Nor did we observe any
change in membrane permeability when parental CHO cells
(data not shown) and CHO cells expressing integrin�v�3 were
plated onto the rhodostomin (RGD)-coated substrate (Fig.
1C). The observed change in membrane permeability was
specific to integrin�IIb�3-ligand interactions. Thus, activa-
tion of integrin�IIb�3 induces changes in cell membrane
permeability.
Integrin-Ligand Interaction Induces CellMembrane Blebbing

at an Early Stage of Cell Spreading—During the execution of
the experiments on membrane permeability, we monitored
membrane blebbing by time-lapse phase-contrast microscopy.
Attaching CHO�IIb�3 cells onto the fibrinogen-coated sub-
strate produced blebbing before cell spreading occurred
(arrowheads in upper panels of Fig. 2A and in supplemental
movie S1). Few CHO�IIb�3 cells attached to the BSA-coated
substrate control did not produce noticeable blebbing (Fig. 2A,
lower panels). We tested human platelet cells, abundant in
integrin��Ib�3, to determine whether integrin-induced mem-

brane blebbing occurs for other cell types. We observed mem-
brane blebbing from platelets when seeded onto fibrinogen-
coated substrate before spreading occurred (arrows in Fig. 2B
and supplemental movie S2). We observed similar results after
plating NIH3T3 cells, a mouse fibroblast cell containing two
members of the RGD receptor (integrin�v�3 and integrin�5�1)
(21), onto fibronectin-coated substrate (arrowheads in upper
panels of Fig. 2C and supplemental movie S3). Occasionally,
filopodium elongation occurred at the membrane blebbing site
of NIH3T3 cell (double arrowheads in upper panels of Fig. 2C).
By contrast, most NIH3T3 cells attached onto BSA-coated
plates did not produce noticeable blebbing (Fig. 2C and supple-
mental movie S4). Taken together, these data demonstrate that
for various cell types, integrin-ligand interactions inducemem-
brane blebbing prior to cell spreading.
NHE1 Localizes to the BlebMembrane andModulates Mem-

brane Bleb Growth and Membrane Permeability—Previous
work established that downstream signals of integrin�IIb�3 can
target NHE1 andNCX1 to the plasmamembrane (15), and that
NHE1- and NCX1-associated proteins are present in mem-
brane blebs (2, 3, 22–25). We were interested to find out if the
membrane blebs contain the two cation exchangers and if so, to
determine if the exchangers are involved in either inducing
membrane blebbing, or in the observed permeability
changes, or both. After attaching CHO�IIb�3 cells onto the
fibrinogen substrate, immunofluorescent antibody staining
revealed the presence of NHE1 (Fig. 3A, first row) but not
CD45 (a control membrane protein; Fig. 3A, second row) in
the bleb membrane. However, the few CHO�IIb�3 cells
attached onto BSA-coated substrate did not show noticeable
bleb formation (Fig. 3A, third row). We identified NHE1 in
the bleb membranes of 83% of cells, while no CD45 was
detected (Fig. 3B). No membrane blebs appeared from
CHO�IIb�3 or NIH3T3 cells attached to fibrinogen or
fibronectin substrates after pretreatment with NHE1 inhib-
itor (EIPA) (Fig. 3, C and D). Moreover, EIPA also blocked
changes in membrane permeability (Fig. 3, E and F). These
data suggest that NHE1, which can pump sodium ions into
cells, is required for integrin-mediated cell membrane bleb-
bing and membrane permeability changes.
NCX1 Localizes to the Bleb Membrane and Compensates the

NHE1-mediated Sodium Influx in a Reverse Mode—NHE1 and
NCX1 are functionally coupled (15), and so we investigated the
role of NCX1 in membrane blebbing by treating CHO�IIb�3
cells with an NCX1 inhibitor (bepridil). Immunofluorescent
antibody staining revealed that NCX1 (Fig. 4A, first row), but
not CD45 (Fig. 4A, second row), was present in the bleb mem-
branes of untreated CHO�IIb�3 cells attached onto fibrinogen
substrate. There was no noticeable bleb formation from cells

FIGURE 2. Membrane blebbing for cells attached onto various substrates. A, CHO�IIb�3 cells attached onto fibrinogen or BSA control substrates. A selected
time-lapse phase-contrast microscopy image sequence is shown. Note that the fibrinogen substrate (upper panels, arrowheads), not the BSA substrate (lower
panels), induced cell membrane blebbing before the cell fully spread. B, platelet cells attached onto fibrinogen substrate. Time-lapse differential interference-
contrast microscopy imaging was used to monitor membrane blebbing and spreading. The fibrinogen substrate induced cell membrane blebbing (arrows)
before the platelet cell was fully spread. C, time-lapse phase-contrast microscopy images of NIH3T3 cells attached onto fibronectin and control BSA substrates.
Note that cell membrane blebbing occurred before the cells were fully spread when induced by the fibronectin substrate (upper panels, arrowheads), but not
by BSA substrate (lower panels). Single filopodium elongation occurring at the blebbing site is indicated by the double arrowheads. Numbers on panels A–C
indicate time in min. Scale bar represents 5 �m.
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plated onto the BSA substrate (Fig. 4A, third row). Analysis of
three independent experiments showed the presence of NCX1
on blebmembranes in 26% of cells, while noCD45was detected
(Fig. 4B). Moreover, we found that CHO�IIb�3 cells pretreated
with bepridil produced enlarged membrane blebs, and the cells
themselves became swollen (double arrowheads, Fig. 4C). Pre-

viously, we reported that cell swelling accompanies intracellu-
lar sodium accumulation in bepridil-pretreated CHO�IIb�3
cells attached onto fibrinogen substrate (15). Sodium accumu-
lation also occurred in the membrane blebs of NIH3T3 cells
when attached to fibronectin substrate (arrows in Fig. 4D and
supplemental movie S5). Few EIPA-pretreated NIH3T3 cells

FIGURE 3. Analyses of NHE1 distribution in bleb membranes and the role of NHE1 in membrane blebbing and permeability changes. A, CHO�IIb�3
cells, plated onto fibrinogen or BSA substrates, were stained with fluorescent-tagged immunoglobulins to highlight NHE1, integrin�IIb, and CD45
distributions. Cell images were recorded under a DIC microscope (left panel) and fluorescence microscope (three right panels). Membrane blebs were
observed when CHO�IIb�3 cells were plated onto fibrinogen substrate (first and second rows, arrows) but not on BSA substrate (third row). The merged
images show co-localization of integrin�IIb and NHE1 (right panel). Note that NHE1 (insets of the first row, arrowheads), but not CD45 (insets of the second
row), is located in the bleb membrane when plated onto fibrinogen substrate. The insets in each panel are enlarged from the portion of the cell indicated
by a square box. B, percentage of cells with bleb-associated NHE1 (n � 51 cells) or CD45 (n � 49 cells) from three independent experiments such as those
in A are shown. Note that NHE1, but not CD45, was present in the bleb membrane when CHO�IIb�3 cells were seeded onto the fibrinogen substrate.
C, CHO�IIb�3 or (D) NIH3T3 cells pretreated with or without NHE1 inhibitor (EIPA) were seeded onto fibrinogen or fibronectin substrates. Time-lapse
phase-contrast microscopy images were taken at 5-s intervals. The scale bars in panels A, C, and D represent 5 �m. Note that bleb growth was induced
by fibrinogen or fibronectin substrates (upper panels, arrowheads) but was inhibited by EIPA pretreatment (lower panels). Numbers on panels C and D
indicate time in min. E, membrane permeability changes of CHO�IIb�3 cells attached onto a rhodostomin (RGD) substrate in the presence (red trace) or
in the absence (black trace) of EIPA. Membrane permeability changes were measured by whole cell voltage-clamp recording. F, summary of membrane
permeability change data from three independent experiments as shown in panel E. The numbers (n) of cells recorded for each treatment were: mock,
n � 6; EIPA, n � 5. Error bars indicate S.E.
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attached onto fibronectin substrate, and they did not show any
noticeable increases in intracellular sodium (Fig. 4D). To inves-
tigate the role of NCX1 in changes of membrane permeability,
N-methyl-D-glucamine (the inhibitor of sodium transport) was
applied to replace intracellular sodium. Whole-cell voltage-

clamp recording revealed that N-methyl-D-glucamine replace-
ment inhibited sodium efflux and reduced membrane permea-
bility to 0.8 nA (Fig. 4E). These data suggest that NCX1, which
can operate reversibly and generate sodium efflux, counteracts
NHE1-mediated sodium influx in these cells.

FIGURE 4. Analyses of NCX1 distribution in bleb membranes and the role of NCX1 in membrane blebbing and permeability changes. A, immu-
nostaining of CHO�IIb�3 cells plated onto fibrinogen or BSA substrates to observe NCX1, integrin�IIb, and CD45 distribution. Cell images were obtained
using DIC and fluorescence microscopy. Note that NCX1 (first row insets, arrowheads), but not CD45 (second row insets), is located in the bleb membrane
when cells were attached to the fibrinogen substrate. B, percentage of cells with bleb-associated NCX1 (n � 53 cells) or CD45 (n � 50 cells) from three
independent experiments such as those in A are shown. C, time-lapse differential interference contrast microscopy imaging of CHO�IIb�3 cells attached
onto a rhodostomin (RGD) substrate in the presence of bepridil. Note that bleb enlargement occurred (single arrows) and cells became swollen (double
arrowheads) when the cells were pretreated with bepridil, and attached onto the rhodostomin (RGD) substrate. D, sodium ion distribution in NIH3T3
cells attached to fibronectin substrate in the presence, or absence, of EIPA. A selected time-lapse fluorescence image sequence is shown. Arrowheads
indicate the membrane blebs. E, quantitative data of membrane permeability changes when CHO�IIb�3 cells attached onto rhodostomin (RGD) substrate
in various pipette solutions as indicated. Note that replacing intracellular sodium ion with NMG significantly reduced the magnitude of membrane
permeability changes. The numbers (n) of cells recorded for each condition were: NaCl, n � 7; NMG-Cl, n � 4. Numbers on panels C and D indicate time
in min. Scale bar represents 5 �m.
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DISCUSSION

Membrane blebbing is associated with many cellular activi-
ties, such as cell spreading, cell migration, virus entry, cytoki-
nesis, and apoptosis. Nevertheless, little is known about the
detailed mechanisms (1–4). Our observations show that
integrin�IIb�3 signals, which mediate cell spreading, induce
membrane blebbing in CHO�IIb�3 cells (Fig. 2A). Membrane
blebbing was also observed on human platelet cells, when they
adhere onto a fibrinogen substrate, and before they are fully
spreading (Fig. 2B), indicating that signals downstream of
integrin�IIb�3-ligand binding can induce membrane blebbing.
Membrane blebbing also occurred when NIH3T3 cells adhere
onto fibronectin substrate (Fig. 2C), and together with results
from CHO�IIb�3 cells and platelets (Fig. 2, A and B), these data
suggest that integrin-ligand interactions induce cell adhesion
to the solid substrate, and that membrane blebbing is a com-
mon phenomenon that occurs in the early stages of cell spread-
ing (4).
Cell spreading and migration accompany NHE1 modulated

changes in cell volume (22–24, 26, 27). However, it is not clear
whether NHE1 is required for changes in integrin�IIb�3-medi-
ated permeability or membrane blebbing during cell spreading.
Our study links the two cation exchangers, NHE1 andNCX1, to
integrin�IIb�3-mediated changes in membrane permeability
and blebbing. As shown in Figs. 3B and 4B, there are a greater
percentage of cells with NHE1 in the bleb membrane (85%)
than there are cells with NCX1 in the bleb membrane (26%).
This may suggest that the bleb membrane contains a greater
amount of NHE1 protein than it does NCX1. In many animal

cells, NHE1 operates in parallel with a Cl�/HCO3
� anion

exchanger, which allows cells to take up sodium and chloride
ions (26). This uptake can drive the influx of water by osmosis,
resulting in increases in cellular volume and intracellular
(osmotic) pressure, causing cell blebbing and swelling (26).
Many proteins associated with actin, including ERMprotein,

Rho A, ROCK, and ankyrin interact with NHE1 or NCX1 (22–
25) and are present in membrane blebs (2, 3). Additionally,
sodium and calcium are enriched in membrane blebs of inner
hair cell (28), zebrafish primordial germ cells (29), andNIH3T3
cells (Fig. 4C).Wemodified themembrane blebbingmodel pro-
posed by Fackler and Grosse (3), hypothesizing that NHE1 and
NCX1 coupling plays a role in membrane blebbing, driving the
influx of calcium, and subsequent actin-filament formation and
myosin sliding to control the dynamic changes of membranes
(Fig. 5).When integrins are activated by binding to their protein
substrates, vesicular NHE1 and NCX1 are targeted to the
plasma membrane (15) (Fig. 5, panel 1).

Previous studies of human neutrophil adherence and spread-
ing on fibrinogen-coated slides revealed these processes to be
�2-integrin mediated with concomitant activation of NADPH
oxidase (30). Activation of NADPH oxidase increases superox-
ide production and causes cytosolic acidification, which in turn
activatesNHE1 and rapid alkalization of the cytoplasm. Thus, it
is probable that downstream integrin signaling, followed by ele-
vation of superoxide and proton concentrations by NADPH
oxidase, activates NHE1, causing subsequent cytosolic alkaliza-
tion and sodium ion influx (Fig. 5, panels 2 and 3). Sodium ion
influx can increase cellular volume and intracellular pressure

FIGURE 5. Model hypothesis modified from Ref. 3 that integrin-mediated membrane blebbing is dependent on the activities of NHE1 and NCX1 (panel 1).
Integrin-ligand interactions induce targeting of NHE1 and NCX1-containing vesicles onto the plasma membrane (panel 2). After cell attachment onto a
substrate, NADPH oxidase is activated through integrin signals and increases the levels of superoxide and lowers pH (cytosolic acidification), which in turn
activates NHE1 to cause proton efflux (cytosolic alkalization) and coupled sodium influx (panel 3). The sodium influx further increases intracellular pressure, a
driving force that causes membrane bleb nucleation and growth (panel 4). Increased intracellular sodium concentration activates NCX1 in a reverse mode to
cause the efflux of intracellular sodium and calcium influx (panel 5). The local increase in intracellular calcium driven by NCX1 induces myosin-mediated
contraction and membrane bleb retraction. The figure symbols are indicated, and the various ion symbol sizes represent the relative concentrations of ions in
intracellular (i) or extracellular (o) compartments.
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(22), an initial driving force that triggers membrane bleb
growth by forming a membrane-blebbing nucleation site (15)
(Figs. 4C and 5, panel 3). As sodium influx continues, themem-
brane bleb grows, which triggers NCX1 to operate reversibly in
bleb membrane and so decreases intracellular pressure by
refluxing sodium ions out from the cells and influxing calcium
ions into cells (15, 31, 32) (Figs. 4 and 5, panel 4). As demon-
strated by the zebrafish primordial germ cell study described
above, calcium ion accumulates in the membrane bleb region
inducing myosin-mediated contraction, accompanied by acti-
vation of actin-associated proteins located underneath the
membrane bleb, so causing membrane bleb retraction (Fig. 5,
panel 5) (3, 29).

Previous studies on NHE1 and NCX1 focused on their roles
in maintaining ion homeostasis in cardiac myocytes (33), and
some studies demonstrated that NHE1 is involved in the cell
migration (18–20). Our results demonstrate that both NHE1
and NCX1 play roles in maintaining membrane blebbing,
which is involved in cell migration (1–4). There are forms of
integrin-dependent metastatic cancer (34), and we speculate
that up-regulation of NHE1 and NCX1 might occur in these
cells. These two cation exchangers could provide new useful
biomarkers ofmetastatic cancers, a hypothesis we are currently
testing.
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