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Phospholipase Ds (PLDs) are regulated enzymes that generate phosphatidic acid (PA), a putative
second messenger implicated in the regulation of vesicular trafficking and cytoskeletal reorgani-
zation. Mast cells, when stimulated with antigen, show a dramatic alteration in their cytoskeleton
and also release their secretory granules by exocytosis. Butan-1-ol, which diverts the production
of PA generated by PLD to the corresponding phosphatidylalcohol, was found to inhibit mem-
brane ruffling when added together with antigen or when added after antigen. Inhibition by
butan-1-ol was completely reversible because removal of butan-1-ol restored membrane ruffling.
Measurements of PLD activation by antigen indicate a requirement for continual PA production
during membrane ruffling, which was maintained for at least 30 min. PLD1 and PLD2 are both
expressed in mast cells and green fluorescent protein-tagged proteins were used to identify PLD2
localizing to membrane ruffles of antigen-stimulated mast cells together with endogenous ADP
ribosylation factor 6 (ARF6). In contrast, green fluorescent protein-PLD1 localized to intracellular
vesicles and remained in this location after stimulation with antigen. Membrane ruffling was
independent of exocytosis of secretory granules because phorbol 12-myristate 13-acetate increased
membrane ruffling in the absence of exocytosis. Antigen or phorbol 12-myristate 13-acetate
stimulation increased both PLD1 and PLD2 activity when expressed individually in RBL-2H3
cells. Although basal activity of PLD2-overexpressing cells is very high, membrane ruffling was
still dependent on antigen stimulation. In permeabilized cells, antigen-stimulated phosphatidylino-
sitol(4,5)bisphosphate synthesis was dependent on both ARF6 and PA generated from PLD. We
conclude that both activation of ARF6 by antigen and a continual PLD2 activity are essential for
local phosphatidylinositol(4,5)bisphosphate generation that regulates dynamic actin cytoskeletal
rearrangements.

INTRODUCTION

Phospholipase D (PLD) catalyzes the hydrolysis of phos-
phatidylcholine (PC), the major membrane phospholipid, to
produce the putative lipid second messenger phosphatidic
acid (PA) and the water-soluble choline. Signaling through
PLD occurs downstream of both G protein-coupled recep-

tors and receptor tyrosine kinases and has been implicated
in multiple physiological events, including the budding of
coated vesicles (Ktistakis et al., 1996; Chen et al., 1997; Kun et
al., 1997; Siddhanta and Shields, 1998), regulated exocytosis
(Stutchfield and Cockcroft, 1993; Fensome et al., 1996; Mor-
gan et al., 1997; Brown et al., 1998a; Caumont et al., 1998; Way
et al., 2000), endocytosis (Shen et al., 2001), superoxide gen-
eration (Palicz et al., 2000), and stress fiber formation (Cross
et al., 1996; Kam and Exton, 2001).

Two isoforms of PLD have been described in mammalian
cells, PLD1 and PLD2, both of which exist as two splice vari-
ants. PLD1 activity is low and can be up-regulated by multiple
inputs, including ADP ribosylation factor (ARF) proteins, Rho
family of GTPases, and protein kinase C�/� with a require-
ment for phosphatidylinositol(4,5)bisphosphate [PI(4,5)P2] as a
cofactor. In contrast to PLD1, PLD2, when assayed in vitro in
the presence of PI(4,5)P2, has high basal activity that is reduced

Article published online ahead of print. Mol. Biol. Cell 10.1091/
mbc.E02–04–0213. Article and publication date are at www.molbi-
olcell.org/cgi/doi/10.1091/mbc.E02–04–0213.

* Corresponding author. E-mail address: s.cockcroft@ucl.ac.uk.
Abbreviations used: ARF, ADP ribosylation factor; GFP, en-
hanced green fluorescent protein; PA, phosphatidic acid; PBut,
phosphatidylbutanol; PC, phosphatidylcholine; PI(4,5)P2, phos-
phatidylinositol 4,5 bisphosphate; PLD, phospholipase D;
PIP5K, phosphatidylinositol 4-phosphate 5-kinase.

3730 © 2002 by The American Society for Cell Biology



by binding to �-actinin or �-actin (Park et al., 2000; Lee et al.,
2001). Moreover, PLD2 can be stimulated by two of the three
regulators of PLD1, ARF proteins, and protein kinase C. PLD2
can be stimulated 30-50% in vitro with ARF proteins, and this
stimulation is more pronounced when the high basal activity is
reduced through removal of the N-terminal 308 amino acids
(Lopez et al., 1998; Sung et al., 1999; Divecha et al., 2000). ARF is
still able to activate PLD2 when bound to �-actinin or �-actin,
thus the high basal activity of PLD2 seen in the presence of

PI(4,5)P2 may be kept in check by cytoskeletal proteins and
availability of PI(4,5)P2 within the vicinity of PLD2 (Lee et al.,
2001). Phorbol 12-myristate 13-acetate (PMA) also increases
PLD2 activity in cells and protein kinase C� has been shown to
directly associate with protein kinase C in vitro (Siddiqi et al.,
2000; Han et al., 2002). An additional regulator of PLD2 activity
is oleic acid that is not shared by PLD1 (Kim et al., 1999; Laine
et al., 2000). Most cells seem to express both isoforms of PLDs
with some exceptions. For example HL60 cells seem to express

Figure 1. Inhibition of antigen-induced membrane ruffling by bu-
tan-1-ol. (A) Confocal slices of RBL mast cells fixed and stained with
TRITC-phalloidin before and after stimulation with antigen. Control
cells (a–d), stimulated with antigen for 10 min (e–h), or stimulated
with antigen for 10 min in the presence of 0.5% butan-1-ol (i–l). (B)
Cells were treated with antigen, antigen plus 0.5% butan-1-ol, and
antigen plus 0.5% butan-2-ol. For each condition, �250 cells were
examined for their morphology. The results are from three separate
experiments and are expressed as a percentage of total cells.
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only PLD1, whereas L210 cells seem to express PLD2 only
(Kim et al., 1999).

PI(4,5)P2 has recently emerged as a signaling molecule in
addition to its well-established role as a substrate for phos-
pholipase C and phosphoinositide 3-kinases. The intact
PI(4,5)P2 molecule is a central player in actin dynamics,
exocytosis, and endocytosis due to its ability to bind and
regulate many proteins containing PI(4,5)P2 recognition do-
mains such as pleckstrin homology domains, basic patches,
and epsin N-terminal homology domains (Martin, 1998;
Cockcroft and De Matteis, 2001). ARF proteins have been
recently identified to control the levels of PI(4,5)P2 either by
directly activating phosphatidylinositol 4-phosphate 5-ki-

nase (PIP5K) or indirectly by increasing PA through PLD
activation or both (Fensome et al., 1996; Honda et al., 1999;
Jones et al., 2000; Way et al., 2000; Skippen et al., 2002). In
vitro, PA can stimulate PIP5K activity when vesicles com-
posed of PI(4)P are used, whereas ARF proteins can directly
activate PIP5K when vesicles composed of PC:PI(4)P (9:1)
are used (Honda et al., 1999; Jones et al., 2000). Additionally,
PA-stimulated PIP5K activity could be further activated by
ARF proteins when PI(4)P vesicles were used. Because in
vitro studies do not reflect the cellular lipid environment, we
have recently investigated the mechanism of PI(4,5)P2 syn-
thesis by ARF proteins in permeabilized HL60 cells by using
guanosine-5�-O-(3-thio)triphosphate (GTP�S) as a stimulus

Figure 2. Time-dependent
stimulation of membrane ruf-
fling compared with activation
of PLD activity by antigen. (A)
Phase contrast, time-lapse re-
cording of antigen-stimulated
RBL mast cells, demonstrating
that membrane ruffling is con-
tinuous for at least 30 min.
White arrows indicate sites of
ruffling. (B) Time course of PLD
activation in antigen-stimulated
RBL mast cells as monitored by
PA formation. (C) Time course
of PLD activation in antigen-
stimulated RBL mast cells as
monitored by PBut formation in
the presence of 0.5% butan-1-ol.
(D) Determination of ongoing
PLD activity: RBL mast cells
were incubated with butan-1-ol
for 10 or 20 min with and with-
out antigen (c, control and s,
stimulated). c20* and s20*, cells
incubated with buffer or anti-
gen for 20 min with butan-1-ol
present during the last 10 min.
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(Skippen et al., 2002). By using an ARF1 point mutant (N52R)
that was impaired for stimulating PLD activity but not
PIP5K activity in vitro, we concluded that direct activation
of PIP5K by ARF and via PA derived from the ARF-stimu-
lated PLD made an equal contribution to PI(4,5)P2 synthesis
when GTP�S was used as a stimulus. Although the above-
mentioned studies put PLD activation upstream to the acti-

vation of PIP5K, Divecha et al. (2000) suggested that
PI(4,5)P2 produced by PIP5K is essential for the downstream
activation of PLD2.

Engagement of the high-affinity IgE receptor with antigen
in mast cells stimulates a number of lipid-signaling events,
which include the activation of phospholipase C�, phospho-
inositide 3-kinase, and PLD. These events result in granule
exocytosis as well as a dramatic reorganization of the actin
cytoskeleton with membrane ruffling being a very promi-
nent feature (Barker et al., 1995). This membrane ruffling, as
in many other cell types, is dependent on Rac1 GTPase
(Ridley et al., 1992; Guillemot et al., 1997) and requires the
presence of gelsolin, and WAVE, a Wiskott-Aldrich syn-
drome protein-family protein, which recruits G-actin
through profilin (Miki et al., 1998; Azuma et al., 2000). We
report that antigen-induced formation of lamellipodia and
membrane ruffles in RBL mast cells is exquisitely dependent
on continual PLD activation and, therefore, PA production.
Although the activity of both PLD1 and PLD2 is regulated
by antigen, only PLD2 was found with ARF6 and PI(4,5)P2
in membrane ruffles induced by antigen. PLD1 was localized
to an intracellular lysosomal/endosomal compartment, and
its translocation to the plasma membrane was not required
for membrane ruffling. In permeabilized cells, synthesis of
PI(4,5)P2 by antigen was dependent on both ARF proteins
and on PLD activity. We propose that the local availability of
PA and ARF6 are both required for regulating the synthesis
of PI(4,5)P2 during dynamic membrane ruffling.

MATERIALS AND METHODS

Immunofluorescence Staining of Actin Cytoskeleton
RBL mast cells were grown and maintained in culture in DMEM
supplemented with 10% fetal calf serum as described previously
(Way et al., 2000). For the immunostaining of the cytoskeleton, the
cells were plated on glass-bottomed dishes (Willco, Intracel, Roys-
ton, Herts, United Kingdom). The cells were then left to recover for
approximately 6 h before the medium was replaced with fresh
DMEM containing 0.5 �g/ml anti-dinitrophenol (DNP)-IgE and
incubated overnight to sensitize the cells.

The cells were washed with HEPES buffer (20 mM HEPES, pH 7.2,
137 mM NaCl, 3 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 1 mg/ml
glucose) and stimulated with antigen (40 ng of DNP-HSA/ml) at
37°C for 10 min. For labeling of total cellular F-actin, cells were first
fixed in 3% paraformaldehyde and then permeabilized with 80
�g/ml lyso-PC and incubated with 0.5 �M tetramethylrhodamine B
isothiocyanate (TRITC)-phalloidin for 20 min at room temperature.
The cells were then washed three times with phosphate-buffered
saline and coverslips were mounted. Immunofluorescence was
viewed with a confocal microscope (PerkinElmer Lifesciences,
Zaventem, Belgium) by using a 100� oil immersion objective. Im-
ages were acquired using a charge-coupled device camera
(PerkinElmer) cooled to �35°C. Localization of TRITC-phalloidin in
single cells was captured by exciting the cells at 510 nm and taking
sequential laser confocal slices (0.5 �m apart) through the whole of
the cells. Random fields of control and stimulated cells were taken
with a 40� oil immersion lens, and sequential confocal slices were
taken from the top of the cell to the adhesion plane. The total
number of cells was counted from 10 random fields and was cate-
gorized according to whether or not the cell was ruffled.

Imaging of Live Cells by Using Nomarski Optics
RBL-2H3 cells were plated on glass-bottomed dishes (39 mm in
diameter; Willco) and primed overnight with anti-DNP-IgE. The

Figure 2 (cont).

Phospholipase D and Membrane Ruffling

Vol. 13, October 2002 3733



cells were washed in warmed (37°C) HEPES buffer and placed on a
heated stage and kept at 37°C throughout the experiment. The cells
were viewed on a microscope (Olympus) by using a 100� oil
immersion objective. Bright field images of the cells were acquired
over a 30-min period every 10 s by using Nomarski phase contrast
optics with a charge-coupled device camera (PerkinElmer) cooled to
�35°C. The sequences of images were exported as audio-visual
interleaves, and individual frames were selected as shown in the
relevant figures.

Measurement of Phospholipase D Activity
RBL cells (500 �l, 105 cells/well) were seeded onto 24-well plates
and primed overnight with anti-DNP-IgE (0.5 �g/ml) in DMEM.

The following day the medium was discarded and replaced with
500 �l of DMEM containing 3 �Ci/ml [3H]myristic acid for 1 h to
label the cells. With this protocol the major phospholipid that is
labeled is PC. The medium was discarded, and the cells were
washed with HEPES buffer. Buffer (400 �l) was added to the cells,
followed by butan-1-ol (0.5% final) and antigen in a final incubation
volume of 500 �l. Butan-1-ol was only added when phosphatidyl-
butanol (PBut) was monitored as a measure of PLD activity. In
experiments where PA was monitored, butan-1-ol was excluded.
Antigen was present for the indicated times. At the end of the
incubation, the medium was removed and replaced with 500 �l of
ice-cold methanol:concentrated HCl (98:2). The cells were scraped
and transferred to a clean tube. The wells were rinsed with 500 �l of

Figure 3. Butano-1-ol but not butan-2-ol inhibits membrane ruffling when added after membrane ruffling is initiated. Inhibition by
butan-1-ol is reversible. (A) RBL mast cells were stimulated with antigen and bright field images of the cells were acquired over a 30-min
period by using Nomarski phase contrast optics. Control cells (a), same cells imaged 5 min after antigen addition (b); at 5 min after antigen
addition, butan-1-ol was added to halt membrane ruffling and the cells imaged at 10 min (c); the same cells imaged at 15 min to illustrate
that membrane ruffling is still inhibited in the presence of butan-1-ol (d). At this point the cells were washed free of butan-1-ol and antigen
added. Membrane ruffling 5 min after washout of butan-1-ol (e) and membrane ruffling still ongoing 10 min after washout of butan-1-ol (f).
(B) Butan-2-ol does not inhibit membrane ruffling. Control cells (a); same field of cells after 5 min with antigen (b); 10 min with antigen and
5 min with butan-2-ol (c); 15 min with antigen and 10 min with butan-2-ol (d).
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methanol and combined with the cells. Chloroform (1 ml) was
added followed by 1 ml of water. Unlabeled PBut and PA were
added to the cells during the extraction, which allowed for subse-
quent detection by staining of the thin layer chromatography (TLC)
plate with iodine. After phase separation, the lower chloroform
phase was transferred to separate tubes, dried down, and the lipids
resuspended in 15 �l of chloroform. For analysis of PA (Figures 2B
and 7A), the lipid samples were analyzed by two-dimensional TLC
exactly as described previously (Cockcroft, 1984). The first dimen-
sion for TLC analysis was chloroform:methanol:28% ammonia (65:
35:5) and the second dimension was chloroform:methanol:acetic
acid:water (75:45:3:1). The counts in PA and in PC were monitored,
and the results are presented as a percentage of disintegrations per
minute in PC. PBut was separated by one-dimensional TLC as
described previously (Whatmore et al., 1996). The TLC plates were
also imaged using a PhosphorImager (Molecular Dynamics, Sunny-
vale, CA) in some experiments to confirm the location of the lipids.
The silica containing PBut and PC was excised and counted in the
scintillation counter, and the PBut and PA results are presented as
a percentage of disintegrations per minute in PC. For the experi-
ment shown in Figure 2D, the cells were stimulated with antigen for
10 min, or 20 min in the presence of 0.5% butan-1-ol. In the samples
(denoted with a star), the cells were stimulated with antigen for 20
min, but butan-1-ol was only present for the last 10 min of the
incubation.

Electroporation of RBL-2H3 Cells for Transient
Transfection and Fluorescent Imaging of Green
Fluorescent Protein (GFP)-Fusion Proteins
RBL mast cells were transiently transfected by electroporation. The
cells were scraped and washed in a HEPES buffer, and the washed
cells were then resuspended in 400 �l of the HEPES buffer without
calcium and placed into the electroporation cuvette with 20-50 �g of
plasmid DNA. After two electroporation pulses each of �5 ms at a
voltage of 0.5 kV and a resistance of 125 Ohms, the cuvettes were
placed on ice for 5 min. The cells were finally resuspended in
DMEM (supplemented with 10% fetal calf serum) and plated on
glass-bottomed dishes (Willco) for imaging or in six-well plates for
measurements of PLD activity. The cells were then left to recover for
�6 h before the medium was replaced with fresh DMEM containing
0.5 �g/ml anti-DNP-IgE and incubated overnight to sensitize the
cells.

For imaging, the cells were washed 24 h after electroporation with
warmed (37°C) HEPES buffer and placed on a heated stage. Trans-
fected cells expressing the enhanced green fluorescent protein
(EGFP)-tagged protein were identified through a 100� oil immer-
sion objective by using an epifluorescent system that excited the
cells at 490 nm. Localization of the EGFP-tagged protein in single
cells was captured by taking sequential laser confocal 0.5-�m slices
through the cells from the adhesion plane to the top of the cell.
Stacks were taken before stimulation and subsequently at 5-min
intervals after stimulation with the antigen DNP-HSA. In the case of
live cell recording of a single confocal plane of an EGFP-expressing
cell over time, images were recorded using LSR Ultraview temporal
module software (Perkin Elmer Lifesciences), which excited the cells
at 490 nm and captured confocal images every 10 s over a 30-min
period.

For assay of PLD activity, transfected cells were seeded onto
six-well plates and analyzed exactly as described for untransfected
cells.

Measurement of �-Hexosaminidase Release
RBL cells were seeded at 2 � 105 cells/well on a 24-well plate and
primed overnight with 0.5 �g/ml anti-DNP-IgE. After washing
with HEPES buffer cells were preincubated for 5 min at 37°C in the
presence or absence of 10 nM PMA. Cells were incubated for 25 min
in the presence or absence of 40 ng/ml antigen. Reactions were

quenched on ice and the cells centrifuged at 2000 � g for 5 min at
4°C. An aliquot of the supernatant was analyzed for �-hexosamini-
dase as described previously (Way et al., 2000).

Detection of ARF Release from Permeabilized Cells
RBL cells were washed in HEPES buffer and resuspended at 107

cells/ml. Permeabilization was initiated with the addition of 0.4
IU/ml streptolysin O. At the required time points, 107 cells were
removed and centrifuged at 2000 � g for 5 min at 4°C. Proteins in
the supernatant (released proteins) were trichloroacetic acid precip-
itated, and the pellets were treated with RIPA buffer (150 mM NaCl,
1% NP-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris, pH 7.5). Cells
(105 cells/lane) were run on SDS-PAGE, blotted, and probed with
peptide-specific anti-ARF1 (1:750) and anti-ARF6 (1:3000) poly-
clonal antibodies (Skippen et al., 2002).

Reconstitution of ARF-stimulated PIP2 Synthesis in
Permeabilized RBL Mast Cells
RBL mast cells were primed with anti-DNP-IgE for 3 h. After
washing in permeabilization buffer (20 mM PIPES, pH 7.2, 137 mM
NaCl, 3 mM KCl, 2 mM MgCl2, 1 mg/ml glucose), the cells were
permeabilized with 0.4 IU of streptolysin-O in suspension in the
presence of calcium buffered at pCa 7 and MgATP (1 mM). After 10
min at 37°C, the cells were washed to remove the leaked cytosolic
contents. Aliquots (50 �l) of the permeabilized cells were trans-
ferred to tubes containing antigen (40 ng/ml), ARF6 (as indicated),
1 mM MgATP, 2 �Ci of �-[32P]ATP in a final incubation volume of
100 �l. After 20 min, the samples were quenched and analyzed for
their PIP2 content as described previously (Skippen et al., 2002; Way
et al., 2000).

RESULTS

Butanol Inhibits Antigen-mediated Membrane
Ruffling Reversibly
PLD hydrolyzes PC to produce PA and choline. The primary
alcohol butan-1-ol can effectively replace water in this reac-
tion to produce choline and PBut. The secondary alcohol
butan-2-ol does not compete in this reaction and therefore
acts as a suitable control for butan-1-ol–inhibited PA pro-
duction. Using butan-1-ol, we investigated the possibility
that membrane ruffling is dependent on PLD-derived PA.
RBL mast cells were stimulated with antigen for 10 min in
the presence and absence of 0.5% butan-1-ol (Figure 1A). In
resting cells, the plasma membrane exhibits a smooth mor-
phology with minimal membrane ruffling. F-actin, visual-
ized by confocal microscopy after rhodamine-phalloidin
staining, is localized exclusively to the cell cortex. Fc�RI
aggregation induces dramatic morphological changes, i.e.,
membrane ruffling and lamellipodial extensions that are
accompanied by extensive F-actin reorganization. Confocal
sectioning from the attachment plane through to the top of
the cell revealed the recruitment of F-actin in membrane
ruffles. This was completely inhibited when 0.5% butan-1-ol
was added with antigen, whereas butan-2-ol was without
effect (Figure 1B). A quantitative analysis was carried out
where random fields of cells were imaged and confocal
slices were obtained (Figure 1B). Under control conditions,
�10% of the cells had a ruffled morphology. On antigen
addition, �80% of the cells showed a ruffled morphology.
The presence of 0.5% butan-1-ol inhibited antigen-stimu-
lated ruffling, whereas butan-2-ol did not.
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We characterized the duration of membrane ruffling and
of PLD activation upon stimulation with antigen to provide
an indication of the relationship between the two events.
Once cells were activated, membrane ruffling was continu-
ous for at least 30 min as observed by imaging live cells and
observing their morphology by using Nomarski optics (Fig-
ure 2A). Membrane ruffling was very dynamic because new
ruffles continuously formed and collapsed.

The time course of PLD activation by antigen was also
examined under identical conditions by monitoring the forma-
tion of [3H]PA (Figure 2B). The RBL mast cells were labeled
with [3H]myristate, which predominantly labels the PC pool
(our unpublished data). PA levels increased promptly within
the first minute of antigen addition and by 2 min a plateau was
observed, and remained at this level for 10 min, the longest
time examined. Because the plateau probably reflects increased
formation coupled to increased degradation of PA, an alterna-
tive method to examine the time-dependent activation of PLD
is to monitor the accumulation of the metabolically stable
[3H]PBut. In the presence of butan-1-ol, [3H]PBut accumulation
by antigen was linear for the first 10 min after which a plateau
was observed (Figure 2C).

Because membrane ruffling was continuous over a 30-min
period, whereas PLD activation reached an apparent plateau
at 10 min, this would suggest that these two events were not
tightly coupled. However, we were concerned that the
method of monitoring PLD activation may not reflect the
true events, because of the possibility that PA-stimulated
PIP2 synthesis may be required to maintain continual PLD
activation (see INTRODUCTION; Divecha et al., 2000). Be-
cause butan-1-ol inhibits PA formation, this would interfere
with PIP2 synthesis and further PLD activation. Therefore, a
different strategy was used. PLD activation was allowed to
occur normally for 10 min in the absence of any butan-1-ol.
Butan-1-ol was added subsequently at 10 min and the cells
were incubated for an additional 10 min. If PLD was active
during the 10-20-min interval, [3H]PBut would increase, and
this is indeed the case (Figure 2D). Likewise, active PLD
could also be monitored between the interval of 20-30 min
when butan-1-ol addition was added at 20 min (our unpub-
lished data).

To examine that the continual production of PA during
membrane ruffling was essential, butan-1-ol was added 5
min after membrane ruffling was initiated with antigen.
Membrane ruffling came to a halt within 2 min and cells
remained quiescent as long as the cells remained in contact
with butan-1-ol (10 min in this experiment; Figure 3A, a–d).
We next examined whether membrane ruffling would resume
after butan-1-ol was removed. The medium containing the
butan-1-ol was replaced with buffer without any butan-1-ol but
with antigen, and recovery of membrane ruffling was observed
(Figure 3A, e and f). It should be noted that accumulation of
PBut during the initial 10-min period with antigen and butan-
1-ol did not exert any inhibitory effects, confirming that it is PA
that is the bioactive metabolite of PC hydrolysis, and PBut does
not antagonize the effects of PA. Butan-2-ol, which is unable to
participate in transphosphatidylation, was unable to inhibit
membrane ruffling when added after 5 min. The cells contin-
ued to ruffle in the presence of butan-2-ol when examined 10
and 15 min later (Figure 3B, a–d).

Antigen Stimulates Both PLD Isoforms but Only
PLD2 Is Found in Membrane Ruffles upon
Stimulation
Two isoforms of PLD have been identified in mammalian
cells, PLD1 and PLD2 (Liscovitch et al., 2000; Cockcroft,

Figure 4. Antigen or PMA can regulate the activity of PLD1 and PLD2
in RBL mast cells. (A) Basal and PMA-stimulated PLD activity measured
by formation of PBut is enhanced in GFP-PLD1– and GFP-PLD2–trans-
fected cells. PMA, 100 nM for 20 min. (B) Antigen stimulates PLD activity
as measured by formation of PBut in a concentration-dependent manner.
The cells were stimulated for 20 min with antigen. (C) PLD1-transfected
RBL mast cells: Top, control cells and bottom, same field of cells after
stimulation with antigen for 10 min. The Nomarski image (a) of the field
of cells is shown together with three confocal slices, showing the adhesion
plane (b), the midplane (c), and the top of the cell (d). PLD1 localizes
mainly to intracellular vesicles in unstimulated cells, and this pattern of
staining is unchanged after 10 min of stimulation. No change in staining
was observed at 5 min or 20 min poststimulation either. (D) PLD2-trans-
fected RBL mast cells: Top, control cells and bottom, same field of cells
after stimulation with antigen for 10 min. The Nomarski image (a) of the
field of cells is shown together with three confocal slices, showing the
adhesion plane (b), the midplane (c), and the top of the cell (d). PLD2
localizes to the plasma membrane and upon antigen addition, PLD2 is
found in membrane ruffles and in pinocytic vesicles (indicated by arrow)
that accompany membrane ruffling.
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2001). To examine whether both PLD1 and PLD2 are stim-
ulated by antigen, we transfected RBL mast cells with GFP-
PLD1 or GFP-PLD2 and subsequently stimulated the cells
with either PMA or with antigen. Cells transfected with
PLD1 or with PLD2 show an increase in basal activity, with
PLD2-transfected cells showing a much greater increase
compared with PLD1-transfected cells. When cells were
stimulated with PMA (Figure 4A) or with antigen (Figure
4B), both PLD1- and PLD2-transfected cells show increased
PLD activity compared with mock-transfected cells.

The overexpressed PLD proteins were localized by confo-
cal microscopy in live cells, and PLD1 was found predomi-
nantly in vesicular structures in resting cells (Figure 4C,
b–d), and upon stimulation with antigen, the localization of
PLD1 was not altered dramatically (Figure 4C, f–h). From
the Nomarski images, it is obvious that the cells were acti-
vated by antigen (Figure 4C, compare a and e). In contrast to
PLD1, PLD2 was found exclusively at the plasma membrane
in the resting cells (Figure 4D, b–d) and after antigen stim-
ulation, PLD2 was found in membrane ruffles and in intra-
cellular vesicles (Figure 4D, f–h). The PLD2-overexpressing
cells were imaged live for 20 min after stimulation with
antigen (Figure 5). Despite the increase in basal PLD activity
(Figure 4A), the cells did not show any changes in morphol-
ogy in the absence of antigen. Membrane ruffling was clearly
evident within 2 min of stimulation with antigen and was
maintained for at least 20 min. At 10 min postantigen, cir-
cular structures containing PLD2 could also be observed
(Figure 5, white arrows). Transient transfection of PLD2 did
not influence the pattern or the duration of membrane ruf-

fling when the cells were compared with their neighboring
nontransfected population (Figure 6B, c and d).

Transfection with PLD2 leads to an increase in basal PLD
activity but does not result in an increase in basal membrane
ruffling. This is most likely due to the need to activate other
signaling events, which are stimulated by antigen in a PA-
independent manner. In the PLD2-transfected cells, stimu-
lation by antigen leads to a seven to eightfold increase in
PBut compared with the mock-transfected cells (Figure 4B).
Because transphosphatidylation is always incomplete as
there is always a large concentration of water still available
for some PA to be produced (Skippen et al., 2002), we antic-
ipated that in PLD2-transfected cells, even in the presence of
butanol, sufficient PA would still be produced to make
membrane ruffling resistant to inhibition by butanol. Con-
trary to our expectations, addition of 0.5% butan-1-ol com-
pletely inhibited ongoing formation of membrane ruffles in
PLD2-overexpressing cells (Figure 6A, a and b). This was not
the case when butan-2-ol was added (Figure 6B, c and d).
Again, circular structures containing PLD2 are clearly visi-
ble (Figure 6B, c).

The inhibition of membrane ruffling in PLD2-trans-
fected cells by butan-1-ol prompted us to examine the
levels of PA in resting and in stimulated cells in the
presence of butan-1-ol. In PLD2-transfected cells, basal
levels of PA were fourfold higher compared with mock-
transfected cells (Figure 7A). The absolute increase in PA
in these cells is 1.2% of total PC. For comparison, the
increase in PA in PLD1-transfected cells is shown. Addi-
tion of butan-1-ol for 20 min significantly decreases the

Figure 4 (cont).
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PA levels in the PLD2-transfected cells and the absolute
increase is now 0.7% (Figure 7A). This is now accompa-
nied by an absolute increase in PBut levels of 4.7% (Figure
7B). Thus, the combined increased in PA plus PBut in
PLD2-transfected cells is 5.4% of total PC monitored over
a 20-min period. Thus, in the PLD2-transfected cells, there
is a high basal activity of PLD2 but that is not reflected in
the accumulation of PA. The PA levels have stabilized at
4 times the level of mock-transfected cells compared with
the 30-fold increase seen if PBut is measured. Thus, al-
though PLD2-transfected cells have a high level of PLD
activity, they must compensate by increasing the rate of
PA removal. In the PLD2-transfected cells, after stimula-

tion with antigen, PLD activity is further enhanced as seen
in the increase in PBut with no further accumulation in
PA. Thus, PLD2-transfected cells, despite exhibiting en-
hanced PLD activity, remain sensitive to the presence of
butan-1-ol because PA levels are still tightly regulated.

Membrane Ruffling Is Not Dependent on Exocytosis
of Secretory Granules
Antigen stimulation of mast cells leads to the concomitant
activation of membrane ruffling and of exocytosis of secre-
tory granules. Secretion of hexosaminidase, a marker of
secretory granules, is initiated within 1 min and is com-

Figure 5. Membrane ruffling in PLD2-transfected cells stimulated with antigen. GFP-PLD2–transfected RBL mast cells were imaged live at
37°C. Still images from time-lapse recording are shown. Arrows point to PLD2-containing circular structures forming over time.
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pleted by 10 min (our unpublished data). Typically, maxi-
mal secretion of hexosaminidase with antigen is between 25
and 35%, which is dependent on the passage number of the
cells. It has been reported previously that PLD1 is localized
to the secretory granules, and it completely translocates to
the plasma membrane during antigen stimulation (Brown et
al., 1998a). As shown in Figure 4C, PLD1 is localized to
vesicular structures and upon stimulation no translocation
was observed when cells were imaged live for �20 min
(data for 10 min shown in Figure 4C). It is possible that some
translocation did occur but the signal at the plasma mem-
brane was too diffuse for us to monitor any change. None-
theless, we examined whether exocytosis of secretory gran-
ules and hence translocation of PLD1 to the plasma
membrane was required for membrane ruffling. We used
PMA, which stimulates PLD activity but not exocytosis of
secretory granules (Figure 8, A and B). PMA induces mem-
brane ruffling in nontransfected (Figure 8C) and in PLD2-
transfected cells (Figure 8D), which are sensitive to butan-
1-ol (Figure 8, C and D). Like the antigen response, removal
of butanol allows membrane ruffling to resume, indicating
that membrane ruffling is dependent on ongoing PLD acti-
vation.

Function of PA Derived from PLD Activation in
Membrane Ruffling
Actin dynamics is dependent on the availability of PIP2, and
previous studies have shown that antigen stimulation leads
to an increase in PIP2 levels (despite the hydrolysis of PIP2
by phospholipase C� and conversion to PIP3 by phospho-
inositide 3-kinase) (Apgar, 1995). PIP2 levels can be main-
tained by stimulation of the lipid kinases, in particular, the
type I PIP5K. This enzyme can be stimulated by PA derived
from PLD activation (indirect route), by ARF proteins (direct
route), or by a combination of both routes (Honda et al.,
1999; Jones et al., 2000; Skippen et al., 2002). We have recently
shown that in permeabilized HL60 cells, ARF1 or ARF6 can
stimulate PI(4,5)P2 synthesis, and both the direct and indi-
rect routes are equally important when GTP�S was used as
a stimulus. Because GTP�S irreversibly activates G proteins,
the situation with regard to a receptor-directed stimulus
may be different. This was therefore examined in antigen-
stimulated, permeabilized RBL mast cells.

To examine the role of ARF proteins in maintaining
PI(4,5)P2 levels, we used a reconstitution system with per-
meabilized RBL mast cells, which had lost the capacity to
synthesize PI(4,5)P2 after stimulation with antigen. First, we
examined whether both ARF1 and ARF6 would leak out of
the cells, as shown previously for HL60 cells (Skippen et al.,
2002). In contrast to HL60 cells, upon permeabilization, only
ARF1 but not ARF6 was found to leak out of the cells (Figure
9A). Leakage of ARF6 presumably does not occur in RBL
mast cells because of its association with intracellular struc-
tures. Despite the lack of leakage of ARF6, PI(4,5)P2 synthe-
sis by antigen was inhibited, and this leakage could be due
to the inability of ARF6-containing vesicles to fuse with the
plasma membrane in the permeabilized cells. Nonetheless,
antigen-stimulated PIP2 synthesis could be restored by re-
addition of either ARF6 (Figure 9B) or ARF1 (our unpub-
lished data). The amount of ARF6 (or ARF1) that provided
maximal synthesis of PI(4,5)P2 was 1 �M. The ARF6 used for
these experiments is only partially myristoylated and thus

overestimates the maximal requirement. To ensure that RBL
mast cells would contain sufficient ARF6, we also estimated
the relative concentration of endogenous ARF1 and ARF6 by
using semiquantitative Western blotting. We estimate that
ARF1 is �6-12 �M and ARF6 is 1-2 �M.

ARF1 was as effective in reconstituting PI(4,5)P2 synthesis
as ARF6 (our unpublished data). ARF1 (and ARF6) also
reconstitutes antigen-stimulated PLD activity under these
conditions (Way et al., 2000). These data suggest that in the
permeabilized cells, ARF specificity may be lost such that
both exogenously added ARF1 or ARF6 is able to reconsti-
tute PIP2 synthesis and PLD activation. This is similar to the
in vitro situation where both ARF1 and ARF6 are able to
activate PLD and PIP5K activity. To investigate whether the
synthesis of PI(4,5)P2 was dependent on PLD activity or
occurred independently of this pathway, we used butan-1-ol
to suppress the production of PA. In Figure 9C, it is illus-
trated that antigen plus ARF6-stimulated PI(4,5)P2 increase
is exquisitely sensitive to butan-1-ol but not butan-2-ol.
From this, we conclude that ARF6 works together with PA
to regulate PI(4,5)P2 levels in antigen-stimulated mast cells.

DISCUSSION

The actin cytoskeleton mediates a variety of essential pro-
cesses in all eukaryotic cells, including cell motility, cell
shape, phagocytosis, and cytokinesis. Three distinct kinds of
actin-based structures have been identified, which are reg-
ulated by the Rho family of GTPases: Cdc42 induces filop-
odia, Rac regulates membranes ruffles and lamellipodia, and
Rho regulates stress fiber formation (Hall, 1998). These GT-
Pases exert their effects via specific effectors, some of which
may have direct or indirect effects on lipid metabolism. In
this study we provide evidence that in addition to the well-
established role of Rac GTPase in membrane ruffling, there is
an absolute requirement for the lipid-modifying enzyme
PLD in mast cells upon stimulation with antigen. Interest-
ingly, previous studies with endothelial cells had indicated
that a PLD activity was required for Rho-dependent stress
fiber formation by using lysophosphatidic acid as agonist
(Cross et al., 1996). Additionally, PLD2, when overexpressed
in rat embryo fibroblasts, was localized exclusively to the
plasma membrane and induced irregular projections at the
cellular edges and when stimulated with serum, PLD2 ac-
cumulated in restricted regions of the cell edge and redis-
tributed to submembranous particles (Colley et al., 1997).
More recently, PLD1 activity was required for actin stress
fiber formation in fibroblasts (Kam and Exton, 2001). Fur-
thermore, previous studies have suggested an interplay be-
tween Rho family and ARF family GTPases, e.g., the forma-
tion of stress fibers and focal adhesions in fibroblasts (RhoA
and ARF1) (Norman et al., 1998) and the identification of an
ARF6/Rac1 binding protein, POR1, involved in cytoskeletal
rearrangements (D’Souza-Scharey et al., 1997).

Engagement of the high-affinity IgE receptor in mast cells
elicits a rapid activation of PLD activity in addition to a
number of other signaling events, including PLC� activation
and phosphoinositide 3-kinase activation. The only inhibi-
tors of PLD-stimulated PA production that have been iden-
tified are primary alcohols, which compete with water in the
transphosphatidylation reaction to make the corresponding
phosphatidylalcohol. Secondary alcohols such as butan-2-ol
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are unable to participate in transphosphatidylation and
therefore serve as a control for nonspecific effects of alcohols.
A prominent feature of mast cell activation is the formation
of lamellipodia and membrane ruffles, which we report to be
exquisitely inhibited by butan-1-ol, but not butan-2-ol. Bu-
tan-1-ol blocks membrane ruffling at any time after stimula-

tion, indicating that continual PLD activity is essential for
the dynamics of membrane transformations. Blockade by
butan-1-ol was completely reversible as demonstrated by
removal of butan-1-ol. Membrane ruffling was maintained
for at least 30 min, and this ruffling was accompanied by
continual PLD activity. Antigen stimulation increased the

Figure 6. Membrane ruffling in PLD2-trans-
fected cells is sensitive to inhibition by butan-1-ol
but not butan-2-ol. (A, a) PLD2-transfected cell.
The cells were stimulated with antigen for 10
min (images at 5 and 10 min postantigen are
shown) to illustrate the pattern of membrane
ruffling. Butan-1-ol (0.5%) was added at 10 min
and the cells were imaged for another 5 min.
Membrane ruffling was inhibited upon addition
of butan-1-ol. (b) Same field of cells as observed
by Normaski optics. (B, c) PLD2-transfected cell.
The cells were stimulated with antigen for 10
min (images at 5 and 10 min postantigen are
shown) to illustrate the pattern of membrane
ruffling. Butan-2-ol (0.5%) was added at 10 min,
and the cells were imaged for another 10 min.
Membrane ruffling was unaffected by the pres-
ence of 0.5% butan-2-ol. (d) Same field of cells as
observed by Normaski optics. Note that mem-
brane ruffling of the transfected cells is similar to
the membrane ruffling observed in the nontrans-
fected counterparts.
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activity of both PLD1 and PLD2 when overexpressed in RBL
mast cells. PLD1 localized to intracellular vesicles, whereas
PLD2 localized to the plasma membrane in resting cells. This
pattern of PLD1 and PLD2 localization in RBL mast cells has
also been described recently (Choi et al., 2002). In this study
both PLD1 and PLD2 were required for exocytosis of hex-
osaminidase-containing secretory granules because overex-
pression of both PLD1 and PLD2 enhanced secretion and

catalytically inactive PLD1 and PLD2 both blocked secretion
stimulated by thapsigargin.

To confirm that the localization of the overexpressed PLD
proteins was similar to the endogenous PLDs, we analyzed
the distribution of endogenous PLDs by activity measure-
ments and confirmed that the pattern observed for overex-
pressed PLD proteins was similar to the endogenous PLD
proteins. PLD2 activity, monitored by stimulation with oleic

Figure 6 (cont).
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acid, was localized at the plasma membrane, whereas the
ARF-stimulated activity was localized intracellularly, show-
ing partial overlap with hexosaminidase-containing secre-
tory granules (Sarri, Pardo, Fensome, and Cockcroft; unpub-
lished data). Overexpressed PLD2 was identified at the
plasma membrane in resting cells and was found in mem-
brane ruffles as well as the pinosomes that accompanied the
membrane ruffles. In contrast, PLD1 was localized to an
intracellular vesicular compartment, which did not change
dramatically upon antigen addition. It has been reported
previously that in stimulated mast cells, PLD1 translocates
to the plasma membrane (Brown et al., 1998a; Choi et al.,

2002; Powner et al., 2002). Our inability to monitor the trans-
location of PLD1 could be due to differences in methodology
or to the degree of exocytosis triggered by antigen. In our
hands, only 25-35% secretion could be triggered and mixing
of the PLD1-containing granule membranes with the plasma
membrane during fusion may have led to the dispersal of
the GFP signal.

Membrane ruffling is accompanied by pinocytosis, and
ARF6 has been implicated in coordinating the dynamics of
pinosome or endocytic traffic, which accompanies mem-
brane ruffle formation and its dissolution (Honda et al., 1999;
Radhakrishna et al., 1999). Expression of a constitutively
activated form of ARF6 induces actin assembly, resulting in
the movement of vesicle-like particles, some of which con-
tain markers for pinosomes (Schafer et al., 2000). The ARF6
exchange factor, EFA6, which has a pleckstrin homology
domain, has also been shown to coordinate membrane re-
cycling and the actin cytoskeleton during membrane ruffling
(Franco et al., 1999). After stimulation with antigen, PLD2
was also seen in the pinosomes but PI(4,5)P2 was not. Thus,
PLD2 in the pinosomes may be a means of shutting down
PLD2 activity because PI(4,5)P2 was never seen in such
structures.

What is the function of PLD activity during membrane
ruffling? In the membrane ruffles, both PLD2 and ARF6 are
found, and our data suggest that localized availability of PA
via PLD2 and ARF6 coordinate the activity of PIP5K and,
therefore, PIP2 production (Fensome et al., 1996; Honda et al.,
1999; Divecha et al., 2000). This conclusion is supported by
both in vitro studies published previously and the studies in
permeabilized cells reported herein. Because antigen-stimu-
lated PI(4,5)P2 synthesis is both ARF dependent and is in-
hibited by butan-1-ol, both PA and ARF proteins are re-
quired simultaneously to regulate PIP5K (Honda et al., 1999;
Jones et al., 2000). During antigen stimulation, we anticipate
that both ARF and PA are rate-limiting components com-
pared with the situation when GTP�S is used as a stimulus
(Skippen et al., 2002). In the case of the antigen, both path-
ways are required and could function as coincidence detec-
tors. The observation that GTP�S can use both pathways for
PI(4,5)P2 synthesis is most likely due to the irreversible
nature of G protein activation by GTP�S compared with
when antigen is used as a stimulus. Responses to GTP�S are
much larger and longer sustained due to the near irrevers-
ible activation of the GTPases.

One of the most interesting facets of PLD activation that
has emerged from this study is the interpretation of data
when PLD activation is monitored by the formation of PBut.
The majority of studies use transphosphatidylation as a
means of monitoring PLD activity, and herein we demon-
strate that results can be misleading. Measurements of PA as
a monitor of PLD activation are also equally fraught with
difficulty because PA is readily metabolized. Another diffi-
culty in using biochemical measurements of PA is that it
measures global PA rather than the PA that is topologically
restricted to the site of PLD activation. We have attempted to
monitor PA in living cells by using a PA-binding region of
Raf-1 tagged with GFP (Rizzo et al., 2000). However, this
domain localized intracellularly in a punctate staining pat-
tern and remained so in the antigen-stimulated cells.
Clearly, the availability of such a reagent would provide the
ability to examine the production of PA in a topologically

Figure 7. Measurements of PA and PBut in PLD1- and PLD2-
overexpressing RBL mast cells before and after stimulation with
antigen. Cells transfected with GFP-PLD2 were stimulated with
antigen for 20 min in the presence and absence of butan-1-ol. The
samples were analyzed by two-dimensional TLC to separate PA (A)
and PBut (B). In the absence of butan-1-ol, PA levels are enhanced
fourfold in PLD2-transfected cells. Presence of butan-1-ol decreases
the PA levels, and this is accompanied by a pronounced increase in
PBut (note the scale for PA and PBut is different), illustrating that
PLD activity is high but does not result in accumulation of PA. In
the presence of antigen and butano-1-ol, levels of PA are not ele-
vated further, although an increase in PBut is clearly observed.
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restricted region, and kinetics of PA production can then be
directly compared with membrane ruffling.

We postulate the following sequence of events: In phase I,
antigen stimulates a robust activation of PLD2 (and possibly

also PLD1), generating PA. Antigen also stimulates ARF6
and together with PA stimulates the activity of PIP5K, lead-
ing to a burst of PI(4,5)P2, all within the membrane ruffle.
The increase in PIP2 leads to further activation of PLD2

Figure 8. PMA stimulates membrane ruf-
fling but not exocytosis in RBL mast cells. (A)
Antigen but not PMA stimulates release of
hexosaminidase. (B) Antigen and PMA both
stimulate PLD activity. (C) Butan-1-ol inhibits
PMA-induced membrane ruffling. Cells were
incubated with 0.5% butan-1-ol. PMA (10
nM) was subsequently added to the cells to
stimulate membrane ruffling. No membrane
ruffling was observed as long as butan-1-ol
was present. After removal of butan-1-ol,
membrane ruffling commenced. (D) Mem-
brane ruffling stimulated in PLD2-transfected
cells with PMA (top). Membrane ruffling is
inhibited by butan-1-ol and can be restored
upon washout of butan-1-ol (bottom). Butan-
1-ol was washed out at 10 min after PMA
addition.
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(phase II). Our data on PLD activity measurements provide
evidence for this positive feedback model whereby ongoing
local PLD activity is maintained, provided that the PA is
made and can participate in a downstream event most likely
stimulating the levels of PI(4,5)P2. This conclusion is de-
duced from the anomaly of the time course of PLD activa-
tion. An apparent plateau of PLD activity is observed after
10 min of antigen stimulation (Figure 2C), despite the dem-
onstration that PLD is continually active over a 30-min pe-
riod (Figure 2D). Butanol, by preventing phase I, would
therefore prevent phase II of PLD activity. Butanol is widely
used to measure PLD activity, but its effects on PA produc-

tion mask the events that PA subsequently regulates, in this
case the positive feedback loop. This is dependent on PA-
dependent increase in PIP5K activity and thus increased
PI(4,5)P2 level, leading to a further increase in PLD2 activity.
A similar conclusion was suggested by recent studies over-
expressing PLD2 with PIP5K (Divecha et al., 2000). Mem-
brane ruffling and lamellipodia formation are extremely dy-
namic processes, and it is expected that a local ARF6 GTPase
cycle operates in addition to the well-established Rac cycle.
The local buildup of high levels of PA together with
PI(4,5)P2 can then allow for ARF-GTPase–activating protein
to deactivate ARF6, a characteristic of the ASAP and ACAP

Figure 9. ARF6 and PA are both re-
quired for the stimulation of PIP2 syn-
thesis in antigen-stimulated RBL mast
cells. (A) In streptolysin-O–permeabil-
ized RBL mast cells, ARF1 but not ARF6
leaks out of cells. (B) Synthesis of
PI(4,5)P2 by antigen is dependent on the
addition of ARF6 proteins to permeabil-
ized RBL mast cells. (C) ARF6 plus anti-
gen-stimulated PIP2 synthesis requires
PLD-generated PA production. Butan-
1-ol but not butan-2-ol (0.5%) blocks PIP2
synthesis stimulated with antigen plus
ARF6.
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family of ARF-GTPase–activating proteins (Brown et al.,
1998b; Jackson et al., 2000). In addition, PIP 5-phosphatase is
also found in membrane ruffles, which suggests that turn-
over of PI(4,5)P2 is also taking place (Mochizuki and Tak-
enawa, 1999).

Membrane ruffles are regions of intense actin polymeriza-
tion and contain many actin-binding proteins, in particular,
gelsolin and profilin, which are also PI(4,5)P2-binding pro-
teins. Gelsolin acts to sever existing actin filaments. Profilin
acts to concentrate G-actin monomer to sites of actin poly-
merization. PI(4,5)P2 plays an important role in regulating
these two activities. We now provide evidence for a new
enzymatic component, PLD2 (and possibly PLD1), whose
continual activity is required for the formation and dissolu-
tion of membrane ruffles. Our results suggest that one func-
tion of PA is to modulate the activity of PIP5K together with
ARF6. Local production of PI(4,5)P2 together with Rac1 reg-
ulates the activity of proteins such as gelsolin and profilin. It
is therefore interesting to note that a physical interaction
between PLD2 and gelsolin has been reported (Steed et al.,
1996). Furthermore, it was apparent that gelsolin increased
markedly the activity of PLD. Fibroblasts lacking gelsolin do
not ruffle and this is assumed to be due to loss of severing
activity (Azuma et al., 2000). We speculate that gelsolin-
dependent membrane ruffling is due to enhanced PLD ac-
tivity and subsequent increases in PI(4,5)P2 via PA-stimu-
lated PIP5K.
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