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Plasma membrane tension orchestrates membrane
trafficking, cytoskeletal remodeling, and biochemical
signaling during phagocytosis
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Phagocytes clear the body of undesirable particles such as in-
fectious agents and debris. To extend pseudopods over the surface
of targeted particles during engulfment, cells must change shape
through extensive membrane and cytoskeleton remodeling. We
observed that pseudopod extension occurred in two phases. In the
first phase, pseudopods extended rapidly, with actin polymeriza-
tion pushing the plasma membrane forward. The second phase
occurred once the membrane area from preexisting reservoirs was
depleted, leading to increased membrane tension. Increased tension
directly altered the small Rho GTPase Rac1, 3’-phosphoinositide, and
cytoskeletal organization. Furthermore, it activated exocytosis of
vesicles containing GPl-anchored proteins, increasing membrane
area and phagocytosis efficiency for large particles. We thus pro-
pose that, during phagocytosis, membrane remodeling, cytoskeletal
organization, and biochemical signaling are orchestrated by the
mechanical signal of membrane tension. These results put a sim-
ple mechanical signal at the heart of understanding immunological
responses.
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Fcy receptor (FcyR)-mediated phagocytosis is a vital compo-
nent of innate immunity required for clearance of undesirable
particles such as pathogenic bacteria or apoptotic cells (1-3).
Following recognition of surface-bound IgG molecules, phag-
ocytes dramatically change their shape, extending large pseu-
dopodia around the target particle before engulfment. This
change in shape is critical for ingestion of large particles (>3 pm)
and is dependent upon membrane remodeling, cytoskeletal or-
ganization, and biochemical signaling. To promote efficient en-
gulfment, phagocytic cells need to remodel their membrane and
increase their surface area through exocytosis (4, 5). Actin cy-
toskeleton polymerization and reorganization in the pseudopod
are directed by Rho GTPase (6) and phosphoinositide-mediated
signaling pathways (7, 8). However, how these separate pathways
operate in concert to achieve efficient phagocytosis of large
particles is unclear.

Recently, plasma membrane area and tension (9, 10) have
emerged as major players in determining cell shape, controlling
the shape persistence of migrating keratocytes (11), and gener-
ating neutrophil polarity (12). Moreover, the mechanical feed-
back of plasma membrane tension informs spreading fibroblasts
of their own physical limits (13), leading to exocytosis activation
and cytoskeleton remodeling. Because the cell functions required
for large particle phagocytosis are closely related to those under
membrane tension control, we investigated the potential roles of
membrane tension as a coordinating cue for phagocytosis.

Results and Discussion

To assess how membrane and cytoskeletal remodeling are linked to
pseudopod extension, we used high-resolution microscopy of mac-
rophages attempting to internalize an IgG-opsonized glass surface,
a phenomenon termed “frustrated phagocytosis.” Although this
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system has a long history in the field (14-17), little attention has
been given to dynamics at early times. Cells initially spread
rapidly on the surface, displaying isotropic and homogenous
pseudopod extension (Fig. 14, Fig. S14, and Movies S1 and S2),
and then underwent an abrupt transition (denoted by “T”) in
spreading rate such that the contact area progressively plateaued
(Fig. S1 B and C). Contact area at the transition scaled pro-
portionally with suspension cell size (i.e., larger cells spread to
a bigger area before undergoing a transition), strongly indicating
that the observed transition was linked to an intrinsic cell-size—
related parameter (Fig. 1C), rather than a critical threshold of
FcyR activation.

Examination of the plasma membrane revealed that, initially,
membrane folds were present on both the ventral (Fig. 1.4 and D
and Movie S2) and the dorsal cell surface (Fig. 1E and Movie
S3). Isotropic pseudopod extension proceeded until all of the
folds were depleted. By quantifying the amount of membrane
contained in the folds in early first phase (P1) we estimated that
cells kept at least 20-40% of membrane area in folds before the
transition (Fig. S1D, 28 + 0.04% SEM and +13.4% SD of the
total membrane area, n = 13 cells from 13 independent experi-
ments). At the transition, the pseudopod edge drastically re-
duced its speed and lost homogeneity (Fig. 1B). Simultaneous
examination of the actin cytoskeleton showed a stable organi-
zation with respect to the pseudopod edge during P1. At the
transition, the actin presented a dramatic reorganization (Fig. 14
and Movie S2). At the beginning of the transition, a closer look
at the pseudopod showed a clear reinforcement of the actin
signal behind the leading edge (Fig. 14: compare time 70 s with
time 140 s; Movie S2), suggesting that the actin may react to
a signal at the membrane—cytoskeleton interface. Once past the
transition, in a second phase (P2), a global change in actin re-
organization occurred with the apparition of large actin bundles
in the central part of the cell (Fig. 14, time 210 s; Movie S2),
whereas the cell extended outward only slowly, with small and
local cycles of protrusion-retraction, primarily restoring preex-
isting dorsal folds (Fig. 1E and Movie S3). This indicated that
membrane and cytoskeleton remodeling are linked together
through the transition.

But what signal controlled the transition? To investigate this
further, we examined frustrated phagocytosis on 30-pm circles
of IgG (18). Cells that landed on the circle edge extended pseu-
dopods isotropically over both coated and noncoated areas alike,
up to the transition (Fig. 24 and Movie S4). Only after the

Author contributions: T.A.M. and N.C.G. designed research; T.A.M., B.P., and N.C.G. per-
formed research; T.A.M., V.V., and N.C.G. contributed new reagents/analytic tools; T.A.M.,
B.P.,, Y.L, and N.C.G. analyzed data; and T.A.M. and N.C.G. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
"To whom correspondence should be addressed. E-mail: mbinclg@nus.edu.sg.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1301766110/-/DCSupplemental.

PNAS | July 16,2013 | vol. 110 | no.29 | 11875-11880

>
[
=]
=
=]
o
-
=
w
v



http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301766110/-/DCSupplemental/pnas.201301766SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301766110/-/DCSupplemental/sm01.m4v
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301766110/-/DCSupplemental/sm02.m4v
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301766110/-/DCSupplemental/pnas.201301766SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301766110/-/DCSupplemental/sm02.m4v
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301766110/-/DCSupplemental/sm03.m4v
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301766110/-/DCSupplemental/sm03.m4v
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301766110/-/DCSupplemental/pnas.201301766SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301766110/-/DCSupplemental/sm02.m4v
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301766110/-/DCSupplemental/sm02.m4v
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301766110/-/DCSupplemental/sm02.m4v
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301766110/-/DCSupplemental/sm03.m4v
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301766110/-/DCSupplemental/sm04.m4v
mailto:mbinclg@nus.edu.sg
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301766110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301766110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1301766110

L T

z

1\

BN AS  DNAS P

Fig. 1. Macrophage pseudopod extension occurs
in two phases during FcyR-mediated frustrated
phagocytosis and correlates with membrane and
cytoskeleton dynamics. (A) Spinning-disk confocal
microscopy of a macrophage undergoing frustrated
phagocytosis showing plasma membrane (PM-GFP,
Upper) and F-actin (Ruby-Lifeact, Lower). A single
confocal section at the glass interface is shown.
Numbers indicate time in seconds (Movie S1). (Scale
bar, 10 pm.) (B) Motility map of the cell in A show-
ing protrusion velocity along the circumferential
cell edge as a function of time. P1 and P2 indicate
the motility phases before and following the tran-
sition, T, respectively. (C) Cell-contact area at the
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transition versus initial cell size on first contact with the opsonized surface. (D) Zoom from plasma membrane in A. Folds of plasma membrane (bright puncta
visible in the firstimage) are exhausted before the transition. (E) Three-dimensional reconstruction of a spinning-disk microscopy time series during frustrated
phagocytosis. Dorsal membrane folds (clearly visible at 0 s) are exhausted before the transition (at 120 s). Subsequently, ruffles and folds (indicated by the

white arrow) recover on the cell surface.

transition did cells acquire polarity, reducing their spread area
on the uncoated substrate while continuing to expand and ruf-
fling extensively on IgG (Fig. 24 and Movie S4). Thus, in con-
trast to the standard zipper-like model of phagocytic cup growth
(19), -mediated adhesion is critical neither for early pseudopod
extension (following initial activation) nor for the transition. By
pulling membrane tethers with an optical trap during the first
phase of pseudopod extension, we observed a clear peak in
tether force as the cell passed through the transition (Fig. 2B and
Movie S5). This is consistent with a peak in membrane tension
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occurring between the two steps of pseudopod extension [mem-
brane tension is proportional to the square of tether force (20)],
suggesting that an increase in plasma membrane tension is the
signal for the transition. Moreover, by pulling membrane tethers
during early P2, when local cycles of protrusion and retraction
occur, we also observed a very clear fluctuation in tether force,
with alternating increase (during protrusion) and decrease (during
retraction) separated by a peak at the transition (47 pN during
protrusion to 58 pN at the peak and then 45 pN during re-
traction, n = 12 cells; see Fig. S1E for quantification). Pseudopod
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Fig. 2. An increase in membrane tension promotes the transition in pseudopod extension. (A) A RAW macrophage monitored by transmitted light-extending
pseudopods on the edge of a circular pattern of IgG indicated by the red circle (Movie S4). (B) Membrane tension (indicated by tether force) dynamics at the
transition in control (Left) or latrunculin A-treated (Right) cells. Blue dotted line in the center indicates approximate time of the transition, T. (Upper) Red
dotted line shows the cell edge. (C) the small Rho GTPase Rac1 (CyPet-Rac, Top), active Rac (YPet-PBD, Middle), and activation ratio (YPet:CyPet ratio, Bottom)
during frustrated phagocytosis (Movie S3). (D) Kymograph of Rac activation ratio shown in C. (E) Kymograph of 3’-phosphoinositide distribution (Akt-PH-GFP)
through the transition. (F) Kymograph of YPet-PBD localization during early spreading when a hypotonic shock (0.5x Ringer’s) is applied. Recovery of tonicity

(1.0x Ringer’s) results in restored protrusive activity.
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extension occurs through actin polymerization pushing the
membrane forward; therefore, a large proportion of the mem-
brane tension observed could come from this pushing force.
Using mild latrunculin A treatment (100 nM) to dampen but not
totally inhibit actin polymerization (Fig. S2), we observed that
the tether force was about three times lower in P1 than in con-
trols (16.1 + 2.2 pN SEM, n = 7 cells, Fig. 2B). In fact, pulling
tether under mild latrunculin treatment was significantly easier
than in control cases allowing for robust quantification. As we
previously reported for lamellipodia extension during fibroblast
spreading on fibronectin (21), radial pseudopod extension in P1
was also four times slower under latrunculin treatment (Fig. S2C),
reinforcing the idea that actin polymerization is responsible in
large part for tension generation by rapidly pushing the membrane
forward. Moreover, at the P1-P2 transition, under latrunculin
treatment, the characteristic temporary peak in membrane tension
was stronger (in relative terms, 36.3 + 6.2 pN, at the transition T,
and then 16.6 + 3.5 pN in early P2, SEM, n = 7 cells) and clearer
(very strong and short lasting) than in the control case (Fig. 2B).
Given that the contact area at the transition also scaled with cell
size (Fig. 1C), our results indicated that the origin of the signal
for the transition came only from the cell, reinforcing the notion
that an increase in membrane tension is the key element.
We investigated how biochemical signaling could respond to
the physical signal of membrane tension at the transition. The
activity of the small GTPase Racl is known to relocate from the
pseudopod to the cup base during engulfment of large particles
(6) in a biphasic manner. By following Racl activity with fluo-
rescent probes (22), we observed a clear redistribution of active
Rac from the pseudopod to the cell center at the transition [Fig.
2 C and D and Movie S6, reduction in P-21 activated protein
kinase binding domain (PBD):Racl ratio at the transition in the
5-pm region behind the pseudopodia edge: —48 + 8%, SD, n = 11
cells]. Moreover, although the activity in the pseudopod
appeared steady and stable during P1, the activity in the center
of the cell during P2 seemed rather unstable and linked to a burst
of local Racl activation. As Rac is also known to be activated by
phosphatidylinositol trisphosphate (PIP;)-dependent guanine nu-
cleotide exchange factors (GEFs), we examined the 3’-phosphoi-
nositide distribution using the pleckstrin homologous domain of
the protein Kinase AKT (GFP-Akt-PH) distribution (Fig. 2E and
Movie S7). A significant decrease of fluorescence (reduction in
Akt-PH domain level at the transition in the 5-pm region behind
the pseudopodia edge: —37.7 + 3.4%, SD, n = 10 cells) was ap-
parent in the pseudopod at the transition, consistent with a de-
activation of Rac-GEFs. Such a decrease was not observed in
plasma membrane staining (Fig. 14 and Movie S2). The only
method to date to artificially increase membrane tension is to
subject cells to hypotonic stress (12, 13, 23, 24). Whereas it
is not possible to totally exclude side effects on other signaling
pathways, we did observe that replacing media with hypotonic
solution at half tonicity clearly induced an increase in membrane
tension in macrophages (Fig. S3C). This increased tension was
correlated with a stalling of pseudopod extension concomitant
with the immediate loss of Racl activity (Fig. 2F and Movie S8). A
subsequent decrease in tension (by restoration of isotonic media) in
the same cell relocated some Racl activity to the pseudopod, re-
storing protrusive activity (Fig. 2F and Movie S8). Reinforcing our
observation, Racl activity has recently been shown to be modulated
by membrane tension (12). Our results show that membrane ten-
sion not only induces the transition but also modulates the bio-
chemical pathways responsible for pseudopod extension.
Macrophages have been described to increase their plasma
membrane area during phagocytosis (4). This has been linked to
activation of secretion pathways (25). However, both the spa-
tiotemporal organization and the respective contribution of each
pathway to the total area capacity are far from clear (17). Using
a lipid-dye N-(3-triethylaminoniumpropyl)-4-(4-(dibutylamino)
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styryl) pyridinium dibromide (FM1-43)-based assay to monitor
cell-surface area (26), no clear secretion was recorded before
the transition (Fig. 3 A-C), confirming that preexisting mem-
brane folds provide the extra membrane area required for initial
pseudopod extension. Secretion was activated at the transition,
associated with a global increase in plasma membrane area of
40 + 7% (Fig. 3D). Moreover, to demonstrate that membrane
tension can increase membrane area, we applied a hypotonic
shock (9, 27) to macrophages cultured on glass. This resulted in
rapid activation of exocytosis (Fig. S34) and an increase in
plasma membrane area of 30% (Fig. S3B), similar to that in-
duced by frustrated phagocytosis. The two observed phases are
thus linked to two membrane-remodeling mechanisms: (i) a
rapid pseudopod extension while plasma membrane buffer
(folds) is available and the membrane area stays constant and (i)
a much slower extension, after the increase in membrane ten-
sion, where secretion activation creates an extra membrane area.
The increase in cell-surface area during frustrated phagocytosis
is strikingly similar to the fibroblast capacity to increase mem-
brane area during integrin-mediated spreading on fibronectin
(26). This highlights how simple physical parameters (membrane
tension) underlie shape changes, whereas chemical signaling
and function may differ across cell type.

In fibroblasts, the major compartment regulating membrane
area during shape changes is a recycling pathway of membrane
containing GPI-anchored proteins (26, 28). As the relative con-
tribution of membrane from intracellular compartments to the
phagocytic cup remains largely controversial (17), we investi-
gated whether a GPI-linked compartment provides membrane
area during frustrated phagocytosis. By quenching external GFP
fluorescence on cells transfected with GFP-GPI, we observed
a variety of differently sized unquenched vesicles apposed to the
ventral surface (Fig. S44). Fusion (Fig. S4B) was observed in the
3 min following the transition up to a peak of 30 events per
minute (Fig. 3E and Movie S9). The contributions of Golgi (Fig.
S5 A and B), endoplasmic reticulum (Fig. S5C), and lysozomes
(Fig. S5D) were also addressed. Exocytosis of Golgi, previously
implicated in cytokine secretion during phagocytosis (29), was
observed but occurred at a relatively low rate (up to five events
per minute in P2). No exocytosis of lysozomes or endoplasmic
reticulum (ER) was recordable (Fig. 3F). Thus, we propose the
GPI-anchored protein-containing compartment is a major con-
tributor of the exocytosis occurring during phagocytosis to in-
crease membrane area, strengthening its central role during
shape changes (9, 30). Interestingly, following the transition,
actin was transiently recruited to preexisting large vesicular
structures [labeled with either plasma membrane GFP (PM-GFP)
or GPI-GFP] at the back of the pseudopod (Fig. 3 G and H and
Fig. S4C). These vesicles subsequently shrank, dissipating into the
ventral membrane, whereas the actin coat initially concentrated
before dissipating with similar kinetics (Fig. 3H, Fig. S6, and Movie
S10). This strongly suggests that actin plays a dynamic role during
exocytosis of this membrane-recycling pathway and is in agree-
ment with our previous observations suggesting that this GPI-
linked exocytic pathway was independent of microtubules (26).

To extend our observations, we addressed the role of mem-
brane tension during the phagocytosis of beads, which, as op-
posed to frustrated phagocytosis, allowed macrophages to finish
engulfment (Fig. 44). As opposed to the isotropic geometry of
frustrated phagocytosis, macrophage-ingesting beads are already
attached to a substrate and very heterogenous in shape. This
makes attempts to accurately measure the membrane tension
fluctuations resulting from bead engulfment challenging. Thus,
we compared the average membrane tension between pop-
ulations of resting and phagocytosing cells. A 50% increase in
tether force was observed for cells undergoing phagocytosis
(extending pseudopodia around a bead), indicating that mem-
brane tension was increased by more than twofold (Fig. 4B).
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Fig. 3. The transition promotes membrane remodeling. (A) FM 1-43 intensity and cell-contact area dynamics for a single cell during frustrated phagocytosis.
Exocytosis (intensity increase) occurs following the transition, T. P1 and P2 indicate the phases before and after the transition, respectively. (B) FM 1-43 intensity
versus contact area for the cell in A. An intensity increase occurs only once cells have passed through the transition. (C) Average rates of contact area and FM
1-43 intensity (exocytosis) increase during P1 and P2 (quantified from nine cells). Error bars show SEM. (D) Cell plasma membrane area (FM 1-43 intensity in
arbitrary units) versus spread area (area of the cell in contact with the substrate) before (suspension cells just touching down on the substrate, blue dots) and
after 30 min of frustrated phagocytosis (spread cells, red dots). Each point represents one cell. Mean and SD for each condition are shown. (E) Quantification of
GPI exocytosis events and cell-contact area for a cell passing through the transition. (F) Comparison of exocytosis rates observed for four compartments (GPI,
Golgi, LAMP, and ER) before (P1) and after (P2) transition and following a subsequent hypotonic shock (0.5 x R; R, ringer). (G) (Left) Overlay of PM-GFP and
Ruby-Lifeact fluorescence in a macrophage spreading on IgG (arrow with dotted outline indicates vesicle before fusion). (Right) PM-GFP (Top), Ruby-Lifeact
(Middle), and overlay of a cross-section through the cell in the Left panel containing a vesicle (Bottom). (H) PM-GFP (Top), Ruby-Lifeact (Middle), and overlay
(Bottom, viewed from side) showing actin recruitment and subsequent shrinkage and fusion of the vesicle into the ventral surface (10 s per frame) (Movie S4).

Inhibition of PI3-kinase with wortmannin, which has been shown
to block both pseudopod extension (7) and phagocytosis at an
intermediate stage (31), prevented the increase in tension (Fig.
4B). This indicates that pseudopod extension leads to increased
membrane tension. To mimic the spike in tension measured at
the transition in frustrated phagocytosis (Fig. 2B), a hypotonic
shock was applied following ligation of beads (Fig S3C). The in-
creased membrane tension (Fig. S3C) resulted in a factor 4 in-
crease in phagocytic efficiency after 5 min (Fig. 4C and Fig. S74)
compared with isotonic control. Remarkably, this effect partially
overcame wortmannin treatment (Fig. 4C and Fig. S3C), indi-
cating that, even if pseudopod extension is inhibited, restoring the
signal of increased tension is enough to achieve engulfment.

To determine how particles were ingested following the ex-
ternally applied tension spike, we blocked pseudopod extension
with wortmannin (to prevent a cell-mediated tension increase)
and subsequently applied a hypotonic shock while observing
F-actin and 3’-phosphoinositide distribution (Fig. 4D and
Movie S11). Before the shock the beads were partially engul-
fed, but the nascent phagocytic cups were stable and F-actin had
a uniform distribution, consistent with a lack of protrusion. On
application of the tension spike the beads rapidly moved into the
cell body, whereas pseudopods showed relatively little outward ex-
tension, as observed in the second phase of frustrated phagocytosis
(Fig. 1 and Fig. S1). This indicated that the second phase, rather
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than promoting outward pseudopod protrusion, led to inward
bead movement and ingestion, most probably through contrac-
tion and exocytosis activation. The tension-induced increase in
efficiency was effectively prevented by inhibition of all secretion
by N-ethylmaleimide (NEM) (32) (Fig. 4C), but was indepen-
dent of myosin II-dependent contractility (Fig. S7B) or the Rho-
signaling pathway (Fig. S7C). These results confirmed the role of
membrane tension as an exocytosis activator and the require-
ment for exocytosis to complete phagocytosis.

A previous study reported a phagocytic-signaling transition
following which there was a large increase in the density of PIP;
and actin in the phagocytic cup, described by a concentration
threshold (33). The authors conclude that their data provide
some support for the trigger model of phagocytosis, as opposed
to the more conventionally favored zipper-like model. We ob-
serve that both models appear to be valid, but depending on the
cell motile state and availability of membrane. The P1 phase is
indicative of an initial FcyR-dependent trigger, and, following
the tension-mediated transition, a global zippering on the IgG-
coated surface occurs. Zhang et al. proposed that recruitment of
the p85 subunits of the PI3 kinase may depend on surpassing
a 3’-phosphoinositides threshold. Although this is possible, the
leading-edge modifications that we observed at the transition
and under osmotic shock are also consistent with a role for actin
in directing lipid synthesis, as the physical force of tension acting
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Fig. 4. Phagocytosis of particles is
promoted by increased membrane
tension. (A) Transmitted light (Top),
Alexa-488-anti-lgG (Middle), and
overlay of macrophages (Bottom)
ingesting 8-um IgG-opsonised latex
beads, fixed after 20 min. (B) Com-
parison of tether force measured in
either resting cells or macrophages
ingesting 8-um beads in the presence
or absence of 100 nM wortmannin.
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ment because of protrusion, leading to membrane buffer (folds) depletion. At the transition (iii), a spike in membrane tension due to competition between
membrane area depletion and protrusive activity leads to PIP3-Rac1 deactivation and actin reorganization in the pseudopod as well as exocytosis activation.
In the second phase of pseudopod extension (iv), the membrane area is increased by an actin-associated exocytosis of GPl-anchored protein-containing
vesicles. Particle internalization is initiated, and pseudopodia extension progressively wraps the particle as it enters the cell body. After engulfment (v),
maturation is initiated and subsequently involves lysosome fusion and, potentially, Golgi and ER compartments.

on the cytoskeleton is concurrent with changes in Akt-PH dis-
tribution. Although lipid signaling has been shown to act up-
stream of cytoskeleton regulation (e.g., through RacGEFs), in
this case we are of the view that the physical signal of tension
most likely acts directly on the cytoskeleton. Therefore, we
hypothesize that the cytoskeleton can in fact also direct lipid
synthesis and that external physical stresses placed on the cyto-
skeleton could thus modify the distribution of phosphoinositides.
We are currently investigating this possibility in further studies.

Conclusion

During phagocytosis, particularly of large particles, cortical
tension (34), contractility (35), and phosphoinositide signaling
(36) have been reported to display biphasic behavior. However,
an integrated picture of the spatiotemporal organization of cell
functions during these distinct phases has not been developed.
We propose here that during phagocytosis the biphasic behavior
of membrane remodeling, cytoskeletal organization, and bio-
chemical signaling is coordinated by macrophages using the
simple physical signal of the plasma membrane tension (see our
working model in Fig. 4E). These results put membrane area and
tension as master regulators of a fundamental immune response,
and more generally outline, as previously suggested for phago-
cytosis (37), the increasing importance of mechanosensation as a
means to orchestrate cell functions.

Experimental Procedures

Reagents, Solutions, and Plasmids. Hypotonic medium (0.5x Ringer’s) is com-
posed of 1x Ringer’s (150 mM NaCl, 5 mM KCl, 1 mM CacCl2, 1 mM MgClI2,
20 mM Hepes, and 2 g/L glucose, pH 7.4) mixed 1:1 with H,0, but maintaining
1 mM Ca®* and 1 mM Mg2+. PM-GFP was described previously (38). Ruby-
Lifeact was a kind gift from Roland Wedlich-Soldner (Max Planck Institute of
Biochemistry, Martinsried, Germany) (39). Cyan fluorescent protein CyPet-Rac1
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optimized for FRET with the yellow fluorescent protein YPet-PBD [the Rac1-
GTP-binding domain of PAK, Addgene plasmids 22782 and 22781, from
Klaus Hahn (University of North Carolina, Chapel Hill, NC) (22)] and GFP-Akt-
PH [Addgene plasmid 21218 from Tobias Meyer (Stanford University, Stan-
ford, CA) (40)] were from Addgene (www.addgene.org). GFP-GPI, YFP-Golgi,
ER-dsRed (red fluorescent protein from Discosoma sp.), and GFP-lysosomal
associated membrane protein 1 (LAMP1) were described previously (26). FM
1-43 was from Invitrogen. All other chemicals were from Sigma Aldrich.

Cell Culture. Abelson murine leukemia virus transformed macrophages (RAW
264.7) were obtained from the American Type Culture Collection and grown
in high-glucose DMEM supplemented with 10% heat-inactivated FBS (HI-
FBS) and penicillin-streptomycin. Transfections were performed with a Neon
electroporator (Invitrogen) as per manufacturer’s recommendations.

Frustrated Phagocytosis. Cells cultured on cell culture plastic were lightly
scraped and resuspended in RPMI supplemented with 20 mM Hepes and 10%
HI-FBS, followed by rotation at 37 °C for 2-3 h. One hour before seeding back
the cells, serum was removed. Cells were added to chambers containing 1x
Ringer’s solution, and microscopy was performed on a heated stage at 37 °C.

Membrane Tension Measurements. An optical tweezer (Elliot Scientific) was
generated by focusing the output of a 5.0-W, 1,064-nm laser through a 100x
(1.3 N.A.) objective (Nikon) mounted on a Nikon A1-R microscope. Tethers
were pulled from cells using 1-pm polystyrene beads (Polysciences) coated in
Con A. Bright-field images were acquired using an Andor camera. Trap
strength was calibrated by observing Brownian motion of trapped beads with
an exposure time of 0.6 ms to minimize motion blur [application of a previous
method (41) led to corrections of the trap strength of less than 5%].

Quantification of Plasma Membrane Area. This assay was described previously
(26). In summary, frustrated phagocytosis was allowed to proceed for 30 min
on a glass substrate coated in IgG. Thereafter, fresh suspension macrophages
were added and allowed to attach to the substrate before media was re-
placed with ice cold 1x Ringer’s, and the sample was cooled to 4 °C to prevent
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further spreading and membrane turnover. Media was then replaced with
ice-cold 1x Ringer’s containing 5 pg/mL FM 1-43. Differential interference
contrast microscopy (DIC) and whole-cell fluorescence images were imaged
through a 40x water objective on a microscope stage cooled with melting
ice. Illumination was provided by a wide-field Hg source with a standard GFP
filter set, and images were acquired using an Evolve EMCCD camera (Pho-
tometrics). Images were analyzed in Imagel. Total FM 1-43 fluorescence
intensity was calculated by subtracting background fluorescence from a re-
gion of interest enclosing individual whole cells. The amount of membrane
present in folds was quantified by analyzing the density of fluorescence in
the substrate-attached surface of cells expressing PM-GFP during frustrated
phagocytosis (as presented in Fig. 1D). Early in the process, membrane is
folded and thus bright puncta are visible; however, as the cell extends across
the surface, the folds are lost. We considered the membrane at the transi-
tion to be smooth (and thus its fluorescence density is that of a smooth
membrane) and assume that folds are distributed evenly over the entire cell
surface. We thus estimate the amount of membrane in folds early in P1 by
dividing the observed initial fluorescence density with that recorded at the
point at which the cell passes through the transition.

FM 1-43 Fluorescence Dynamics. Resuspended macrophages were mixed with
an equal volume of 1x Ringer’s containing 10 pg/mL FM 1-43 and then added to
a chamber containing 5 pg/mL FM 1-43 with an IgG-coated coverslip at its base.
The chamber was mounted on a microscope at 37 °C, and DIC and whole-cell
fluorescence images were acquired (as described in the preceding section) at
10-s intervals as the cells extended pseudopods on the surface. Intensities were
extracted from images with ImageJ and background-corrected with Excel.
FM 1-43 is a soluble membrane impermeable dye that has a quantum
yield 40x higher in lipid membranes. Thus, total FM 1-43 fluorescence
emission from a cell at each time point is linearly related to the sum of the
initial plasma membrane area (on addition of the dye assuming instantaneous
attainment of loading equilibrium) and the total net membrane exocytosed
(not recycled) up to that time point (equivalent to the instantaneous plasma
membrane area plus the total membrane endocytosed up to that point); i.e.,
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F(t) < PM(t) + [y ken(t')dt'=PM(0) + [; kex(t')dt', where ken(t) and kex(t) are
the time-dependent endocytic and exocytic rates, respectively. Thus, tem-
poral variation of FM 1-43 reveals periods with high membrane turnover,
visible as sharp increases in fluorescence.

Microscopy. Spinning disk confocal microscopy was performed with a Perkin-
Elmer confocal spinning unit connected to an Olympus IX 81 microscope body.
Images were acquired through a 100x oil immersion objective with a Hama-
matsu C9100-13 EMCCD camera at a rate of 5 s per frame. Images of YPet-PBD
and CyPet-Racl were background-corrected before calculation of their re-
spective ratio. Total internal reflection fluorescence (TIRF) images of vesicle
exocytosis were obtained through a 100x oil immersion objective with an
iLas2 TIRF system connected to an Olympus IX 81 microscope body. Images
were acquired in stream mode with 150 ms per frame.
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determine the significance level of differences between conditions.
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