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ABSTRACT
B cells acquire membrane-bound cognate antigens
from the surface of the APCs by forming an IS, similar
to that seen in T cells. Recognition of membrane-bound
antigens on the APCs initiates adhesion of B lympho-
cytes to the antigen-tethered surface, which is followed
by the formation of radial lamellipodia-like structures, a
process known as B cell spreading. The spreading re-
sponse requires the rearrangement of the submem-
brane actin cytoskeleton and is regulated mainly via
signals transmitted by the BCR. Here, we show that cy-
toplasmic calcium is a regulator of actin cytoskeleton
dynamics in B lymphocytes. We find that BCR-induced
calcium mobilization is indispensible for adhesion and
spreading of B cells and that PLC� and CRAC-mediated
calcium mobilization are critical regulators of these pro-
cesses. Measuring calcium and actin dynamics in live
cells, we found that a generation of actin-based mem-
brane protrusion is strongly linked to the dynamics of a
cytoplasmic-free calcium level. Finally, we demonstrate
that PLC� and CRAC channels regulate the activity of
actin-severing protein cofilin, linking BCR-induced cal-
cium signaling to the actin dynamics. J. Leukoc. Biol.
93: 537–547; 2013.

Introduction
B lymphocytes mediate humoral immunity by recognizing for-
eign antigens and producing antigen-specific antibodies

against them. After their generation in the bone marrow, na-
ive B cells migrate to the secondary lymphoid tissues to en-
counter antigen. Here, they gain direct access to small, diffus-
ible antigens, whereas larger antigens are presented to them
on the surface of APCs, such as DCs [1].

Recognition of membrane-tethered antigens initiates a pro-
cess known as B cell spreading. B cells spread over the anti-
gen-coated surface of the APCs by forming lamellopodial
membrane protrusions in parallel with an intracellular calcium
response [2]. This process leads to the formation of an IS be-
tween the APC and B cell [3], similar to that seen between
APCs and T cells [4–6]. The spreading response is dependent
on the affinity and density of the antigen [2] and requires the
reorganization of the actin cytoskeleton [7–10].

Cell spreading relies on an outward force on the plasma
membrane that is exerted by the formation of branched F-ac-
tin networks at the contact area. Formation of such networks
requires the disruption of pre-existing long filaments by actin-
severing proteins, such as cofilin, and the initiation of filament
branching via binding of the activated Arp2/3 complex to the
filaments. The Rap and Rac2 GTPases have been implicated to
play a role in both processes and to be required for B cell
spreading [11, 12]. The GTP-bound form of Rap1 is an up-
stream regulator of Vav2, a guanine-nucleotide exchanger pro-
tein that promotes actin polimeryzation and branching via ac-
tivating the WASP family Verprolin-homologous protein/WASP
pathway [13]. Rap also plays a role in the activation of cofilin.
The actin-severing protein cofilin was shown to be essential for
F-actin severing and cytoskeletal rearrangement that underlie
B cell spreading [12].

Weber et al. [7] have implicated the importance of another
pathway in B cell spreading that includes PLC�2, the Btk, and
the Blnk. In B cells, PLC� is the main regulator of BCR-driven
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cytoplasmic Ca2� mobilization. PLC� gets phosphorylated by
the Blnk/Btk complex [14, 15] to produce inositol-1,4,5-tris-
phosphate, a second messenger that rapidly releases Ca2�

from the ER [16]. Depletion of the ER Ca2� stores is followed
by the opening of plasma membrane CRAC channels [17],
allowing Ca2� influx from the extracellular space, a process
that is known as SOCE [18], which is the main mechanism to
provide a sustained increase in the cytoplasmic calcium in lym-
phocytes [19].

There are several pieces of evidence implicating that cyto-
plasmic Ca2� may regulate actin rearrangements in several
cell types [20 –22]. A number of actin-binding proteins are
sensitive to changes in the cytoplasmic calcium concentra-
tion: actin-severing protein gelsolin can induce gel-sol tran-
sition of the cytoplasm by calcium-dependent severing of
actin filaments [23], and actin-bundling protein �-actinin is
inhibited in a Ca2�-dependent manner [24].

The effect of calcium on the structure of actin cytoskeleton
is supported by measurements of localization and amount of
F-actin after experimentally induced calcium transients. Most
of the studies support that elevations in cell calcium have a
specific, destructive effect on the cortical actin cytoskeleton
[20–22].

Taken the importance of PLC� in B cell spreading and the
implications for a role of cytoplasmic Ca2� in actin rearrange-
ments, we tested the hypothesis that BCR-driven cytoplasmic
Ca2� mobilization can regulate actin rearrangements and is
required for B cell spreading. We show that PLC� and CRAC
channel function is crucial for adhesion and spreading of B
cells to antigen-tethered surfaces. The level of cytoplasmic
Ca2� regulates F-actin rearrangements. Furthermore, we show
in live cells that the generation and disruption of actin-based
membrane protrusions are linked to the level of cytoplasmic-
free Ca2�. We find that the activity of actin -severing protein
cofilin depends directly on PLC� and CRAC channel activity,
linking BCR-induced cytoplasmic Ca2� mobilization to actin
cytoskeleton reorganization and B cell spreading.

MATERIALS AND METHODS

Reagents and antibodies
Antibodies used in our experiments were anti-p-cofilin, anti-Cofilin, and
anti-actin (Sigma-Aldrich, Budapest, Hungary) and Alexa647-conjugated
anti-rabbit IgG (Invitrogen, Carlsbad, CA, USA). Rabbit anti-mouse IgG and
rabbit F(ab=)2 anti-mouse IgG (Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) were used for the stimulation of A20 cells. Alexa488-
conjugated phalloidin (Invitrogen) was used for F-actin staining. Fluo-4 AM
(Invitrogen) was used for calcium imaging. CellTracker Green (Invitrogen)
was used for staining B cells for the spreading measurements. Ionomycin
calcium salt from Streptomyces conglobatus (#I0634), EGTA (E-4378), and la-
trunculin B were purchased from Sigma-Aldrich. Peroxidase-labeled anti-
bodies were detected using the Pierce (Budapest, Hungary) ECL reagent.
CRAC inhibitor 2-APB and PLC� inhibitor U73122 were purchased from
Sigma-Aldrich. Actin-stabilizing drug Jasplakinolide was purchased from
Enzo Life Sciences (Butler Pike, PA, USA).

Cells
A20 (ATCC TIB208, I-Ad/Ed�) cells are murine B cell lymphomas and
often used as a model of mature murine B cells. A20 cells were cultured in

RPMI 1640, supplemented with 2 mM L-glutamine, 1 mM Na-pyruvate, 50
�M 2-ME, antibiotics, and 10% FCS. Cells were kept at 37°C, 5% CO2 in a
humidified atmosphere.

Murine primary B lymphocytes were isolated from the spleen of adult
(6–8 weeks old) female BALB/c mice by negative selection. After lyses of
the red blood cells, cells were washed and treated with anti-Thy-1.2 anti-
body for 30 min at room temperature and washed once more. The cell sus-
pension was incubated further with RPMI-1640 medium containing rabbit
complement for 30 min at 37°C. The percentage of B cells was analyzed by
flow cytometry using fluorescently labeled anti-B220 and anti-CD3 antibod-
ies and was found �90% in every case.

Constructs
mCherry-actin was cloned between BamHI and EcoRI sites of the retroviral
expression vector pMOWS that contains a puromycin resistance gene for
selection [25]. mCherry was amplified with the primers gattggatccgccac-
catggtgagcaagggcgag and cctgcatatgacccttgtacagctcgtccat using as a tem-
plate the pMIG-mCherry plasmid (kindly provided by Hassan Jumaa, Max
Planck Institute of Immunobiology and Epigenetics, Freiburg, Germany).
�-Actin was amplified with the primers ggtcatatgggaatggatgacgatatcgctg and
cttagaattcctagaagcacttgcggtgcac. The insertion was done sequentially using
the NdeI site built in the relevant primers.

Retroviral transfection
A20 cells were retrovirally transduced as described previously [26]. Briefly,
the Phoenix retroviral producer cell line was transfected using GeneJuice
(Novagen), according to the manufacturer’s instructions. Retroviral super-
natants were harvested after 36 and 60 h post-transfection. Cells (2�105)
were mixed with 500 �l retroviral supernatant and centrifuged at 300 g at
37°C for 3 h. Transduced cells were cultured in RPMI medium. Puromycin
(10 �g/ml) was added to the culture medium 24 h later. Three days later,
positive cells were sorted using a Beckman Coulter (Nyon, Switzerland)
MoFlo cell sorter.

Confocal microscopy
For single-cell calcium imaging, A20 was grown on eight-well chambered
Lab-Tek borosilicate coverglasses (Nunc, Rochester, NY, USA; 4 � 104

cells/chamber well). After 12 h in culture, cells were washed and incu-
bated for 15 min at 37°C in 10 �g/ml Fluo-4 AM solution prepared in
RPMI-1640 medium (Sigma-Aldrich). After loading, samples were
washed four times. Images were taken with a Fluoview 500 (Olympus,
Hamburg, Germany) CLSM using an average time resolution of 1.375
s/frame. An Ar-ion laser (488 nm) was used for the excitation of Fluo-4
fluorescence, which was detected through a band-pass filter 520 � 20
nm. EGTA was used in 2 mM or in 20 mM for inducing cytoplasmic
Ca2� oscillations in mCherry-actin-expressing A20 cells, ionomycin in 2
�g/ml concentration.

B cell spreading was also analyzed by CLSM in Lab-Tek microplates
coated with mouse-specific anti-IgM or -IgG (10 �g/ml). After 60 min, mi-
croplates at 37°C incubation were washed three times with carbonate buf-
fer. Then, microplates were further coated with BSA (1 mg/ml) for 30 min
at 37°C. A20 or spleen B cell suspensions at 2 � 105 density were pre-
treated occasionally with 2.5 �M U73122 or 100 �M 2-APB for 5 min at
37°C before the spreading. After pretreatment, cells were pipetted into the
wells for 2, 4, 6, or 8 min and then fixed with 2% PFA (5 min, 37°C). After
the spreading and fixation, microplates were washed twice with PBS. The
adhered cells were stained with 66 nM phalloidin Alexa488 for 5 min at
37°C and then washed four times with PBS. The contact surfaces of the
cells were monitored in CLSM (excitation: 488 nm). The contact zone area
was determined using ImageJ software (http://rsbweb.nih.gov/ij).

Calcium measurement by flow cytometry
A20 cells were washed and incubated for 15 min at 37°C in 10 �g/ml
Fluo-4 AM solution, prepared in RPMI-1640 medium (Sigma-Aldrich).
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After loading, samples were washed and resuspended in RPMI 1640.
Ionomycin (2 �g/ml) was used to raise or 2 mM EGTA to lower the cy-
toplasmic-free calcium level. Fluorescence measurements were per-
formed using FACSCalibur or FACSAria III (Becton Dickinson, Moun-
tain View, CA, USA) flow cytometers using an air-cooled argon ion laser
(488 nm excitation) and red diode laser (632 nm excitation). Data col-
lection and analysis were done with CellQuest Pro and DIVA software.
During data analysis, dead cells were excluded by negative gating based
on PI uptake.

Measurement of F-actin level by flow cytometry
A20 cells (5�105/tube) were collected in 300 �l RPMI 1640 and treated at
37°C with 2 �g/ml ionomycin, 2 mM EGTA, or both for time intervals as
indicated. Immediately after treatment, 100 �l of a solution containing
10% PFA, 0.05% Triton-X, and 66 nM Alexa488-conjugated phalloidin was
mixed to the samples. After labeling on ice for 10 min, samples were
washed carefully and analyzed quantitatively on a FACSAria III (Becton
Dickinson) flow cytometer.

Immunofluorescence
After stimulation on an eight-well chamber, cells were fixed in 3% PFA
for 5 min at 37°C, then incubated at 4°C for 10 min, washed two times
with RPMI 1640, and permeabilized in 0.1% Triton X-100 (Sigma-
Aldrich) at room temperature for 5 min. After a triple washing with
PBS, cells were stained with Alexa448-conjugated phalloidin and in the
case of primary B cells, with rabbit anti-cofilin antibody. Alexa647-conju-
gated anti-rabbit IgG was used in a concentration provided by the man-
ufacturer.

Stimulation of primary B cells with anti-IgM and
preparation of cell lysates
Cells (2�106)/sample were stimulated with 5 �g/ml mouse-specific anti-
IgM antibody (rabbit) at 37°C for 0, 2, and 5 min, respectively. Cells were
pelleted for 20 s and frozen immediately in liquid nitrogen. For lysis of the
cells, cells were solubilized in 20 �l lysis buffer containing 1% Triton
X-100, 50 mM HEPES (pH 7.4), 100 mM NaF, 250 mM NaCl, 10 mM
EDTA, 2 mM sodium-o-vanadate, 10 mM sodium pyrophosphate, 10% glyc-
erol, 10 �g/ml aprotinin, 10 �g/ml pepstatin, 5 �g/ml leupeptin, and 0.2
mM PMSF. After 30 min of incubation on ice, cell lysates were centrifuged
at 15,000 g for 15 min at 4°C, and the supernatants were collected for sub-
sequent experiments.

Immunoblotting
Samples were subjected to electrophoresis through 15% SDS-PAGE gel,
and the proteins were blotted onto nitrocellulose membranes (Bio-Rad,
Budapest), probed with the appropriate antibodies, and developed by
HRP-conjugated anti-rabbit IgG, followed by ECL detection (Amer-
sham).

Measurement of B cell adhesion-spreading response
Ninety-six-well flat-bottom ELISA plates were coated with mouse-specific
anti-IgM or -IgG (2 �g/ml). After 30 min incubation at 37°C and 90
min at room temperature, ELISA plates were washed several times. After
washing, plates were coated further with BSA (3 mg/ml) for an addi-
tional 60 min. A 100-�l cell suspension (5�105 cells/ml) was pipetted
into each well that was used in the experiment. Cells in the suspension
were stained previously with CellTracker Green (Invitrogen), according
to the instructions of the manufacturer. If indicated, cells were treated
with U73122 (2.5 �M) or with 2-APB (100 �M) for 5 min or with Jas-
plakinolide for 30 min before subjecting them to the plate. Cells were
incubated on the ELISA plate at 37°C, 5% CO2, in a humidified atmo-
sphere for a certain time indicated in the case of every experiment,
then fixed, and washed four times. To determine the amount of stably
adhered and spreaded cells to the surface, fluorescence was measured

in a Fluoroskan Ascent FL (Thermo Scientific, Waltham, MA, USA) flu-
orescent ELISA microplate reader.

Calculation of cell roundness and Mander’s
coefficients
Roundness of cells was defined as 4 � (area of the cell)/[��(major
axis of the cell)2] and was calculated by initially determining the outline
of individual cells in every frame with the Dynamic threshold plug-in of
Image J software based on the fluorescent image. Roundness defined as
above was then calculated using the Shape Descriptor ImageJ
plug-in [27].

For calculation of Mander’s colocalization coefficients [28], Image
correlation analysis was performed in ImageJ after background subtrac-
tion [28].

Statistical methods
For testing the differences between the experimental interdependence of
cytoplasmic Ca2� and cortical mCherry-actin signal and surrogate data, the
Neyman’s smooth statistic was applied (for further details, see the next sec-
tion). Unpaired Student’s t-test was applied to test for statistical differences
between datasets in all other experiments.

Mathematical/statistical analysis of dynamic
interdependence of cytoplasmic-free Ca2� and
cortical F-actin levels
Data for calculating the interdependence of cytoplasmic Ca2� and cortical
actin were obtained by CLSM imaging of A20 cells expressing the fusion
protein mCherry-actin. Cells were loaded with the Ca2� indicator Fluo-4,
and oscillations were evoked by EGTA (20 mM). Numeric values of the
amount of cortical actin and cytoplasmic level of free Ca2� were obtained
from individual images by defining a region of interest around the plasma
membrane from frame to frame manually. Experimental data were ob-
tained from four different measurements.

As Ca2� and cortical actin signals were contaminated by measurement
noise, smoothing spline was applied as preprocessing. Very low frequency
oscillations were eliminated using trend removal procedures. Instantaneous
phases were calculated by Hilbert transform [61]. To detect and quantify
synchronization, an entropy-based synchronization index, the NMI, was cal-
culated (also known as symmetric uncertainty).

To detect and quantify synchronization for the two variables, an entropy-
based synchronization index, the mutual information (I) was calculated as
follows

I(X ;Y) � �
y�Y

�
x�X

p(x, y)log� p(x, y)

p1(x)p2(y)� ,

where p(x,y) is the joint probability distribution function of cytoplasmic level
of free Ca2� (x) and the amount of cortical actin (y), and p(x) and p(y) are the
marginal probability density functions of the two variables.

NMI was obtained by normalization of I(X;Y) by H(X) � H(Y), the sum
of marginal entropies.

NMI has important advantages over other synchronicity measures—most
of all, its ability to grasp nonlinear interdependence (beyond linear depen-
dency) and provide a general characterization of all possible frequency
locking [62]. As a result of the normalization, the value of NMI falls in the
range [0, 1]. To expose the dynamics of the mutual interaction between
the Ca2� and cortical actin signals, windowed (“running”) entropies were
estimated within 15 consecutive, nonoverlapping windows of 52-s lengths.

For statistical comparisons, “fully synchronized” and “asynchronous” sur-
rogates were generated under two null hypotheses, proposing that the data
show both extremes—the possible lowest and highest synchronization.
Asynchronous surrogates were created by shuffling of the original phases
using permutation. Fully synchronized surrogates were the realizations of
experimental data reproduced with identical phases. For testing the differ-
ences between the experimental and surrogate data, the Neyman’s smooth
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statistics [63] was used, making it data driven by applying the Schwarz’s
selection rule. Mathematical calculations were accomplished with Matlab
6.5 software environment (MathWorks, Natick, MA, USA) by the applica-
tion of self-devised scripts for preprocessing, entropy measures, surrogate
analysis, and adaptive Neyman’s tests.

RESULTS

BCR-induced calcium mobilization is a prerequisite
for B cell adhesion/spreading
To understand the role of BCR-mediated Ca2� mobilization in
the regulation of B cell adhesion and spreading, we used the
compounds U73122, an inhibitor of PLC�, and 2-APB, an in-
hibitor of CRAC channels, to model complete loss of Ca2�

mobilization or loss of Ca2� influx only throughout the
spreading response. With the use of flow cytometry, we veri-
fied that 2-APB (100 �M) significantly reduces the peak of cy-
toplasmic Ca2� (Fig. 1A and B), whereas inhibiting PLC� by
U73122 (2.5 �M) fully abolishes Ca2� mobilization upon BCR
stimulation in mouse B lymphoma cell line A20 and in murine
splenic B cells (Fig. 1A and B).

We modeled adhesion and spreading of B cells on APCs by
incubating A20 cells or murine splenic B cells on surfaces that
were previously coated with an anti-Ig antibody. After 2, 4, 6,
or 8 min, cells were fixed, and nonadherent cells were re-
moved by washing. To quantify adhesion of cells prior to incu-
bation on the antigen-tethered surfaces, cells were loaded with
CellTracker Green. After fixation and washing, the relative
number of adherent cells was determined by measuring the
fluorescence on the anti-Ig-coated surface. The number of ad-
herent cells showed a time-dependent increase for untreated
A20 cells (Fig. 1C) and primary B cells (Fig. 1D). Inhibition of
Ca2� influx by 2-APB markedly reduced the ability of cells to
adhere to the antigen surfaces; after 8 min of incubation, we
measured an �30% reduction in the relative number of ad-
herent A20 cells (Fig. 1C) and an �40% reduction in adher-
ent primary B cells (Fig. 1D) when compared with untreated
cells. Inhibition of PLC� by U73122 had a more severe effect,
reducing the relative number of stably adhering cells by �60%
in the case of A20 cells (Fig. 1C) and by �80% in the case of
primary B cells (Fig. 1D) after 8 min of incubation.

To investigate how inhibition of BCR-mediated Ca2� mobili-
zation affects B cell spreading, in particular, cells, able to ad-
here with or without 2-APB or U73122 treatment, were stained
for F-actin with phalloidin-Alexa488, and images of the adhe-
sive area were taken using confocal microscopy. Whereas con-
trol A20 and murine splenic B cells once adhering to the anti-
gen surface underwent spreading by forming radial lamellipo-
dia, cells treated with 2-APB or U73122 severely lacked radial
lamellipodia formation (Fig. 1E and F). The adhesive area of
control cells increased in a time-dependent manner, whereas
2-APB and U73122 treatment almost completely abolished the
expansion of the adhesive area (Fig. 1G and H). Based on our
results, we concluded that BCR-mediated cytoplasmic Ca2�

mobilization is indispensable for adhesion and spreading of B
cells to antigen-tethered surfaces.

Cytoplasmic level of free Ca2� regulates F-actin level
in B cells
The shape of lymphocytes is determined primarily by the corti-
cal actin cytoskeleton. Resting lymphocytes have a spherical
structure covered by short microvilli, dense bundles of actin
filaments enclosed in plasma membrane [29]. BCRs on resting
B cells are trapped into focally localized microclusters by the
subplasma membrane actin network [30]. Adhesion and
spreading of B cells to the antigen-tethered surface require the
remodeling of the actin cytoskeleton and polarization of the
BCRs to the contact surface. This may be achieved by an early
event of F-actin depolymerization [31] and subsequent rear-
rangement of the actin structure.

There are several pieces of evidence implicating that cyto-
plasmic Ca2� can regulate actin rearrangements [20–22]. We
hypothesized that BCR-mediated Ca2� mobilization is required
for the remodeling of the subplasma membrane actin cytoskel-
eton, thereby limiting B cell adhesion and spreading. To un-
derstand how calcium mobilization affects morphology and
structure of the actin cytoskeleton of B cells, adherent A20
cells loaded with the fluorescent calcium indicator Fluo-4 were
exposed to the calcium ionophor ionomycin [32] and investi-
gated by single-cell confocal imaging. The exposure of cells to
ionomycin (2 �g/ml) induced a four- to sixfold increase in
the intracellular-free calcium level (Fig. 2A) and was followed
by a dramatic transition in cell shape, resulting in loss of pro-
trusive membrane structures and ultimately leading to round-
ing of cells (Fig. 2A and Supplemental Video 1). The exposure
of cells to ionomycin and the Ca2� chelator EGTA (2 mM) or
to EGTA (2 mM) alone had no apparent effect on cell mor-
phology (Fig. 2B and C and Supplemental Videos 2 and 3),
suggesting that rounding of cells upon ionomycin exposure
was mediated by the Ca2� influx.

We quantified the morphological transition upon Ca2�

influx by measuring roundness of individual cells before
and after the treatment. Initial roundness of cells treated
with ionomycin, ionomycin � EGTA, or EGTA alone was
statistically not different (Fig. 2D). Twelve minutes of iono-
mycin treatment induced an �25% increase in the round-
ness of cells, whereas ionomycin � EGTA or EGTA alone
had no statistically significant effect on roundness of cells
(Fig. 2E).

Staining cells with phalloidin-Alexa488, a fungal toxin specif-
ically binding filamentary actin, revealed the that ionomycin-
induced Ca2� influx had a specific disruptive effect on the
cortical actin cytoskeleton. Whereas cells exposed to EGTA or
ionomycin � EGTA showed an actin structure similar to con-
trol cells with F-actin-rich lamellipodia and membrane ruffles,
cells exposed to ionomycin lacked all kinds of peripheral-pro-
trusive actin structures, indicating a rearrangement of the cor-
tical actin network (Fig. 2F).

To investigate further how Ca2� influx leads to the loss of
protrusive actin structures, we measured F-actin levels with a
flow cytometry-based assay in nonadherent A20 cells treated
with ionomycin, ionomycin � EGTA, EGTA alone, or latrun-
culin B, a compound that disrupts actin filament organization.
Ionomycin exposure induced a disintegration of actin fila-
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Figure 1. BCR-mediated calcium mobilization is indispensable for the B cell adhesion/spreading response. Calcium response of A20 cells (A) and
splenic B cells (B) to anti-IgG or anti-IgM (5 �g/ml) stimulation, as detected by Fluo-4 fluorescence. Relative fluorescence of anti-Ig-coated sur-
faces after incubation for the given time (n�6 in every case) with CellTracker Green-loaded A20 (C) or mouse primary B cells (D) is also shown.
Cells were pretreated with 2-APB or U73122 if indicated. All values were statistically tested by Student’s unpaired t-test (*P�0.05). Fluorescence
values were normalized by taking the average of anti-Ig-coated control samples with 8 min incubation time as 100%. Error bars represent the sem.
The contact area of A20 (E) and splenic B cells (F), was determined in the above experiment in control and pretreated cells. CLSM images re-
corded at the given times (G and H, respectively) are also displayed.
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Figure 2. Calcium mobilization induces
disassembly of the actin cytoskeleton in
B cells. Calcium images of adherent,
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ments (Fig. 2G) comparable with that of latrunculin B. The
level of F-actin reduced to 60% after 1 min of treatment,
whereas after 8 min, it decreased to as low as 35%. Interest-
ingly, treatments with EGTA or ionomycin � EGTA, which
were both found to lower cytoplasmic level of the free calcium
(Fig. 2B and C), had an opposite effect; they induced a satura-
tion curve-like growth in the amount of F-actin (Fig. 2G). Af-
ter 2 min of treatment, the amount of F-actin had doubled
and reached its saturation. These results suggest an inverse
correlation between the cytoplasmic level of free calcium and
the amount of F-actin. Thus, we concluded that changes in
cytoplasmic-free Ca2� level can regulate actin rearrangements
in B cells.

Cytoplasmic Ca2� regulates production and
disassembly of F-actin-based protrusive structures
Finding that the cytoplasmic level of free Ca2� can regulate
the amount filamentary actin, we wanted to understand if it
can specifically regulate the production of protrusive actin
structures, such as lamellipodia. To address this question, A20
cells, stably expressing mCherry-actin, were loaded with the
calcium indicator Fluo-4 and investigated by time-lapse confo-
cal microscopy. We induced calcium oscillations by chelating
the extracellular calcium using EGTA and monitored the dis-
tribution of mCherry-actin. Calcium oscillations resulted in a
pulsing production and disassembly of fillopodia-like structures
(Fig. 3A and B and Supplemental Video 4). Plotting the level
of cytosolic-free Ca2� and the amount of mCherry-actin in the
cortical regions of cells as a function of time revealed a “quasi
periodical synchronicity” between the two signals. The amount
of mCherry-actin in the boundary regions oscillated together
with Ca2� but with an opposite phase (Fig. 3C).

We quantified the interdependency of Ca2� and actin sig-
nals by calculating NMI, a number between one and zero that
measures the mutual dependence of these two variables. NMI
values scattered �0.7, reflecting a strong synchronicity be-
tween calcium and actin dynamics (Fig. 3D). The relevance of
this strong phase locking was tested with the aim of a surro-
gate bootstrap technique and a subsequent adaptive Neyman’s
test. Synchronicity of the measured data proved to be highly
significant (P�0.000001) compared with the asynchronous sur-
rogate data, and on the other hand, experimental NMIs dif-
fered much less from the fully synchronized surrogates
(P�0.0013).

Thus, we concluded that fillopodia production and disas-
sembly in A20 B cells strongly depend on the actual concen-
tration of cytoplasmic Ca2�. Lowering the cytoplasmic level
correlates with fillopodia growth, whereas raising it drives fil-
lopodium disassembly.

Actin cytoskeleton reorganization is required for B
cell spreading
Our previous experiments have demonstrated that BCR-driven
Ca2� mobilization is crucial for B cell spreading. We also
found that cytoplasmic Ca2� regulates F-actin rearrangements
and controls the production and disassembly of protrusive ac-
tin structures. To confirm that actin rearrangements are a pre-

requisite to B cell adhesion and spreading, we treated A20
cells and primary splenic B cells with increasing concentra-
tions of Jasplakinolide, a compound that results in actin po-
lymerization and actin filament stabilization [33, 34]. We
quantified the ability of cells to adhere and spread to antigen-
tethered surfaces after Jasplakinolide treatment. At lower con-
centrations of Jasplakinolide (0.5 �M for primary B cells; 2
�M for A20 cells), we observed a slight but not significant in-
crease in the relative number of cells attaching to the anti-Ig-
coated surface when compared with control cells (Fig. 4A and
B). This may be a result of the effect of Jasplakinolide to en-
hance BCR diffusion in the plasma membrane and facilitate
the polarization of BCRs to the contact surface in this concen-
tration range [7]. Raising the concentration of Jasplakinolide
induced a dose-dependent, saturating decline in the number
of cells adhering to the anti-Ig-coated surfaces. We observed
an �60% decrease (4 �M Jasplakinolide) in the case of pri-
mary B cells (Fig. 4A) and an �80% decrease (16 �M Jas-
plakinolide) in the case of A20 cells (Fig. 4B) in the number
of adherent cells at the saturating concentration when com-
pared with untreated cells. Thus, we concluded that depoly-
merization of actin filaments is a prerequisite of B cell adhe-
sion and spreading.

Cofilin-1, a candidate to transmit Ca2� signal to the
actin cytoskeleton
Cofilin is a major regulator of lamellipodia formation in sev-
eral cell types [35] and has been shown to play an important
role in controlling IS formation in T cells [36] and B cells
[12]. It is a 19-kDa actin-severing protein that may promote
depolymerization and polymerization of actin filaments [37].

The activity of cofilin is negatively regulated by the phos-
phorylation of the Ser 3 residue, a modification that antago-
nizes its actin-binding ability [38, 39]. In resting cells, cofilin is
phosphorylated and thereby, inactive. Elevation of the intracel-
lular Ca2� concentration stimulates cofilin dephosphorylation
in various cell types via a direct or indirect interaction with the
calcium-dependent phosphatase calcineurin [40–42]. Given
the role of cofilin in B cell spreading and its calcium-dependent reg-
ulation in other cell types, we asked if cofilin can transmit the
calcium signal to the actin cytoskeleton in B cells and thereby,
be a link between BCR-mediated Ca2� mobilization and B cell
spreading.

Mouse primary B cells were stimulated with anti-IgM, cell
lysates were prepared and subjected to Western blotting for
anti-p-cofilin (Ser 3; Fig. 4C), and phosphorylation was quanti-
fied by densitometry (n�3; Fig. 4D). BCR engagement in con-
trol cells induced, on the average, an �60% dephosphoryla-
tion of cofilin after 2 min, which was followed by a small but
not significant rephosphorylation after 5 min. When SOCE was
abrogated with 2-APB, unstimulated cells had a lower basal
level of cofilin phosphorylation when compared with controls.
However, BCR engagement in the 2-APB-treated cells did not
lead to dephosphorylation of cofilin, but on the contrary, it
induced significant rephosphorylation. Inhibition of PLC� by
U73122 induced a roughly twofold hyperphosphorylation of
cofilin in unstimulated and stimulated cells. Thus, we con-
clude that dephosphorylation of cofilin, a major regulator of B
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cell spreading [12], depends on BCR-mediated Ca2� mobiliza-
tion.

Dephosphorylation of the Ser 3 residue in cofilin was shown
to be a prerequisite of B cell spreading [12]; little is known,
however, about how cofilin-mediated F-actin severing occurs
throughout B cell spreading [35]. To address this question, we
stained primary B cells, spreading over anti-IgM-tethered sur-
faces for F-actin (phalloidin-Alexa488) and cofilin (anti-
cofilin�anti-rabbit-Alexa647), and took images of the adherent
contact zone using confocal microscopy (Fig. 4E). After 4 min
of incubation on the antigen-tethered surface, the average di-
ameter of the contact zone of cells was 6.0 �m � 0.3 �m, and
cofilin showed a strong colocalization with the clustered F-ac-
tin. After 6 min, the average diameter of the adherent zone
was 9 �m � 0.7 �m, and the contact area could be clearly di-
vided into a central zone with focal adhesion points and to a
peripheral zone with lamellipodia densely packed with fila-
mentous actin. Cofilin, at this stage, resided almost exclusively
in the F-actin-rich lamellipodia (Fig. 4E). After 8 min, cells
have reached their maximum size or began contracting; the
average diameter of the contact zone was 9 �m � 0.3 �m. Co-
filin started to pull back from the lamellipodia into the central
zone. When Manders colocalization coefficients between F-ac-
tin and cofilin were plotted against the measured, average di-

ameter of the contact zone, a clear connection of the two vari-
ables became outlined. Both the colocalization of cofilin to
F-actin (Fig. 4F) and that of F-actin to cofilin (Fig. 4G) indi-
cated a negative correlation toward the average diameter with
very high colocalization in the initial phase of adhesion and
spreading and a gradual decline as the stable contact was
formed. These data suggest that actin-binding protein cofilin
operates mostly throughout the adhesion and lamellipodia for-
mation phase but draws back from the F-actin-rich regions
once the stable contact/synapse is formed.

DISCUSSION

B cells may acquire antigens in soluble form or localized to the
surface of APCs in the secondary lymphoid tissues. Contact with
the surface-tethered antigen initiates a spreading response [3]. B
cells adhere to the surface and grow protrusive radial membrane
structures, lamellipodia, by generating newly formed branched
actin filaments [2]. Signal transduction proteins PLC�2, Btk and
Blnk, elements of the BCR-mediated Ca2� mobilization pathway,
were implicated to be indispensable in spreading of B cells [7].
Based on these, we hypothesized a direct role for intracellular
Ca2� in regulating B cell spreading.
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We measured adhesion and spreading of B cells on antigen-
tethered surfaces in the presence or absence of Ca2� influx or
Ca2� release from the intracellular stores. We used the com-
pound 2-APB to inhibit Ca2� influx via CRAC channels and
the compound U73122, an inhibitor of PLC�, to completely
abolish BCR-mediated Ca2� mobilization. Whereas loss of
Ca2� influx severely reduced the number of B cells adhering
to the antigen and the size of the adhesive area, full inhibition
of BCR-induced Ca2� mobilization abolished B cell adhesion
and spreading almost completely. Previous reports implicated
that knockdown of elements in the PLC� pathway impairs la-
mellipodia formation during B cell contacts [7] and in other
cell types [43, 44]. We confirmed these results and showed, in
addition, that loss of lamellipodia formation in B cells with no
functional PLC� is a result of loss of BCR-induced Ca2� mobi-
lization. Similar results can be obtained with a milder ap-
proach, inhibiting Ca2� influx only but leaving Ca2� release
from the ER stores intact by using the CRAC channel inhibitor

2-APB. Furthermore, our results highlight that not only B cell
spreading but also, prior to that, B cell adhesion to the anti-
gens relies on the secondary messenger Ca2�.

We asked how cytoplasmic Ca2� is involved in the regula-
tion of adhesion and spreading of B cells. Previous reports
have indicated that experimentally induced Ca2� transients
evoked by Ca2� ionophores, such as ionomycin and A23187,
can induce substantial changes in the actin cytoskeleton in
several cell types [20–22]. We hypothesized that Ca2� might
mediate actin rearrangements in B cells and thereby, regulate
synapse formation. To address this question, we modeled BCR-
induced Ca2� mobilization, keeping Ca2�-independent signal-
ing pathways downstream of PLC� inactive with the use of the
Ca2� ionophore ionomycin. When adherent A20 B cells were
exposed to ionomycin, cells lost actin-based lamellipodia,
which was accompanied by a morphological transition from a
spread-out cell shape to a rounded shape. This effect could be
prevented when extracellular Ca2� was chelated with EGTA. We
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observed a similar disintegration of filamentary actin upon iono-
mycin-induced Ca2� transients when cellular F-actin content was
directly determined. Additionally, lowering the cytoplasmic Ca2�

concentration had an opposite effect, resulting in actin polymer-
ization. These results suggest that cytoplasmic Ca2� can regulate
the reorganization of the actin cytoskeleton in B cells.

We achieved to visualize reorganization of the cortical actin
cytoskeleton upon changing cytoplasmic calcium levels in live
cells by inducing Ca2� oscillations in mCherry-actin-expressing
A20 cells. EGTA evoked calcium oscillations that provoked the
production and disassembly of fillopodia. The maximum amount
of fillopodia in the cortical region was detected when the free
cytoplasmic calcium level was the lowest, whereas we observed a
disintegration of fillopodia upon Ca2� transients. Statistical analy-
sis of the interdependency of the amount of cortical actin and
cytoplasmic level of free Ca2� revealed a strong coupling of the
two variables. We could show that actin and calcium dynamics are
strongly synchronized in living B cells. Whereas calcium release
events induce disintegration of protrusive actin structures, cal-
cium sequestering induces filamentous actin growth.

The effect of cytoplasmic-free Ca2� on cell shape and actin
cytoskeleton was already reported in various cell types [20, 21,
45–47]; calcium was indicated to take part in the regulation of
actin-defined movements, such as cell motility, chemotaxis, and
polarization [48–52], but to our knowledge, this is the first time
that such a phenomenon was described in important adaptive
elements of the immune system in the B cells. No direct evidence
has been reported so far on the specific inverse correlation be-
tween the cytoplasmic level of free calcium and the amount of
F-actin. Our results suggest a mechanism by which BCR-induced
calcium mobilization mediates initial F-actin depolymerization in
B cells, generating new filament endings, whereas local Ca2� se-
questering may induce the polymerization of actin and the for-
mation of protrusive actin structures.

Cofilin is known to regulate lamellipodia [53–56] and syn-
apse formation in many cell types, including B lymphocytes
[12]. Cofilin is regulated by phosphorylation on a negative
regulatory Ser 3 residue. Dephosphorylation of this residue
was shown to depend on cytoplasmic calcium in several cell
types [40–42]. Therefore, we hypothesize that cofilin might be
a link between the BCR-induced calcium release and the la-
mellipodia formation in B cells. To address this question, we
investigated dephosphorylation of cofilin upon BCR engage-
ment and found that ER-mediated Ca2� release and SOCE are
required for activation of cofilin in B cells. This result is in
accordance with that seen in other cell types [40–42].

Investigating the localization of cofilin during B cell spread-
ing, we observed that in the growing phase, cofilin resides in
the F-actin-rich region of the adherent zone. The more spread
out the synapse became, the less likely cofilin was found in the
lamellipodia. This is in accordance with the described role of
cofilin in lamellipodia formation [53–56]. In the initial phase
of lamellipodia formation, cofilin mediates the formation new,
fast-growing barbed ends by severing pre-exsisting actin fila-
ments [57, 58]. At this phase, cofilin can also modulate the
structure of the lamellipodia by competing with filament-
branching protein complex Arp2/3 for actin binding [59] and
favoring the assembly of unbranched filaments. In the late

phase, when G-actin monomers run short in the lamellipodia,
the most important role of cofilin may be to supply an abun-
dant pool of cytoplasmic actin monomers [60]; thus, cofilin
withdraws from the lamellipodia.

In conclusion, we argue that BCR-mediated calcium mobili-
zation regulates actin cytoskeleton rearrangements in B cells
and is indispensable for B cell adhesion and spreading to anti-
gen-tethered surfaces. Our findings highlight a link between
calcium signaling and actin rearrangements that may go be-
yond the particular process of B cell spreading. However, fur-
ther studies will be required to elucidate the exact mechanism
that links cytoplasmic Ca2� to actin dynamics.
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