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Actin reorganization has been shown to be important for lymphocyte activation in response to antigenic
stimulation. However, methods for quantitative analysis of actin dynamics in live lymphocytes are still
underdeveloped. In this study, we describe new methods to examine the actin dynamics in B cells
induced by antigenic stimulation. Using the A20 B cell line expressing GFP-actin, we analyzed in real time
the redistribution of F-actin and the lateral mobility of actin flow in the surface of B cells in response to
soluble and/or membrane associated antigens. Using fluorescently labeled G-actin, we identified the sub-
cellular location and quantified the level of de novo actin polymerization sites in primary B cells. Using
A20 B cells expressing G-actin fused with the photoconvertible protein mEos, we examined the kinetics
of actin polymerization and depolymerization at the same time. Our studies present a set of methods that
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are capable of quantitatively analyzing the role of actin dynamics in lymphocyte activation.
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1. Introduction

The actin cytoskeleton is essential for the formation of immuno-
logical synapses between T cells and antigen presenting cells [1-3].
Actin reorganization in T cells is triggered and regulated by both
adhesion molecules and T cell receptor (TCR) [4]. T cells also under-
go spreading and contraction during synapse formation, which is
associated with a centripetal actin flow [5]. In addition to its
well-known role in antigen presentation to T cells, data from pre-
vious studies suggest that actin reorganization also plays a crucial
role in the activation of B cells. Antigen induced B cell receptor
(BCR) activation is important for B cell function. BCR activation
was shown to induce global actin depolymerization, followed by
actin polymerization. Depolymerization enhanced BCR signaling,
while blocking depolymerization reduced the BCR signaling [6].
Recent reports show that depolymerization of the actin cytoskele-
ton inhibits surface BCR clustering in response to membrane-teth-
ered antigens [7], but increases the lateral diffusion rate of surface
BCRs and induces signaling in the absence of antigen [8]. An ezrin-
and actin-defined network was suggested to influence steady-state
BCR diffusion by creating boundaries that restrict BCR diffusion;
thus, the membrane skeleton could control signaling by influenc-
ing BCR dynamics [9]. Antigen binding to the BCR-induced kineti-
cally and spatially controlled actin reorganization. This actin

* Corresponding author. Address: Department of Cell Biology & Molecular
Genetics, 1109 Microbiology building, University of Maryland, College Park, MD
20742, USA. Fax: +1 301 314 9489.

E-mail address: cliu1234@umd.edu (C. Liu).

0006-291X/$ - see front matter Published by Elsevier Inc.
http://dx.doi.org/10.1016/j.bbrc.2012.09.046

reorganization is required for B-cell spreading and contraction
and controls BCR clustering in response to antigen. The stimulatory
kinase Btk and the inhibitory phosphatase SHIP-1 have opposite
regulatory roles in actin reorganization, B-cell spreading and con-
traction, surface BCR clustering, and B-cell surface signaling [10].
Previous research has also shown that actin is important for the
presentation of antigens by B cells. Cytochalasin D treatment of
F6 B lymphoma cells dramatically reduced the degradation of the
invariant chain and delayed the appearance of stable forms of class
Il molecules, which reduced the efficiency of antigen presentation
[11]. Also, Cytochalasin D treatment of CH27 cells decreases the
internalization of BCR and blocks the movement of BCR from early
endosomes to late endosomes [12].

Actin reorganization in lymphocytes has been traditionally
studied by phalloidin staining and with labeled antibodies target-
ing to actin. FRAP analysis of membrane-proximal regions of inter-
est (ROIs) in LPS/IL-4-activated B cells or IL-2-activated T cells that
had been transfected with actin-GFP showed that Ag receptor-in-
duced cell spreading is associated with increased actin dynamics
[13]. Lifeact, a 17-amino-acid peptide that labels F-actin in eukary-
otic cells, allows visualization of actin dynamics in nontransfec-
table cells without interfering with actin dynamics caused by
GFP tags in vitro and in vivo [14].

Tracking of actin dynamics and reorganization in live cells is
rarely performed after BCR activation in response to soluble anti-
gens. However, the predominant form of antigen in vivo has been
suggested to be attached to membrane surfaces, such that B cell
membranes interact with other membranes to form BCR clusters
and an immunological synapse [15]. Because of constraints due
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to mimicking of membrane-bound antigens and the required
microscopy techniques, live cell tracking of actin dynamics and
reorganization is rarely performed after BCR activation in response
to membrane-bound antigens. It is important to quantify the actin
dynamics in this physiological closed system. Experiments with G-
actin incorporation indentify the de novo actin polymerization sites
and dynamics, and can exclude the background caused by GFP-ac-
tin cell lines. Because of the tough environment caused by poly-
merization buffer, research on G-actin incorporation has been
limited to splenic B cells. Actin depolymerization tracking is still
a challenge because of the background levels of G-actin. Photo-
convertible fluorescent proteins create a brighter signal and lower
background, suitable for tracking the actin depolymerization
events [16]. In this study, we tracked in real time the actin reorga-
nization in GFP-actin mouse B lymphoma cells (A20) in response
to soluble antigens by confocal microscopy and quantified actin
flow speed in response to membrane antigens using total internal
reflection fluorescence (TIRF) microscopy. De novo actin polymeri-
zation sites and dynamics were examined in primary B cells by
TIRF microscopy. Finally actin polymerization and depolymeriza-
tion was investigated using photo-convertible fluorescent actin
(mEos-actin) expressed in A20 cells by confocal microscopy.

2. Materials and methods
2.1. Mice and cells

Wild type (wt) (CBA/CaJ), 6-10 weeks old mice (Jackson Labora-
tories, Bar Harbor, ME) were used. To isolate splenic B cells, mono-
nuclear cells were subjected using Ficoll (Sigma-Aldrich, St Louis,
MO) density-gradient centrifugation, treated with anti-Thy1.2
monoclonal antibodies (BD Biosciences, San Jose, CA) and guinea
pig complement (Rockland Immunobiochemicals, Gilbertsville,
PA) to remove T cells, and panned for 1 h to remove monocytes.
B cell lymphoma A20 11A1.6 cells (H-2d, IgG2a’*, FcyRIIB~) were cul-
tured in DMEM supplemented with 10% FBS.

2.2. Generation of A20 cells expressing GFP-G-actin and mEos-G-actin

B cell lymphoma A20 IIA1.6 cells were cultured at 37 °C in
DMEM supplemented with 10% FBS. The DNA construct encoding
the eGFP fusion protein of actin (eGFP-actin) or mEos fusion pro-
tein of actin (mEos-actin) was introduced into A20 B cells by elec-
troporation using the Nucleofection kit V from Amaxa
(Gaithersburg, MD). Transfected A20 cells were select with G418
(1 mg/ml) in DMEM supplemented with 10% FBS for two weeks
and sorted by Flow Aria, and then maintained with G418
(0.5 mg/ml) in DMEM supplemented with 10% FBS.

2.3. Preparation of mono-biotinylated Fab' antibody

Mono-biotinylated Fab’-anti-mouse IgM+G antibodies (mB-
Fab’-anti-Ig) were generated from F(ab’), fragments (Jackson
ImmunoResearch, West Grove, PA) using a published protocol
[17]. The disulfide bond that links the two Fab’ was reduced using
20 mM 2-mercaptoethylamine, and the reduced cysteine was bio-
tinylated by maleimide activated biotin (Thermo Scientific, Odessa,
TA). Fab’ was further purified using Amicon Ultra Centrifugal Filter
(Millipore, Temecula, CA). Titration of one biotin per Fab’ was con-
firmed by a biotin quantification kit from Thermo Scientific. Fab’
was labeled with Alexa Fluor 546 using a kit from Invitrogen
(Carlsbad, CA).

2.4. Immunofluorescence by confocal microscopy

For live cell imaging, A20 cells that express a GFP fusion of actin
were incubated with AF546-mB-Fab’-anti-Ig (10 pg/ml) at room
temperature for 10 min to label the BCR, washed, and incubated
with streptavidin (1 pg/ml) to activate the BCR. Images were ac-
quired 3 s between each frame using a Zeiss 7 Live-DUO confocal
microscope.

2.5. Preparation of antigen-tethered planar lipid bilayers

The planar lipid bilayer was prepared as described previously
[18-19]. Liposomes were made by sonication of 1,2-Dioleoyl-sn-
Glycero-3-phosphocholine and 1,2-Dioleoyl-sn-Glycero-3-phos-
phoethanola-mine-cap-biotin (Avanti Polar Lipids, Alabaster, AL)
in a 100:1 M ratio in PBS at a lipid concentration of 5 mM. Aggre-
gated liposomes were removed by ultracentrifugation and filtering.
Coverslip chambers (Lab-Tek Nalge Nunc, Rochester, NY) were
incubated with the liposomes (0.05 mM) for 10 min. After exten-
sive washes, the coated coverslip chambers was incubated with
1 ng/ml streptavidin (Jackson ImmunoResearch), followed by
2 pg/ml AF546-mB-Fab’-anti-Ig and 8 pg/ml mB-Fab'-anti-Ig
antibody.

2.6. Total internal reflection microcopy and image analysis

The surface dynamics and organization of the BCR and other
molecules were analyzed using a TIRFm (TE2000U, Nikon). Images
were acquired using a 100x NA 1.49 Apochromat TIRF objective
lens (Nikon). For live cell imaging, time-lapse imaging started upon
the addition of B cells onto the lipid bilayers tethered with AF546-
mB-anti-Ig and continued for 5-10 min at 37 °C. GFP/AF488,
AF546, interference refection images (IRM) were acquired sequen-
tially at each time point. B cell contact area was determined using
MATLAB software. Total fluorescence intensities of AF546-mB-
anti-Ig in the contact zone and relative fluorescence and IRM inten-
sity along a line across cells were quantified using Andor iQ soft-
ware (Andor Technology, Belfast, UK). Background fluorescence,
such as antigen-tethered lipid bilayers in the absence of B cells
was subtracted. For each set of data with statistics, more than 20
individual cells from two or three independent experiments were
analyzed.

2.7. Tracking speed and direction of actin flow

Spatio-temporal image correlation spectroscopy [20] was used
to detect the directed movement of actin from the analysis of fluo-
rescence image time series. The technique involves calculating the
spatial-temporal correlation function of fluorescence intensity
fluctuations as a function of the time-lag between successive
images. For diffusive motion of the fluorescent particles, the corre-
lation function exhibits a peak that decreases in amplitude and
broadens as a function of time-lag. However, for fluorescent pro-
teins exhibiting directional motion, the correlation peak shifts
opposite to the direction of motion. The correlation functions were
calculated using Fourier transforms and the velocity values were
extracted using the STICS algorithm implemented in MATLAB and
freely available from the Cell Migration Gateway.

Velocity maps were generated by selecting a grid of overlap-
ping, 16 x16 pixel (1.6x 1.6 microns) square regions (with an over-
lap of 8 pixels) that spanned the region of interest. The images
were corrected for immobile fraction on each sub-region time
stack within this grid. Image series were collected with time inter-
vals of x seconds; which is slower than the diffusive motion of pro-
teins (in the millisecond range).
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2.8. Analysis of actin nucleation sites

Actin nucleation sites were labeled as previously described [21].
For B cells that were activated by membrane tethered mB-Fab’-
anti-Ig, B cells were incubated with the membrane-tethered anti-
gen in the presence of AF488-G-actin and 0.025% saponin. Time
lapse images were acquired using a TIRF microscope.

2.9. Photo-convertible activation

Before photoactivation, A20-mEos-actin cells stimulated by
10 pg/ml F (ab’)2 -anti-Ig soluble antigens at 37 °C were scanned
two times with 488 nm argon laser (10%) and a white light laser
turned at 560 nm (50%) under a 63 x oil objective lens of a Leica
SP5X laser scanning confocal microscope. The cells were then acti-
vated with the 405 nm diode laser (10% power) at time = 2.735 s.
The cells were scanned a total of 54 times. The average intensity
values for each of the ROIs were recorded by Leica LAS AF software.

3. Results

3.1. Multivalent soluble antigens induce the redistribution of surface
BCRs and the actin cytoskeleton

To study the dynamics of actin reorganization induced by anti-
gens, we first used A20 lymphoma B cells that express GFP-actin. B
cells were activated by Alexa fluor 546-conjugated, mono-biotinyl-
ated Fab’ fragments of goat-anti-mouse IgG+M (AF546-mB-Fab’-
anti-Ig) plus streptavidin as a multivalent soluble antigen. The
reorganization of the actin cytoskeleton and surface BCRs in B cells
activated by the soluble antigen was examined using confocal fluo-
rescence microscopy (CFm). Time lapse imaging showed that in the
absence of streptavidin-mediated cross-linking (—XL), surface BCRs
distributed evenly on the cell surface, while some of them slowly
internalized over time (Fig. 1a-f). Upon cross-linking by streptavi-
din (+XL), surface BCRs rapidly formed small clusters first (Fig. 1g
and h), and the small clusters then merged into a centralized clus-
ter at one pole of the cell (Fig. 1i-1 and Video S1). In response to
BCR cross-linking, the actin cytoskeleton underwent a dramatic
redistribution, from an even distribution at the cell periphery in
unstimulated cells (Fig. 1a-f) to accumulation at BCR clusters in
stimulated cells (Fig. 1g-I and Video S1).

3.2. Membrane associated antigens induce the redistribution of surface
BCRs and the actin cytoskeleton

To closely examine the reorganization of the actin cytoskeleton
and surface BCRs at the B cell surface, we analyzed GFP-actin

Time (min)

GFP-actin/BCR

Fig. 1. Multivalent soluble antigens induce actin reorganization. A20 B cells that
expressed GFP-actin were incubated with AF546-mB-Fab’-anti-Ig for 10 min at
37 °C to label the BCR. Then the cells were either incubated with the medium along
(—XL, a-f) or with streptavidin (+XL, g-1) at 37 °C. Time lapse images were acquired
using a confocal fluorescence microscope. Shown are selected images. Bar, 2.5 pm.

expressing A20 B cells stimulated by AF546-mB-Fab’-anti-Ig teth-
ered onto lipid bilayers by streptavidin as the membrane associ-
ated antigen wusing total internal reflection fluorescence
microscopy (TIRFm). Additionally, we used interference reflection
microscopy (IRM) to quantitatively determine the surface area of
B cells contacting the antigen tethered lipid bilayer, the B cell con-
tact area. When incubated on lipid bilayers that were tethered with
Fab fragment of a negative control antibody as a non-specific anti-
gen, A20 B cells were able to establish contact with the lipid bi-
layer, and actin was detected in the contact zone (Fig. 2Aa-d).
However, there was neither expansion of the B cell contact area
nor increase in the fluorescence intensities of actin and the antigen
over time (Fig. 2D). Upon activation by membrane-associated anti-
gens, B cells spread over antigen-tethered lipid bilayers (Fig. 2Ae
and D). Since a non-specific antigen was unable to induce aggrega-
tion and clustering, the clustering of BCR-specific antigen shown
here reflects aggregation of surface BCRs. In B cells stimulated with
membrane associated antigens, GFP-actin was rapidly accumu-
lated at the B cell contact zone as BCR microclusters formed
(Fig. 2D) and particularly concentrated at the outer edge of BCR
clusters (Fig. 2Ae-i, C and Video S2). Time lapse images showed
an outward flow of actin as B cells contacted and spread over anti-
gen-tethered lipid bilayers, followed by a centripetal flow as anti-
gen microclusters merged into central cluster (Video. S2).
Quantitative analysis of TIRFm time lapse images showed that
the fluorescence intensities of both GFP-actin and the antigen in
the B cell contact zone as well as the B cell contact area increased
over time, but with different kinetics (Fig. 2D). The increases in the
fluorescence intensities of the antigen and actin in the B cell con-
tact zone appeared to have three phases: a fast rate of increase
at the earlier time followed by a period of slow increases before
reaching a plateau (Fig. 2D). The contact area of A20 B cells did
not reduce after reaching its peak, suggesting that A20 B cells do
not contract after spreading (Fig. 2D and Video. S2). In fully spread
cells, actin underwent retrograde flow at the leading edge. A corre-
lation-based algorithm was used to track the (Fig. 2B) the direction
and speed of this retrograde flow. The length of the arrows corre-
spond to velocity vectors and the peak values of velocity were
approximately 5 pm/min, which is somewhat faster than adherent
cells such as fibroblasts, but slower than in T lymphocytes [22], and
this quantification achieves more detailed information on the actin
dynamics.

3.3. Engagement of the BCR with membrane-associated antigens
induces actin polymerization at BCR clusters

The actin cytoskeleton is highly dynamic and rearranges its
organization by polymerization and depolymerization. To examine
how actin reorganization coordinates with surface BCR clustering,
we analyzed the cellular distribution and levels of actin polymeri-
zation in relation to surface BCRs. Actin polymerization sites were
detected by the incorporation of AF488-G-actin into polymerizing
ends of actin filaments. AF488-G-actin was introduced to cells in
the presence of a low concentration of non-ionic detergent after
splenic B cells were stimulated by membrane antigens. In splenic
B cells activated by membrane associated antigen, actin polymeri-
zation activity was detected at the B cell contact zone (Fig. 3A and
Video S3). Actin polymerization sites was preferentially located at
the cell periphery of the spreading membrane and the outer edge
of BCR microclusters as they were moving to the center of B cell
contact zones (Fig. 3A and Video S3). Quantitative analysis of TIR-
Fm time lapse images showed that the fluorescence intensities of
AF488-G-actin in the B cell contact zone increased over time. The
increases in the fluorescence intensities of actin in the B cell con-
tact zone appeared to have two phases: a steady state of undetect-
able polymerized actin period around 4 min followed by a period
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Fig. 2. Membrane associated antigens induce actin reorganization GFP-G-actin expressing. A20 B cells were incubated with lipid bilayers tethered with AF546-mB-Fab’-anti-
Ig (+Ag) or a non-specific antibody (Control) at 37 °C. Time lapse images were acquired using TIRFm. Shown are representative images at 5 min (A), actin flow speed indicated
by the arrows (B), relative fluorescence and IRM intensity across the cell (blue line) (C), and the average values (+SD) of the contact area, and the total fluorescence intensities
(+SD) of antigens and GFP-F-actin in the contact zone (D) from >20 cells of three independent experiments. Bar, 2.5 um.

BCR overlay

4000 B
= 3000 -
2 r
R
= 2000 iy
E "ll
-
1000 7
7
-4
0 T = T
0 2 4 6 8

Time (min)

Fig. 3. Membrane associated antigens induce actin polymerization at BCR clusters.
Splenic B cells were incubated with AF546-mB-Fab’-anti-Ig tethered on lipid
bilayers at 37 °C in the presence of AF488-G-actin and 0.025% saponin. Time lapse
images were acquired using TIRFm. Shown are representative images at 5 min (A)
and the average fluorescence intensities of AF488-G-actin in the contact area from
three independent experiments (B). Bar, 2.5 pm.

of quick increases (Fig. 3B). Non-stimulated antigens did not elicit
detectable accumulation of actin polymerization in the contact
area (data not shown). These results indicate that membrane-asso-
ciated antigens induce actin polymerization at BCR microclusters
and the outer edges of BCR central clusters, and that it takes a short
time for the initiation of actin polymerization after BCR activation.

3.4. Analyzing actin dynamics using photo-convertible mEos2-actin

In order to investigate the actin polymerization and depolymer-
ization in a live cell, a region of an A20 B cell expressing mEos2-ac-
tin stimulated by F (ab’)2 -anti-Ig was photoactivated using a UV
laser, mEos2 fluoresces in green before photoactivation and fluo-
resces in red after photoactivation. For the photoactivated area,
the red fluorescence signal of photo-converted actin increased rap-

idly and peaked at approximately 5s following photoactivation,
indicating that actin polymerization occurred from the photo-acti-
vated G-actin pool (Fig. 4A and B and Video S4). The actin polymer-
ization rate was calculated from the slope of initial increase in
fluorescent signal to be 0.140 AU (arbitrary unit)/second. These
areas were tracked for 45 additional seconds during which time
the signal of photo-converted actin decreased slowly (Fig. 4A and
B and Video S4). This is the expected pattern for actin depolymer-
ization in this system, since the photoconverted G-actin monomer
will separate from the F-actin. Similarly, we calculated the actin
depolymerization rate from the slope of the second phase to be
0.005 AU/s. In contrast, the signal of photo-converted actin in an
area without photo-activation increased slowly over the entire
period of observation (Fig. 4A and B and Video S4), from which
we calculated the actin polymerization rate from the photo-con-
verted actin monomer in absence of photo-activation to be
0.040 AU/s. These results show that this technique can track the
actin polymerization and depolymerization dynamics at the same
time, and also the actin polymerization rate at different regions
of the cell.

4. Discussion

The reorganization of actin upon BCR activation in response to
soluble antigens was studied, and we showed in vivo cell actin
reorganization after BCR stimulation in response to soluble anti-
gens. We could clearly see the polarization process of actin in
accordance with the BCR polarization. This shows that the live cell
imaging technique described here could provide further insight on
the dynamics of actin polarization. Next we tracked the actin reor-
ganization and dynamics lively through the high resolution images
upon BCR activation in response to membrane antigens through
TIRF. While actin had been studied by TIRF without antigen stimu-
lation in the coverslip before [9], no quantification was reported.
Using the techniques described above, we not only observed the
retrograde actin flow, but also could quantify overall actin dynam-
ics. Quantification of the speed of actin flow and detailed analysis
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Fig. 4. Analyzing actin dynamics using photo-convertible mEos2-actin. (A) A region of an A20 B cell that expresses mEos2-G-actin stimulated by Fab,-anti-Ig at 37 °C was
photoactivated using a UV laser. (B) The fluorescence intensity of photoconverted G-actin in the photoactivated area (white region) and in the unphotoactivated area (red

region) was measured over time. Bar, 2.5 pm.

of the actin dynamics in the specific regions are key to a more com-
plete understanding of cytoskeletal dynamics in the cell.

The de novo actin polymerization sites and dynamics were
tracked live in primary B cells, which are more closely related to
the physiological situation compared to immortal cell lines used
extensively in previous research. Actin polymerization sites were
mainly outside the central BCR cluster and showed up later than
the BCR cluster. We could track the total actin dynamics in live
cells with a clear and contrast background. Our technique allows
further research on the dynamics of a single actin protein on the
de novo actin polymerization sites. In this way, we could also get
more detail information as the way to track the speed of actin flow.
Compared to the previous GFP-tagged actin assay, the de novo actin
polymerization assay could eliminate the effect of GFP on the actin.
Although FRAP could be also used to track the actin polymerization
kinetics in lymphocytes with good spatial and temporal resolution,
it requires the use of high laser power that can damage the cell
membrane as we as a relative large bleached region in the cell.
Through the photo-convertible actin expression, we could success-
fully track the actin dynamics, especially the actin depolymeriza-
tion with lower laser power, and we could also track the actin
polymerization and depolymerization at the same time, which is
not easy to be done in the combination of FRAP and fluorescence
loss in photobleaching (FLIP). Further research could be done on
the actin particles by fluorescence speckle microscopy. Low power
illumination with UV light photoactivates small numbers of photo-
convertible G-actin molecules whose movement can be tracked
using particle tracking methods. However, we still can’t exclude
the effect of photo-convertible protein on the actin. Although Life-
act can eliminate the effect of tag protein on actin, but it has lower
affinity to bind to the actin. It would be a potential direction to de-
velop a photo-convertible Lifeact with high affinity for actin in the
future.

In summary, we have shown that using GFP or photo-convert-
ible actin and de novo actin polymerization assay by confocal and
TIRF microscopy can offer a more complete and accurate dynamic
picture of actin dynamics during BCR-antigen recognition and BCR
cluster formation in both lymphoma immortal cells and in primary
B cells.
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