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In vitro studies have revealed that T cell activation occurs during the
formation of either dynamic or stable interactions with antigen-
presenting cells (APC), and the respective cell junctions have been
referred to as immunological kinapses and synapses. However, the
relevanceandmolecular dynamics of kinapses and synapses remain to
be established in vivo. Using two-photon imaging, we tracked the
distribution of LAT-EGFP molecules during antigen recognition by
activated CD4+ T cells in lymph nodes. At steady state, LAT-EGFP mol-
ecules were preferentially found at the uropod of rapidly migrating
T cells. In contrast to naïve T cells that fully stopped upon systemic
antigen delivery, recently activated T cells decelerated and formed
kinapses, characterizedby continuous extensionofmembraneprotru-
sions and by the absence of persistent LAT-EGFP clustering. On the
other hand, activated CD4+ T cells formed stable immunological syn-
apses with antigen-loaded B cells and displayed sustained accumula-
tion of LAT-EGFP fluorescence at the contact zone. Our results show
that the state of T cell activation and the type of APC largely influence
T cell–APC contact dynamics in lymphnodes. Furthermore,weprovide
a dynamic look at immunological kinapses and synapses in lymph
nodes and suggest the existence of distinct patterns of LAT redistrib-
ution during antigen recognition.
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Tcell activation and functions are initiated during cellular inter-
actions with antigen-presenting cells (APC). The molecular

organization of the T cell–APC contact area, termed immunological
synapse, has been studied extensively in various in vitro settings
(reviewed in ref. 1). Reorganization of the actin cytoskeleton (2, 3),
translocation of themicrotubule organizing center (4, 5), segregation
of surface and signalingmolecules into central andperipheral regions
of the contact zone (cSMAC and pSMAC, respectively) (6, 7), con-
densationofmembranemicrodomains (8), and formationofdynamic
microclusters (9–13) contribute to immunological synapse formation
and have been proposed to participate in and/or regulate T cell
activation. Of note, the topology of the immunological synapse is not
unique and may depend on the type of APC, the T cell phenotype,
and the strength of stimulation (14–16). In various experimental
conditions, both bull's eye shaped andmultifocal synapses have been
described (6, 7, 17, 18).
In sharp contrast, evidence for organized immunological synapse

andcSMACformation in vivo is scarce andhas been limited to static
images (19–23). This remains a critical issue becauseT cell andAPC
behaviors are profoundly dependent on their surrounding micro-
environment. For instance, T cells are highly motile in secondary
lymphoid organs (24) but largely sessile in cell suspension. Thus, the
topology and dynamics of T cell synapses in vivo remain to be
established (25).
Two-photon imaging is a technique of choice to tackle immune

cell behavior in physiologic settings (26). Several studies have
characterized the frequency, stability, and duration of interactions
established by T cells and dendritic cells (DCs) or B cells in intact
lymph nodes (reviewed in refs. 27 and 28). One of the interesting
observations offered by these studies is that antigen (Ag) recog-
nition by T cells can occur during long-lived interactions (lasting

several hours) or during more dynamic and transient contacts
(lasting a few minutes at most) with APCs. The term kinapse has
been introduced recently to refer to such a dynamic mode of cel-
lular interaction (29). In these imaging experiments, T cells were
labeled with a cytoplasmic dye offering little insight into the sub-
cellular dynamics underlying Ag recognition andmore specifically
into immunological synapse or kinapse formation. Tracking the
distribution of fluorescently tagged molecules with two-photon
imaging is technically challenging because of the relatively low
signal-to-noise ratiowhen imaging in deep regions of lymph nodes.
The linker for T cell activation (LAT) protein acts as a critical

scaffoldduringTcell activation (30).LAT is distributed at theplasma
membrane in detergent-resistantmembrane fractions (31, 32) and in
intracellular compartments, and both pools are recruited to the cell
junction in vitro (33). LAT seems to be essential for its own recruit-
ment (33), could contribute to the condensation of membrane
domains at the immunological synapse (34), and accumulates in
microclusters (10). Therefore, LAT is a particularly interesting can-
didatemolecule to assess the relevanceof the immunological synapse
in lymphoid organs.
In thepresent report,we show thatTcells expressingaLAT-EGFP

fusion molecule by retroviral transduction can be visualized in real
time by two-photon imaging within intact lymph nodes. Using this
approach, we report the dynamics of LAT-EGFP in T cells at steady
state and during two modes of activation. Our results provide an
initial glimpse at immunological synapse and kinapse dynamics in
secondary lymphoid organs.

Results and Discussion
Recently Activated T Cells Can Form Kinapses in Lymph Nodes. Pre-
vious studies have shown that after a period of stable interaction
with Ag-bearing DCs, T cells regain motility, adopt a swarming
behavior, and establishmostly dynamic contacts withDCs (35, 36).
The decrease in Ag load and the increase in responding T cells
occurring in the late phase of T cell activation have been shown to
contribute to the progressive loss of stable T cell–DC interactions
(37). However, it is also possible that recently activated T cells
establish more dynamic contacts than their naïve counterpart
when facing an equivalent antigenic stimulus. To test this idea, we
compared the behavior of naïve and recently activated T cells in
the lymph node upon systemic administration of LPS and peptide.
Naïve CD4+ T cells bearing the LACK-specific WT15 T cell
receptor (TCR), or the sameT cells subjected to a short (3 days) in
vitro stimulation with anti-CD3/CD28 beads, were labeled with
carboxyfluorescein succinimidyl ester (CFSE) and adoptively
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transferred into BALB/c recipients. Both T cell pools expressed
CD62L and could home to lymph nodes, with naïve T cells being
slightly more effective than recently activated T cells (Fig. S1).
After 24 h mice were injected with LPS and 6 h later with LACK
peptide. Thirtyminutes after peptide injection, intact lymph nodes
were imaged by two-photon microscopy. As shown in Fig.1A and
Movie S1, naïve T cells immediately arrested uponAg recognition.
In the same conditions, activated T cells decelerated but did not
stop. Quantification of mean velocities and trajectories straight-
ness confirmed that upon Ag recognition, activated T cells
migratedmore rapidly andwere less constrained than naïve T cells
(Fig. 1B).
Thus, in these settings, Ag recognition occurs while activated T

cellsmaintain a low level ofmotility, a behavior reminiscent of that
of T cell dynamic contacts (35, 36, 38) or kinapses (1) seen during
the late phase of activation.
To demonstrate that TCR signaling occurs during the slow migra-

tion of activated T cells observed in the presence of Ag, we relied on
two approaches. First, we took advantage of the fact that CD62L is
shed from theT cell surfacewithinminutes ofAg recognition (39).As
shown in Fig. S2A, activated T cells displayed decreased levels of
CD62L as early as 30 min after peptide injection. Peptide injection
also resulted in decreased CD3 levels, providing additional evidence

for TCR engagement. Second, we labeled activated T cells with the
calcium-sensitive dye Indo-1 (40) and after adoptive transfer, imaged
T cells in lymph node 30 min after peptide injection. Short calcium
spikes could be detected in activated T cells (Fig. S2B), most often
between two phases of motility. These observations strongly suggest
that kinapses indeed resulted in TCR signaling. In sum, our results
indicate that recently activated T cells may intrinsically favor the for-
mation of kinapses with DCs, a feature that likely contributes to the
phase of transient contacts seen in the late stage of priming.

Generation and Activation of T Cells Expressing a LAT-EGFP Fusion
Protein. Next we sought to determine the molecular distribution
associated with Ag recognition by activated T cells. To this end, we
used the murine stem cell virus (MSCV) retroviral vector system to
induce the expression of a fusion protein consisting of the LAT scaf-
fold protein and the enhanced GFP (LAT-EGFP). LACK-specific
CD4+ T cells isolated from WT15 TCR transgenic (Tg) mice were
activated in vitro using of anti-CD3/anti-CD28 beads and subjected to
two rounds of spin infection. After this procedure, an average of
42.2% ± 4.6% (mean ± SEM) of WT15 T cells expressed the fusion
protein (Fig. 2A). In vitro imaging of T cells infected with either GFP
or LAT-EGFP confirmed that LAT-EGFP was localized to the
plasma membrane and within intracytoplasmic compartments, as
previously reported (Fig. 2B) (33). Both LAT-EGFP-expressing T
cells and noninfected T cells responded efficiently upon restimula-
tion with peptide in vitro (Fig. S3). To test whether Ag-experienced
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Fig. 1. Naïve and recently activated T cells display different behaviors
during Ag recognition in the lymph node. Naive or in vitro activated CD4+

T cells from WT15 TCR Tg mice were labeled with CFSE and adoptively
transferred into BALB/c recipients. After 24 h, mice were injected with 50 μg
LPS and 6 h later with 100 μg of LACK peptide. Control mice were injected
with LPS only. Two-photon imaging of intact lymph nodes was performed
30 min after peptide injection. (A) Trajectories corresponding to 12 min of
imaging are shown for naïve (Top) or activated T cells (Bottom) in response
to LPS or LPS plus peptide. Naïve but not activated T cells completely
arrested upon Ag recognition. (B) Quantitation of T cell velocities (Left) or
straightness indexes (Right) in the different experimental conditions. Each
dot represents an individual T cell. Low straightness indexes correspond to
constrained behavior. *P < 0.05; **P < 0.01.
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Fig. 2. Generation and in vivo response of LAT-EGFP-expressing T cells. CD4+

T cells from WT15 TCR Tg mice were stimulated in vitro using anti-CD3/anti-
CD28 coated beads and retrovirally transduced to express EGFP or LAT-EGFP.
(A) LAT-EGFP expression by CD4+ T cells was assessed by flow cytometry 24 h
after transduction. (B) Imaging of T cells in suspension after infection with
retroviral particles encoding EGFP or LAT-EGFP. (C) LAT-EGFP-expressing T
cells divide in response to in vivo immunization. WT15 CD4+ T cells were
transduced to express LAT-EGFP, labeled with the SNARF dye, and adoptively
transferred into BALB/c mice. Mice were injected with LPS and peptide or LPS
alone. After 3 days, lymph nodes were harvested, and cells were stained with
an anti-CD3 mAb. Flow cytometry shows that LAT-EGFP-expressing WT15
CD4+ T cells increased in size and proliferated (as reflected by the dilution of
SNARF intracellular content) in thepresence but not in the absence of peptide.
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LAT-EGFP-expressing T cells could also retain the ability to respond
toantigenic stimulation in vivo,we labeled themwithSNARFdyeand
adoptively transferred them into BALB/c recipients. Twenty-four
hours later, mice were injected with LPS plus LACK peptide or LPS
alone. As shown in Fig. 2C, LAT-EGFP-expressing T cells increased
in size and proliferated (as evidenced by SNARF dilution) in the
presence, but not in the absence, of the LACK peptide. Thus, this
procedure allowed the generation of LAT-EGFP-expressing T cells
capable of in vivo response to Ag stimulation.

Two-Photon Imaging of LAT-EGFP-Expressing T Cells in Intact Lymph
Nodes. Previous two-photon imaging studies of T cell activation
have relied on the brightness of fluorescent vital cytoplasmic dyes,
such as CFSE or SNARF, or highly expressed fluorescent proteins,
such as GFP (reviewed in ref. 41). The relatively strong fluorescent
signal obtained in T cells expressing LAT-EGFP (Fig. 2A) promp-
ted us to further investigate whether LAT-EGFP-expressing T cells
could be visualized by two-photon imaging in intact lymph nodes.
After retroviral transduction,WT15CD4+Tcells were labeledwith
SNARF dye and adoptively transferred. A representative three-
dimensional reconstruction of an imaging volume within the T cell
area is shown in Fig. 3A–C. Both transduced (SNARF+GFP+) and
nontransduced T cells (SNARF+GFP−) were detected in the T cell
area at ratios corresponding to the efficiency of infection, indicating
that LAT-EGFP expression did not alter T cell homing to lymph
nodes. Individual T cells, with clearly identifiable membrane fluo-
rescence, could be visualized up to 150 μm below the lymph node
surface.WhenT cells were examined at highermagnification, LAT-
EGFP fluorescence enabled the identification of subcellular struc-
tures that were not visible with SNARF labeling alone, including
uropods and membrane protrusions (Fig. 3 D and E). In summary,
our procedure allowed us to image LAT-EGFP distribution in
individual T cells present in the T cell zone, illuminating subcellular
structures missed when visualizing cells labeled with cytoplasmic
dyes only.

Dynamics of LAT-EGFP Distribution in T Cells During the Formation of
Immunological Kinapses in Lymph Nodes. Next we investigated the
dynamics of LAT-EGFP distribution in T cells during twomodes of
Ag recognition in the lymph node. As a first model, we analyzed T
cell responses to systemic administrationofLPSpluspeptide.WT15
CD4+ T cells were retrovirally transduced to express LAT-EGFP,
labeled with SNARF dye, and adoptively transferred into BALB/c
recipients. With this strategy, both transduced (GFP+SNARF+)
and nontransduced (GFP−SNARF+) T cells could be imaged
simultaneously, allowing us to test whether LAT-EGFP expression
alters T cell behavior.Mice were injected i.v. with 50 μg LPS and 6 h
later with 100 μg of LACK peptide. Intact lymph nodes were typi-
cally imaged 30 min after peptide injection. In the absence of pep-
tide (injection of LPS only), both transduced and nontransduced
WT15CD4+T cellsmigrated rapidly, with amean velocity of 12.4±
0.6 μm/min and 11.6± 0.5 μm/min, respectively (Fig. 4A and B and
Movie S2). In the presence of peptide, WT15 T cells decelerated,
with mean velocities dropping to 6.3± 0.6 μm/min forGFP+ and to
7.1± 0.6 μm/min for GFP−T cells. Importantly, the fact that GFP+

and GFP− cells displayed similar behavior confirms that infection
with LAT-EGFP has no measurable effect on T cell dynamics in
response to Ag (Fig. 4 A and B and Movie S2). Next, we imaged at
higher magnification and examined the dynamics of LAT-EGFP in
T cells. As shown in Fig. 4C and Movie S3, in the absence of Ag,
LAT-EGFP was enriched at the uropod of fast-migrating T cells.
Previous studies have reported that molecules such as CD2, CD43,
and CD44 or GM-1-enriched domains are preferentially found in
the uropod of migrating T cells, whereas chemokine receptors or
GM-3 domains accumulate at the leading edge (42–45). Our
observations provide further support for the segregation of leading-
edge and uropod components in T cells migrating within a native
tissue environment. In contrast, T cells that established kinapses in

the presence of Ag and LPS lacked an evident uropod structure
(Fig. 4D and Movie S4). LAT-EGFP fluorescence revealed that
slowly moving T cells continuously extend membrane protrusions
(Fig. 4D and Movie S4), a behavior that may reflect their ability to
compare the level ofTCRstimulation onneighboringAPCs (46). In
this respect, it is tempting to speculate that the presence of a high
density of Ag-bearing APCs (as expected in this experimental set-
ting) favorskinapse formationbyallowingTcell to scan serialAPCs.
Finally, no persistent large-scale clustering of LAT-EGFP could be
seen in the T cells in these settings (Fig. 4D and Movie S4). These
results are consistent with the idea that transient interactions
established by T cells with Ag-bearing APCs do not result in
extensive molecular clustering at the contact zone. Because APCs
couldnot bedirectly visualized in these experiments,wealso imaged
LAT-expressing T cells interacting with adoptively transferred
peptide-pulsedDCs.As shown inFig. S4 andMovie S5,most T cells
were swarming around DCs, with no persistent large scale accu-
mulation of LAT-EGFP fluorescence.

Dynamics of LAT-EGFP Distribution in T Cells During the Formation of
Immunological Synapses in Lymph Nodes. A previous study showed
that invitro,Tcell–Bcell butnotTcell–DCconjugatesdisplayed the
hallmarks of mature synapses (15). Thus, as a second model of Ag
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Fig. 3. Two-photon imaging of T cells expressing LAT-EGFP in intact lymph
nodes. WT15 CD4+T cells were transduced to express LAT-EGFP, labeled with
SNARF dye, and transferred into BALB/c mice. Twenty-four hours after transfer,
intact lymph nodes were subjected to two-photon imaging. (A–C) Three-
dimensional reconstruction of an imaging volume within the T cell zone of the
lymph node. Note that only a fraction of the T cells have been infected. GFP and
SNARF signals are shown in B and C, respectively. Square side length = 5 μm. (D
and E) Enlarged views of GFP and SNARFfluorescent signals for individual T cells.
Note that GFP fluorescence allows for the detection of subcellular structures,
including uropod and membrane protrusions that were not discernable with
SNARF dye (white arrowheads). (Scale bar, 10 μm.)
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recognition, we analyzed T cells interacting with peptide-pulsed
B cells in intact lymph nodes. As expected from previous work (47–
49), T cells appeared frequently conjugated to peptide-pulsed B
cells but not to unpulsed B cells (Movie S6), and conjugated B cells
remained motile and actively dragged the T cells. Importantly, we
found that LAT-EGFP accumulated at the T cell–B cell interface
(Fig. 5A–FandMovieS7),where thefluorescence intensitywas 1.5–
2 times higher than in the rest of the plasma membrane, and this
enrichment was maintained over time (Fig. 5 G and H). Such
accumulations could reflect recruitment of both themembrane and
the intracellular pool of LAT as seen in vitro and/or membrane
condensation at the interface. Although LAT-EGFP enrichment at
the interface was evident in virtually all conjugates, the structure of
the synapse was variable because one or several clusters of LAT-
EGFP could be detected at the junction and were located at the
center, at the periphery, or both. It is likely that our approach could
not resolve smallerLATclusters. In a few instances,weobserved aT
cell engaging two B cells simultaneously (Fig. 5F andMovie S8). In
these cases LAT-EGFP was enriched at both contact zones. Inter-
estingly, when one of the B cells detached, LAT-EGFP accumu-
lation on the T cell was immediately and selectively lost at the
corresponding site.

Conclusions
In the present study, we report two important findings. First, we
demonstrate that the state of T cell activation and the type of APC
strongly influence the dynamics of T cell–APC interactions in the
lymph node. Previous studies have indicated that T cells form
dynamic contacts withDCs in the late phases of priming. Although
T cell competition and decrease in Ag load contribute to this
phenomenon (37), our finding that activated T cells have a higher

propensity to form kinapses than naïve T cells provides an addi-
tional mechanism for the progressive changes in contact dynamics
during the course ofT cell activation. In other circumstances, naïve
T cells can also form kinapses (35, 50), suggesting that additional
mechanisms influence kinapse vs. synapse formation.
Second, this study provides an initial link between two-photon

imaging of T cell dynamics in the lymphnode andmolecular imaging
of the immunological synapses in vitro. Although the present work
has focused on previously activated T cells, future studies relying on
retroviral infection of bone marrow cells should enable the study of
naïve T cells as well (19). Visualizing LAT-EGFP distribution in
T cells revealed at least three aspects of T cell biology that would not
havebeendetectedusing conventional lymphocyte labelingwith vital
dyes or GFP. First, T cells migrating in the absence of Ag showed
LAT-EGFP enrichment at the uropod, extending in vitro observa-
tion of molecules partitioning during migration (51). Second, T cells
that slowly migrated during kinapse formation lacked a defined
uropodbut extendedmembraneprotrusionswithnopersistentLAT-
EGFP clustering. Finally, T cells establishing stable interactions with
B cells in lymph nodes displayed durable enrichment of LAT-EGFP
at the cell junction. The distinct dynamics of LAT-EGFP in T cells
during activation highlight the plasticity of Ag recognition in sec-
ondary lymphoid tissues. The ability to visualize T cells with sub-
cellular resolution invivowill help clarify the relevanceof someof the
findingsmade with high-resolution in vitro imaging and broaden our
understanding of T cell activation under physiologic settings.

Materials and Methods
Mice. BALB/c mice were purchased from Charles River. WT15 αβTCR transgenic
BALB/c mice (52) were bred in our animal facility. This TCR recognizes an
immunodominant epitope from the Leishmania major LACK protein in the
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Fig. 4. Visualizing LAT-EGFP distribution in T cells during kinapses formation in lymph node. WT15 CD4+ T cells were transduced to express LAT-EGFP, labeled
with SNARF dye, and transferred into BALB/c mice. After 24 h, mice were injected with 50 μg LPS and 6 h later with 100 μg of LACK peptide. Control mice were
injected with LPS only. Intact lymph nodes were subjected to two-photon imaging 1 h after peptide injection. (A–C) WT15 CD4+ T cells decelerate but do not
arrest in response to Ag. (Scale bar, 30 μm.) (A) Tracks of T cells (corresponding to 5 min of imaging) are shown for uninfected (GFP−SNARF+, red) and infected
(GFP+SNARF+, green) WT15 CD4+ T cells in mice injected with LPS or LPS and peptide. (B) Mean velocities of individual GFP+ and GFP− WT15 CD4+ T cells in
response to LPS or LPS and peptide. (C) Zoomed-in time-lapse imaging of a representative LAT-EGFP-expressing WT15 CD4+ T cell migrating vigorously in
control mice (LPS only). Note that the T cell shape displays a typical elongated shape and that LAT-EGFP preferentially accumulates at the uropod. The last
frame is a colored overlay of the T cell outlines at various time points. (Scale bar, 10 μm.) (D) Zoomed-in time-lapse imaging of two representative low-motile
LAT-EGFP-expressing WT15 CD4+ T cells in mice that received both LPS and LACK peptide. WT15 CD4+ T cells sent out numerous and dynamic membranes
protrusions, presumably while contacting host APCs. No stable accumulation of LAT-EGFP was evident during this process. Results are representative of three
independent experiments. (Scale bar, 10 μm.)
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context of I-Ad. All animal experiments were performed according to insti-
tutional guidelines for animal care and use.

Generation of LAT-EGFP-Expressing T Cells. LAT cDNA was amplified by PCR
using the following primers: 5′GAAGA TCTATG GAAGCAGACGCC TTGAGC
and 3′ CGC GGA TCC GTT AAG CTC CTG TAG ATT. BglII-BamHI digestion
product was cloned into a pMSCV 2.2-EGFP vector. The resulting LAT-EGFP
construct was verified by sequencing. PlatE packaging cells (53) were trans-
fected with pMSCV2.2-EGFP or pMSCV2.2-LAT-EGFP vectors by using Lip-
ofectamin2000 (Invitrogen) inOptiMEMfor6h. Subsequently, packaging cells
were maintained in RPMI supplemented by 10% FBS. After 48 h, cell super-
natants were collected and used for T cell spin-infection. LACK-specific WT15
CD4+ T cells were isolated by magnetic depletion (Miltenyi Biotec) from the
spleens of WT15 TCR Tg animals. CD4+ T cells were activated using anti-CD3/
anti-CD28 activating beads (Dynal, Invitrogen) at 4:1 bead/cell ratio in the
presence of 25 U/mL of recombinant IL-2. At 24 h and 48 h, T cells were
resuspended in supernatant from transfected PlatE packaging cells in the pres-
ence of 8 μg/mL of polybrene (Sigma-Aldrich) and were centrifuged (1,200 × g)
for 1 h at 32 °C. On day 3, beads were detached by gentle pipetting and
removedmagnetically. When indicated, T cells were labeled with 5 μMSNARF
or CFSE (Invitrogen) for 10 min at 37 °C. Adoptive transfer was performed by
i.v. injection of 5–10× 106 T cells in recipient BALB/cmice. For calcium imaging,
50 × 106 T cells were labeled with 2 μM Indo-1 (Invitrogen) and adoptively
transferred into recipient mice.

In Vivo T Cell Stimulation. BALB/c recipients were adoptively transferred with
LAT-EGFP-transduced T cells. After 24 h, mice were injected i.v. with 50 μg of
ultrapure Escherichia coli LPS (Invivogen) and 6 h later with 100 μg of LACK
peptide (FSPSLEHPIVVSGSWD) (NeoMPS). To study T cell–B cell interactions,
BALB/c recipients were adoptively transferredwith LAT-EGFP-transduced T cells
and 24 h later with 10 × 106 peptide-pulsed B cells. B cells were magnetically
isolated from spleens of BALB/c mice using anti-CD19 microbeads (Miltenyi
Biotec), stainedwith 5 μMSNARFdye, andpulsedwith 1 μMof LACKpeptide for
30 min at RT. Splenic DCs were purified using CD11c microbeads (Miltenyi Bio-
tec), labeled with 5 μM SNARF, and pulsed with 1 μM of LACK peptide.

Two-Photon Imaging. Two-photon imaging was performed using an upright
microscope DM 6000B with an SP5 confocal head (Leica Microsystems).
Explanted lymph nodes were maintained at 37 °C and perfused with media
bubbled with a 95% O2/5% CO2 gas mixture. Samples were excited with a
Chameleon Ultra Ti:Sapphire laser (Coherent) tuned at 950 nm, and emitted
fluorescence was collected with nondescanned detectors. Typically, 12 z-
planes spaced 1 to 2 μm apart were imaged every 15 s. For calcium imaging,
the laser was tuned at 740 nm, and emitted fluorescence was split with a
440-nm dichroic mirror and a 525/50 band-pass filter. Upon calcium ele-
vation, T cells appeared pseudocolored in green. Three-dimensional cell
tracking was performed using Imaris software (Bitplane). Movies were pro-
cessed using ImageJ and Imaris.
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