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cells make contact with an APC, arrest, and 
depolarize, forming a small cluster as cells ac- 
cumulate; subsequently, the clustered cells en- 
large and begin to swarm before they undergo 
cell division. 

This report introduces two-photon micros- 
copy as a powerful tool for immunological 
studies that permits noninjurious imaging of 
individual living immune cells deep within 
highly scattering tissues. In addition to provid- 
ing 3D resolution of cell morphology and per- 
mitting tracking of cell motility with a time 
resolution of a few seconds, successive cycles 
of cell division can be followed by means of the 
serial dilution of fluorescent label. The tech- 
niques described here may be applicable to 
other tissues (such as the thymus, spleen, and 
sites of inflammation), to other cell types 
(including APCs), to intravital imaging with- 
in intact organs, and to the use of fluorescent 
probes that signal cell function (such as Ca2+ 
signaling and gene expression). 
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wavelengths of 510 to 550 nm (for CSFE-labeled 
cells) and 600 to 700 nm (for CMTMR-labeled cells), 
selected by a computer-controlled filter wheel. For 
each time point (10-s intervals), a stack of 17 two- 
color planes was acquired at axial (z) spacings of 3 
Ixm, with a computer-controlled focus motor. After 
recording, image stacks were processed to yield max- 
imum-intensity projections representing "top" (xy) or 
"side" (xz) views through the scanned volume of the 
lymph node. For single-label experiments with CFSE, 
excitation at 780 nm provided an optimal signal. For 
dual-label experiments, the laser was tuned to 820 
nm so as to equally excite both fluorophors. 
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mented to the base of the imaging chamber with a 
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RPMI 1640 medium bubbled with 95% 02 and 5% 
CO2. For imaging lymphocyte motility, 5D image 
stacks (x, y, z, time, and emission wavelength) were 
acquired as follows. Each xy plane spanned 200 p.m 
by 200 ipm at a resolution of 2 pixels .m-'1 and was 
formed by averaging nine video frames. Alternate 
images at each plane were acquired at emission 
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T cell immune responses begin within organized lymphoid tissues. The pace, 
topology, and outcomes of the cellular interactions that underlie these re- 
sponses have, so far, been inferred from static imaging of sectioned tissue or 
from studies of cultured cells. Here we report dynamic visualization of antigen- 
specific T cells interacting with dendritic cells within intact explanted lymph 
nodes. We observed immunological synapse formation and prolonged inter- 
actions between these two cell types, followed by the activation, dissociation, 
and rapid migration of T cells away from the antigenic stimulus. This high- 
resolution spatiotemporal analysis provides insight into the nature of cell 
interactions critical to early immune responses within lymphoid structures. 
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Naive T lymphocytes circulate through the 
blood and lymph between sojourns within 
secondary lymphoid tissues (1), where they 
scan peptide-major histocompatibility com- 
plex molecule (p-MHC) ligands displayed on 
the plasma membranes of dendritic cells 
(DCs) (2). If accompanied by appropriate 
co-signals (3), ligand recognition induces T 
cell clonal expansion together with differen- 
tiation that promotes migration either to B 
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cell areas to assist in antibody production (1, 
4, 5) or out of the lymphoid tissue to sites of 
inflammation (1). 

Our current view of T cell localization 
within lymphoid organs and of lymphocyte 
interaction with antigen-bearing cells derives 
mainly from static immunohistochemical or 
fluorescence imaging of cells in tissue sec- 
tions (6) or from static and video microscopic 
analysis of T cell-antigen-presenting cell 
(APC) interaction in in vitro models (7-11). 
What is missing is a dynamic, high-resolution 
view of these events in the more complex, 
physiological environment of organized lym- 
phoid tissue. To provide this missing infor- 
mation, we have developed a method for 
extended four-dimensional confocal imaging 
of T cells and DCs within intact mouse lymph 
nodes (LNs). In a variation of the technique 
established by Ingulli et al. (12), we labeled 
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naive T cells from T cell receptor (TCR) 
transgenic mice and bone marrow-derived 
DCs of the correct MHC type with distinct 
fluorescent dyes (13). After labeling with or 
without antigen exposure, the DCs were in- 
jected subcutaneously, which led to their mi- 
gration to the draining LN [see note S1 (13) 
for a detailed discussion of DC phenotype 
and accumulation in the LN]. The labeled T 
cells were then introduced intravenously after 
a suitable interval (typically 6 hours in this 
study). Both DCs and T cells were found in 
the expected regions of the LN in tissue 
sections [fig. S1 (13)]. Later, at various time 
points, the LN was removed and imaged. In 
this way, different periods of the immune 
response could be visualized, with each con- 
tinuous imaging data collection set spanning 
up to 15 hours. [See note S2 (13) for a 
discussion of tissue state and phototoxicity 
under these imaging conditions.] 

If T cells were transferred into animals that 
received antigen-free DCs in one footpad and 
antigen-bearing DCs in the other, a substantial- 
ly greater number of T cells accumulated 18 
hours later in the LN with the antigen-bearing 
APC [with antigen/without antigen = 3.35 + 1 

REPORTS 

(n = 3); Fig. 1, A and B]. A few T cells 
established close contacts with the foreign an- 
tigen-free DCs (Fig. 1A, squares). These for- 
eign antigen-independent associations occa- 
sionally lasted several hours, but the T cells did 
not become activated [fig. S2 (13)]. 

In the draining LN with antigen-bearing 
DCs, the more abundant antigen-specific T 
cells were primarily found in one-to-one as- 
sociation with the APC (Fig. iB, circles). If 
both antigen-bearing and antigen-free DCs 
were in the same LN, T cells showed a 
preferential association with antigen-pulsed 
DCs [65 + 8% (n = 3); Fig. ID, circles] 
compared with the antigen-free DCs (Fig. 1C, 
squares). Cell couples involving antigen- 
bearing DCs were very long-lived and 
showed continuous tight association through- 
out a 15-hour observation period [Fig. IE; 
movies S to S3 (13)]. At the end of this time, 
an average of 68 + 2% (n = 3) of the 
transferred T cells in the LN with antigen- 
bearing DCs had become CD69high [fig. S2 
(13)], indicating they had been activated. The 
difference in T cell numbers in LNs with 
antigen-free versus antigen-bearing DCs ap- 
pears to reflect the longer lived associations 

Fig. 1. Effect of antigen 
on T cell-DC interac- 
tions in situ. (A and B) 
DiD-stained (blue) or 
Dil-labeled (red) anti- 
gen-bearing DCs were 
separately injected 
subcutaneously in the 
opposite hind footpads 
of a mouse. Six hours 
later, 5-carboxyfluores- 
cein diaceteate succini-_ 
nyl ester (CFSE)-loaded 
(green) 5C.C7 CD4+ 
TCR transgenic T cells 
were injected intrave- 
nously. Popliteal LNs 
were imaged 18 hours 
later. More T lympho- 
cytes are retained in 
the LN containing anti- 
gen-pulsed DCs. T cell- 
DC conjugates are 
marked with white 
squares [(A), unpulsed] 
and white circles [(B), 
pulsed]. (C and D) Dil- 
labeled antigen-bearing 
and DiD-stained anti- 
gen-free DCs were E 
coinjected subcutane- 
ously into a single hind fll 
footpad. Six hours later, 
CFSE-loaded T lympho- 
cytes were injected in- 
travenously. Popliteal LNs were imaged 20 hours later. T cells preferentially establish stable contact with 
antigen-bearing rather than antigen-free DCs when both APC are present in the same lymphoid organ. 
T cell-DC conjugates are marked with white squares [(C), unpulsed] and white circles [(D), pulsed]. 
Green T cells superimposed over an associated red DC appear yellow. (E) Close-up, sequential views of 
a field in which several T lymphocytes have formed conjugates with antigen-bearing DCs. Over the 5.3 
hours illustrated, each T cell remains in association with the same DC, although changes in shape of the 
cells and even migration of one DC with an attached T cell can be observed (circles). The time of the 
first image is arbitrarily set to 0 min. 

of T cells with the latter APC, leading to 
accumulation of the lymphocytes instead of 
their reentry into the circulation. 

T cells exposed to antigen-bearing DCs be- 
haved differently when the observation window 
was shifted to >37 hours after T cell transfer. 
Now, many of the lymphocytes moved rapidly 
through the tissue at 5 to 7 CJm/min instead of 
remaining associated with a DC [movies S4 to 
S6 (13)]. The paths followed by migrating T 
cells over a 3-hour period were traced (Fig. 2), 
revealing the changing direction of many of the 
cells over time (Fig. 2, A and B). Together with 
the preceding data (Fig. 1), these results indi- 
cate that T cells arrested their movement early 
after exposure to antigen-bearing DCs, as ob- 
served previously in vitro (14); they also 
formed long-lived associations with a single 
APC. After 36 to 48 hours, these cells showed 
evidence of activation, began to dissociate from 
the DCs that provided the original antigenic 
stimulus, and migrated rapidly within the LN 
[see notes S2 and S3 (13) for discussions of 
why chemokine desensitization, altered oxy- 
genation, and laser phototoxicity are unlikely to 
account for these observations]. This timing is 
in general agreement with earlier studies show- 
ing that, in the presence of antigen, T cells are 
sequestered from the circulation for 2 to 4 days 
before they exit into the efferent lymph (1, 15). 

We also observed T cells undergoing di- 
vision after interaction with an antigen-bear- 
ing DCs [Fig. 3; movie S7 (13)]. The process 
took 5 hours and the daughter cells eventually 
migrated away, providing evidence that cell 
movement is associated with the activation 
process. We first observed such cell divisions 
beginning at the 37-hour time point, which 
agrees with evidence that proliferation of 
naive T cells exposed to antigen in vivo 
occurs after a lag period of 1.5 to 2 days (16). 

Molecular partitioning occurs at the zone of 
membrane contact between T cells and antigen- 
bearing APC in vitro (7, 9, 11). One character- 
istic aspect of this protein redistribution is the 
moesin-dependent exclusion of CD43 from the 
central and peripheral supramolecular activa- 
tions cluster (c- and pSMAC) areas of the im- 
munological synapse (17). Therefore, we used 
this imaging scheme to examine whether this 
pattern of CD43 localization was also found 
with T cells and APC interacting within LNs. 
Mobilized bone marrow cells from TCR trans- 
genic donors were infected with retrovirus en- 
coding a CD43-green fluorescent protein (GFP) 
chimeric molecule (13), and the transduced 
bone marrow cells were then used to generate 
radiation chimeras. This produces mature naive 
CD43-GFP-expressing T cells that show high 
rates of LN homing (18). After transfer into 
mice of CD43-GFP transduced T cells stained 
with a red cytoplasmic dye, synapses were vi- 
sualized as regions of membrane contact be- 
tween red T cells and blue antigen-bearing DCs 
from which green CD43-GFP molecules were 
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excluded (Fig. 4). A similar exclusion of CD43- 
GFP from regions of membrane contact with 
antigen-free DCs was also occasionally ob- 
served (19) [see note S4 (13) for further discus- 
sion of CD43 distribution on T cells in LNs]. 
These findings extend previous tissue section 
studies that suggest formation of prototypic im- 
munological synapses in vivo (20). 

This report describes direct dynamic visual- 
ization of T cell-DC interactions within non- 
sectioned lymphoid tissue at high spatial and 
temporal resolution. Although an isolated LN 
lacks blood and lymph flow [which may alter 
oxygen tension (21) and chemokine gradients 
(1, 4)] and does not possess neuronal connec- 
tions, the method described here provides a 
stable platform for imaging over prolonged 
periods that is difficult to duplicate with avail- 
able intravital approaches [see note S5 (13) for 
additional discussion of this issue]. With this 
technique, we find that CD4+ T cells form 
long-lived (>15 hours) associations with an 
individual antigen-bearing DC before activation 
and induced migration. When offered a choice 
of antigen-bearing and antigen-free DCs, the T 
cells preferentially associate with the APC- 
bearing stimulatory ligand, as previously ob- 
served in vitro (22). Cell division was visual- 
ized, as were immunological synapses defined 
by the exclusion of CD43 (17). 

The long-lived associations observed here 
with naive T cells and antigen-bearing DCs 
fit an evolving model of lymphocyte activa- 
tion that entails reciprocal communication 
between these two cell types (23-26) and 
support the view that a naive T cell engages a 
single DC for the time necessary to complete 
this back-and-forth molecular conversation. 
This, in turn, ensures that the fate of the 
stimulated T cell is dictated by the differen- 
tiation state of the DC whose antigen display 
initiated its activation (3, 24). These imaging 
data agree with older in vitro data (27) but 
contrast with recent experiments using colla- 
gen gel matrices in vitro that showed multiple 
transient (<15 min) sequential lymphocyte- 
APC contacts, eventually leading to lympho- 
cyte activation (10). 

The confocal imaging method used here 
allows visualization only to 80 pJm, which is 
inadequate for examining the more centrally 
located T cell zones, where DCs concentrate 
and T lymphocytes enter via high endothelial 
venules (1). For this reason, we have so far 
been unable to determine whether T cells 
show the short-lived interactions reported in 
the collagen gel matrix model (10) before 
they establish a prolonged association with a 
particular DC or whether they prelocalize 
CD43 to the trailing uropod (28) [see note S4 
(13) for additional discussion]. Multiphoton 
instruments permit imaging deeper within tis- 
sues and with less potential photodamage 
(29). Applying this technology to the general 
methods described here for visualization of 
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Fig. 2. Analysis of T cell migration in a LN. Dil-labeled antigen-bearing DCs were injected 
subcutaneously in the hind footpad. Six hours later, CFSE-loaded T lymphocytes were injected 
intravenously. Popliteal LNs were imaged 37 hours later. (A) Movement of individual T cells. In the 
first image, both T cells and DCs are shown for orientation. In the images that follow, only the T 
cells are shown. The time of collection of the first image is arbitrarily set to 0 min. A white dot 
indicates the first appearance of a T cell in the field. The paths followed by individual T cells are 
plotted as colored lines (13). When a particular cell disappears from the field, its last position is 
indicated by a white cross, and its path is omitted in succeeding images. (B) Superimposition of the 
paths of the five T cells tracked in (A). The initial position of each cell is arbitrarily placed at the 
same location. The different directions taken by T cells in the same region of the LN and the 
changing orientation of T cells as they move are clearly shown. (C) Higher magnification sequence 
illustrating rapid migration of a single T cell (circles). The time of collection of the first image is 
arbitrarily set to 0 min. 

A 

B 

Fig. 3. Visualization of T cell division in situ. Dil-labeled antigen-bearing DCs were injected 
subcutaneously in the hind footpad. Six hours later, CFSE-loaded T lymphocytes were injected 
intravenously. Popliteal LNs were imaged 37 hours later. Cell division beginning 10 hours later is 
shown. The time of collection of the first image is arbitrarily set to 0 min. (A) The two daughter 
cells are highlighted with a dot and a cross in the first frame in which they are distinctly visible (102 
min). After the two daughter cells are formed, one rapidly dissociates from the stimulatory DC (156 
min) and then disappears deeper into the LN (261 to 282 min), whereas the other moves away 
from the DC more slowly (264 to 297 min). (B) Higher magnification views of the dividing cell. 
Times marked are on the same scale as those in (A). 
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Fig. 4. Observation of immunological syn- 
apse formation inside a LN. SNARF-labeled 
(red) naive CD43-GFP+ T cells (13) were 
injected intravenously into mice given DiD- 
labeled antigen-pulsed DCs 12 hours before. 
Popliteal LNs were imaged 23 hours later by 
acquiring a series of z sections throughout 
the contact region. (A) One section through 
the equatorial plane of the synapse shows 
exclusion of the green signal coming from 
the CD43-GFP. (B) The en face view shows 
that this pattern of exclusion is quite broad 
with a peripheral ring of CD43 surrounding a 
central region labeled with the cytoplasmic 
red dye. (C) A three-dimensional representa- 
tion of the merged sections shows that the 
two T cells bound to this DC both exclude 
CD43 from the zone of membrane contact 
(synapse). 

hematopoietic cell interactions in architectur- 
ally intact lymphoid tissue will open an even 
more complete window on the events in- 
volved in antigen-specific immune reactions. 
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Thymocyte-Stromal Cell 

Interactions Visualized by 
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Thymocytes are selected to mature according to their ability to interact with 
self major histocompatibility complex (MHC)-peptide complexes displayed on 
the thymic stroma. Using two-photon microscopy, we performed real-time 
analysis of the cellular contacts made by developing thymocytes undergoing 
positive selection in a three-dimensional thymic organ culture. A large fraction 
of thymocytes within these cultures were highly motile. MHC recognition was 
found to increase the duration of thymocyte-stromal cell interactions and 
occurred as both long-lived cellular associations displaying stable cell-cell con- 
tacts and as shorter, highly dynamic contacts. Our results identify the diversity 
and dynamics of thymocyte interactions during positive selection. 
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Tissue microenvironments are likely to have 
a profound impact on lymphocyte behavior, 
yet most studies of lymphocytes have relied 
on monolayer cultures or fixed-tissue prepa- 
rations that fail to recapitulate the complexity 
and the dynamics of cellular environments. 
With respect to T cell development, funda- 
mental questions remain about how thymo- 
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cytes behave within the three-dimensional 
stromal cell network required for their differ- 
entiation. Generation of an efficient reper- 
toire of mature cx3 T lymphocytes by positive 
selection is governed by interactions between 
the T cell antigen receptor (TCR) of imma- 
ture CD4+CD8+ double-positive (DP) thy- 
mocytes and the array of self MHC-peptide 
complexes displayed on the surface of thymic 
stromal cells (1-3). The patterns of thymo- 
cyte motility during this process, the dynam- 
ics and the topology of thymocyte-stromal 
cell interactions, and the influence of MHC 
recognition on these cellular contacts have 
yet to be characterized. 

The advent of two-photon laser scanning 
microscopy (TPLSM) offers a powerful 
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