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The site of induction of long-term potentiation (LTP) at mossy fiber-CA3 
synapses in the hippocampus is unresolved, with data supporting both pre- and 
postsynaptic mechanisms. Here we report that mossy fiber LTP was reduced by 
perfusion of postsynaptic neurons with peptides and antibodies that interfere 
with binding of EphB receptor tyrosine kinases (EphRs) to the PDZ protein GRIP. 
Mossy fiber LTP was also reduced by extracellular application of soluble forms 
of B-ephrins, which are normally membrane-anchored presynaptic ligands for 
the EphB receptors. The application of soluble ligands for presynaptic ephrins 
increased basal excitatory transmission and occluded both tetanus and fors- 
kolin-induced synaptic potentiation. These findings suggest that PDZ interac- 
tions in the postsynaptic neuron and trans-synaptic interactions between 
postsynaptic EphB receptors and presynaptic B-ephrins are necessary for the 
induction of mossy fiber LTP. 
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Although it is widely agreed that expression of 
LTP at mossy fiber synapses occurs in the 
presynaptic terminal (1, 2), the site of induction 
of this N-methyl-D-aspartate (NMDA) recep- 
tor-independent form of plasticity is still not 
clear (3, 4). Previous data have both supported 
(3, 5) and excluded (4, 6, 7) a role for postsyn- 
aptic signaling pathways in the induction pro- 
cess. In contrast, it is generally agreed that the 
long-lasting alteration in synaptic strength is 
expressed presynaptically as an increased prob- 
ability of neurotransmitter release (1, 6). If 
postsynaptic mechanisms do indeed underlie 
induction of mossy fiber LTP, retrograde sig- 
naling must exist to transduce the signal to the 
presynaptic nerve terminal. 

The goal of our initial experiments was to 
determine the importance of glutamate recep- 
tor-PDZ interactions in stabilizing excitatory 
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transmission at hippocampal mossy fiber syn- 
apses. Intracellular perfusion of CA3 pyrami- 
dal neurons with a peptide corresponding to 
the carboxyl-terminal 10 amino acids of 
GluR2 (R2ct) to disrupt GluR2-PDZ interac- 
tions (8) had a small effect on basal synaptic 
transmission in some recordings, as previous- 
ly described in CA1 pyramidal neurons (9, 
10) (Fig. 1B). In contrast, potentiation of the 
excitatory postsynaptic current (EPSC) mea- 
sured 25 to 30 min after tetanic stimulation 
was significantly smaller than in control re- 
cordings without peptide [control LTP: 
220 + 30%, n = 13 cells; R2ct LTP: 140 ? 
11%, n = 18 cells, P < 0.01 Kolmogorov- 
Smimov (K-S) test (Fig. 1)]. In control re- 
cordings, the paired-pulse ratio (PPR) of 
mossy fiber EPSCs, measured at a 40-ms 
interval between stimuli, was reduced after 
induction of LTP, consistent with an increase 
in the probability of glutamate release (6) 
(control PPR: 2.9 + 0.12; LTP PPR: 2.3 ? 
0.16, n = 12 cells, P < 0.01). Postsynaptic 
perfusion of the R2ct peptide also reduced 
this change in PPR (R2ct control PPR: 2.8 + 
0.14; LTP PPR: 2.5 ?+ 0.12, n = 16 cells, P> 
0.05), in accord with the diminished potenti- 
ation after tetanic stimulation (Fig. 1). We 
also observed that posttetanic potentiation 
(PTP) immediately after tetanic stimulation 
was significantly smaller in recordings in 
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which we perfused the R2ct peptide into the 
postsynaptic cell (control PTP: 840 + 70%; 
R2ct PTP: 510 + 67%, P < 0.01). There was 
no difference in the suppression of mossy 
fiber EPSCs by the group II mGluR agonist 
LCCG-1 (P > 0.05), which ruled out the 
possibility that the observed effects were due 
to significant contamination by non-mossy 
fiber inputs. 

To test the specificity of the R2ct peptide 
effect, we made recordings during intracellu- 
lar perfusion of a scrambled peptide without a 
PDZ recognition consensus sequence 
(R2ctSC). Basal EPSC amplitudes were sta- 
ble in these experiments, LTP was elicited by 
tetanic stimulation [200 ? 11%, n = 10 cells, 
P > 0.05 (K-S test)] (Fig. 1D), and PPR was 
reduced after induction of LTP (control PPR: 
3.1 + 0.19; LTP PPR: 2.4 ? 0.10, n = 10 
cells, P < 0.01). To investigate the type of 
PDZ protein that was involved in mediating 
mossy fiber LTP, we made recordings while 
perfusing CA3 neurons with a phosphoryl- 
ated GluR2/3 peptide (R2ctPO4), which com- 
petes for binding to PICK1, but not GRIP 
(11, 12). Tetanic stimulation produced nor- 
mal potentiation of EPSCs after perfusion of 
R2ctPO4 [210 + 19%, n = 10 cells, P > 0.05 
(K-S test) as compared to control LTP] (Fig. 
1D) and a reduction in PPR (control PPR: 
3.0 + 0.18; LTP PPR: 2.5 + 0.16, n = 10, 
P < 0.05). 

Because our results suggested that GRIP 
interactions in the postsynaptic neuron affect- 
ed presynaptic function after induction of 
LTP, we examined potential retrograde sig- 
naling systems whose component molecules 
contain PDZ-binding motifs. One such pair 
of candidate molecules was the Eph receptor 
tyrosine kinases (EphRs) and their intercellu- 
lar binding partners, the ephrin ligands (13). 
These molecules are expressed at synapses in 
the CA3 region of the hippocampus (14) and 
interact with the same PDZ proteins as 
ca-amino-3-hydroxyl-5-methyl-4-isox- 
azolepropionate (AMPA) receptors, albeit at 
different PDZ domains (15). 

We perfused CA3 pyramidal neurons with 
peptides corresponding to the PDZ-binding car- 
boxyl terminals of one of the representative 
members of the two families of EphRs, EphA7 
or EphB2. Introduction of EphA7 peptide did 
not affect either short-term plasticity or LTP 
[control PPR: 2.8 ?+ 0.14; LTP PPR: 2.3 ?+ 
0.17, P < 0.05; PTP: 820 ?+ 130%; LTP: 
230 + 32%, n = 8 cells, P > 0.05 (K-S test)] 
(Fig. 2, A through D). In contrast, perfusion 
with the EphB2 peptide significantly depressed 
both PTP (450 + 69%, n = 10 cells, P < 0.05) 
and tetanus-induced LTP [124 + 12%, n = 10 
cells, P < 0.01 (K-S test)]. The PPR after 
tetanic stimulation was identical to that at the 
end of the basal recording period (control PPR: 
2.5 + 0.17; LTP PPR: 2.5 + 0.19, n = 10 cells, 
P > 0.05). 

We examined the possibility that the R2ct 
peptide directly disrupted binding of Eph re- 
ceptors to PDZ domain 6 of GRIP (15) rather 
than interacting specifically with the GluR2 
subunit-binding PDZ 4 and 5 domains (16). 
We performed in vitro competitive binding 
experiments between GRIP PDZ domain 
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Fig. 1. GluR2 carboxyl-terminal peptide occluded mossy fiber LTP in the hippocampus. (A) (left 
panel) Time course of mossy fiber LTP from 13 experiments with no peptide (protease inhibitors 
only) included in the patch electrode. Significant potentiation of the first EPSC was observed 20 to 
30 min after tetanus. Application of the group II mGluR agonist LCCG-1 at the end of each 
experiment inhibited the EPSC, signifying EPSCs of mossy fiber origin (34). Sample EPSC traces from 
one recording during the control period (-30 to 0 min) and after LTP induction (20 to 30 min) are 
shown in the upper right panel. Mean PPRs of EPSCs were measured at an interval of 40 ms (lower 
right panel). (B) Time course of mossy fiber LTP from 18 experiments in which the GluR2 
carboxyl-terminal peptide (R2ct) was included in the patch electrode. Little potentiation was 
observed between 25 and 30 min after tetanus. Sample traces from one recording are shown (top 
right panel). Calibration [for (A) and (B)]: x axis, 50 ms; y axis, 500 pA. PPRs were not significantly 
different after induction of LTP, P > 0.05 (bottom right panel). (C) Cumulative probability 
histogram of mossy fiber LTP measured as percent increase from control 25 to 30 min after tetanic 
stimulation. Recordings in which the R2ct peptide was included (open circles) showed significantly 
less potentiation than recordings without peptide introduced into the postsynaptic cell (solid 
squares) (P < 0.01). (D) Cumulative probability histogram for mossy fiber recordings in which the 
scrambled peptide (R2ctSC) and the phosphorylated peptide (R2ctPO4) were introduced into the 
postsynaptic neuron. 
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(Fig. 2E, top panel). The EphB2 peptide was 
more potent (Ki value of 43 nM, Fig. 2E, top 
panel). The peptides that did not occlude 
LTP, R2ctSC and R2ctPO4, did not inhibit 
binding of EphB2 to GRIP in this assay at 
concentrations as high as 10 ILM (Fig. 2E, top 
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panel). To test whether the R2ct peptide dis- 
placed EphB2 binding directly from PDZ 6, 
rather than through an indirect allosteric 
modulation, we repeated these experiments 
with a GRIP fragment containing PDZ 6 
alone. The GluR2 peptide displaced EphB2 
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binding to this fragment, with a Ki value of 
155 nM (Fig. 2E, bottom panel). Our findings 
correspond to a previous report indicating 
that a short 13-amino acid fragment of 
GluR2 bound to PDZ 6 of the AMPA binding 
protein (ABP), a splice variant of GRIP (17). 

In order to ascertain whether EphR and 
GluR2 can be bound to the same complex in 
brain, we performed a glutathione S-trans- 
ferase (GST) pull-down assay by incubating 
the EphB2 carboxyl terminal with rat brain 
membranes (8). GluR2 specifically associat- 
ed with EphB2 but not with GST alone or 
with NMDA receptors (Fig. 2F), suggesting 
that EphB2 and GluR2 can potentially bind to 
the same GRIP complex in vivo. We also 
found that the GluR2 carboxyl terminal (50 
amino acids), unlike the 10-amino acid R2ct 
peptide, did not interact with PDZ domain 6 
of GRIP in yeast-two hybrid assays (18) as 
previously described (16). 

The EphB2 peptide might interfere with 
binding of other proteins to GRIP PDZ do- 
main 6. To determine more directly whether 
EphB receptors play a role in LTP, we in- 
cluded an antibody directed against the car- 
boxyl terminal of EphB2 (EphB2a/b) in our 
intracellular recording solution (Fig. 3A). 
Plasticity after perfusion with the EphB2 an- 
tibody was compared to two control condi- 
tions in which CA3 pyramidal neurons were 
either perfused with EphB2 antibody preab- 
sorbed with a GST fusion protein of the 
carboxyl-terminal domain of EphB2 (pre- 
EphB2a/b) or with an antibody directed 
against the amino terminus of the EphB1 
receptor (EphBla/b), which is located extra- 
cellularly. Inclusion of EphB2a/b had no ef- 
fect on basal transmission during a 30-min 
baseline recording period. However, LTP 
measured at 20 to 30 min after tetanus was 
significantly impaired as compared to inter- 
leaved control experiments with the pre- 
EphB2a/b or EphBla/b [EphB2a/b LTP: 
130 + 14%, n = 12 cells; pre-EphB2a/b 
LTP: 210 + 17%, n = 8 cells, P < 0.05; 
EphBla/b LTP: 210 + 15%, n = 11 cells, 
P < 0.05 (K-S test)] (Fig. 3, A through E). 
Similar to previous results, PPRs decreased 
after LTP in the control antibody recordings 
but did not change significantly when LTP 
was impaired with the EphB2a/b (EphB2a/b 
control PPR: 2.8 ? 0.2; EphB2a/b LTP PPR: 
2.9 ? 0.2, n = 12 cells, P > 0.05) (Fig. 3F). 

Our initial results in which the R2ct pep- 
tide occluded LTP might reflect participation 
of AMPA receptor-PDZ interactions in the 
induction of mossy fiber LTP. We therefore 
perfused neurons with antibody directed 
against the carboxyl-terminal domain of the 
GluR2 and GluR3 receptor subunits (GluR2a/ 
b). Mossy fiber LTP was normal when this 
antibody was included in the patch electrode 
[210 + 17%, n = 10 cells, P > 0.05 (K-S 
test)] (Fig. 3, C through F). We also observed 
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a concomitant decrease in PPR after LTP 
induction (control PPR: 3.1 + 0.2; LTP PPR: 
2.4 + 0.2, n = 10 cells, P < 0.05). 

EphB receptors transduce signals bidirec- 
tionally by interacting with membrane-an- 
chored ephrin B ligands expressed on adja- 
cent cells. We tested whether trans-synaptic 
Eph-ephrin signaling underlies plasticity at 
the mossy fiber synapse, using soluble chi- 
meric protein reagents containing the extra- 
cellular domains of EphB2 receptors (EphB2- 
Fc), ephrin B1 ligands (ephrin B1-Fc), or 
EphA5 receptors (EphA5-Fc) fused to the Fc 
region of human immunoglobulin G (IgG) 
(19-22). Although application of preclus- 
tered Eph-Fc and ephrin-Fc reagents can 
strongly activate reverse or forward signal- 
ing, respectively, the dimeric forms used in 
our study act primarily as blocking reagents 
to prevent signaling and display only weak 
agonist activity (23). Extracellular bath appli- 
cation of the EphB2-Fc fusion protein (5 
pxg/ml), which binds to presynaptic ephrins, 
for a 20-min period during baseline recording 
resulted in a 145 ?+ 13% increase in the basal 
EPSC amplitude (Fig. 4A). In addition, there 
was a small nonsignificant reduction in the 
baseline PPR. Potentiation of EPSCs after 
subsequent tetanic stimulation was signifi- 
cantly reduced to a magnitude similar to that 
observed in the peptide experiments (EphB2- 
Fc LTP: 134 + 13%, n = 7 cells, P < 0.05), 
and the PPR was not reduced from baseline 
values (control PPR: 2.5 + 0.3; LTP PPR: 
2.2 + 0.2, n = 7 cells, P > 0.05) (Fig. 4, B 
and C). In a separate set of experiments, the 
EphB2-Fc-mediated potentiation of mossy 
fiber EPSCs was not observed after prior 
tetanic stimulation (Fig. 4A). 

Bath application of the ephrin Bl 1-Fc chi- 
mera (5 pg/ml), which binds postsynaptic 
Eph receptors, did not alter the baseline 
EPSC amplitudes (Fig. 4D). However, LTP 
after tetanus again was reduced in the pres- 
ence of ephrin B1-Fc [139 + 12%, n = 6 
cells, P < 0.05 (K-S test) as compared to 
control LTP] (Fig. 4D). In the presence of 
both Fc fusion proteins, PTP was significant- 
ly impaired (EphB2-Fc PTP: 420 + 85%; 
ephrin Bl-Fc PTP: 430 ?+ 100%). In contrast, 
baseline EPSC amplitudes and short- and 
long-term plasticity were not affected by bath 
application of the EphA5-Fc (EphA5 LTP: 
221 + 32, n = 6 cells, P > 0.05; as compared 
to control LTP) (Fig. 4F). In summary, these 
data indicate that dimeric EphB-Fc fusion 
proteins can directly activate presynaptic 
ephrin B ligands and potentiate mossy fiber 
synaptic transmission, thus occluding subse- 
quent tetanus-induced LTP. Soluble ephrin- 
Fc ligands appear to block tetanus-induced 
retrograde signaling from postsynaptic EphB 
receptors to presynaptic ephrin ligands and 
thereby impair mossy fiber plasticity. 

Activation of protein kinase A (PKA) by 

REPORTS 

application of forskolin enhances mossy fiber 
synaptic transmission and occludes further 
tetanus-induced LTP (24, 25). There is strong 
evidence that this enzyme's actions are in the 
presynaptic terminal; however, a postsynap- 
tic role for PKA has been described (3). We 
tested whether forskolin-mediated potentia- 
tion was affected by disruption of Eph/ephrin 
signaling at mossy fiber synapses. Forskolin 
potentiated mossy fiber EPSCs 20 to 30 min 
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after forskolin application by 275 + 38%, 
n = 5 cells (Fig. 4, G and I). Blockade of the 
interaction between postsynaptic Eph recep- 
tors and presynaptic ephrins by preapplica- 
tion of ephrin B -Fc protein did not result in 
a significant block of potentiation (219 + 
15%, n = 5 cells, P > 0.05) (Fig. 4, H and I), 
suggesting that PKA acts downstream of Eph 
receptor binding to ephrins. When we applied 
ligands for the presynaptic ephrins (EphB2- 

B EphB2 c-term antibody 
Control LTP 

... ..... - 

LCCG-1 
Pre-absorbed antibody 

Control LTP 

-IC"" K- V 
-30 -20 -10 0 10 20 30 40 

Time (min) 
EphB1 n-term antibody 

Control LTP 

GluR2 c-term antibody 
Control LTP 

E 
F 3.5 

o 

:a 
3.0 

0 2.5 

2 EphB2 
c-term 300 

Pre- 
absorbed 

EphB1 
n-term 

GluR2 
c-term 

Fig. 3. Mossy fiber LTP was occluded by inclusion of an antibody against the carboxyl terminal of 
the EphB2 receptor. (A) Time course of mossy fiber LTP when either EphB2 c-term antibody (20 
(Jg/ml) (open circles, 12 recordings) or preabsorbed EphB2 antibody (filled squares, 8 recordings) 
were included in the patch electrode. A significant potentiation of the EPSC was observed at 20-30 
min with the preabsorbed antibody, whereas LTP was impaired when EphB2 c-term antibody was 
included in the patch electrode. (B) Sample traces before and after LTP induction from individual 
recordings with EphB2 antibody (top) or preabsorbed antibody (bottom). Calibration: x axis, 50 ms; 
y axis, 400 pA (EphB2 antibody), 600 pA (preabsorbed antibody). (C) Time course of LTP in 
recordings in which EphB1 amino terminal antibody (open circles) or GluR2/3 carboxyl-terminal 
antibody (solid squares) was included in the patch electrode. (D) Sample traces from recordings 
with EphB1 antibody (top) and GluR2/3 antibody (bottom). Calibration: x axis, 50 ms;y axis, 375 
pA (EphB1 antibody), 500 pA (GluR2/3 antibody). (E) Cumulative probability histogram of LTP with 
inclusion of antibodies. (F) PPRs were significantly reduced after LTP in each case, except when 
EphB2 c-term antibody was present in the patch electrode. PPR values for each antibody were 
EphB2a/b: control 2.8 ? 1.9, LTP 2.9 ? 0.2; pre-EphB2a/b: control 3.1 ? 0.2, LTP 2.4 ?+ 0.2; 
EphB1a/b: control 3.1 ? 0.1, LTP 2.7 ?+ 0.1; GluR2/3a/b: control 3.1 ? 0.2, LTP 2.4 + 0.2. 
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Fig. 4. Application of soluble Fc fusion proteins of Eph receptors and ephrins occluded mossy fiber LT 
(A) Extracellular application of EphB2-Fc significantly increased basal synaptic transmission during tI 
pretetanic control recordings (solid squares). EphB2-Fc-mediated potentiation of transmission was ne 
observed if the chimeric fusion protein was applied after LTP induction (open circles) (n = 5 cells). (I 
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significantly reduced after LTP induction (bottom). (C) Prior application of EphB2-Fc occluded subsequel 
tetanus-induced LTP. (D) Application of ephrin B1-Fc did not affect basal transmission but LTP inductic 
was significantly impaired. (E) Sample traces before LTP, during application of ephrin B1-Fc, and after L1 
induction. PPRs measured at 40-ms interstimulus intervals were not significantly changed after LTP. (I 
Cumulative probability histogram of LTP induced during application of EphB2-Fc, ephrin B1-Fc ar 
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Fc), we again saw a significant potentiation 
of baseline amplitudes (148 + 19%, n = 5 
cells). In these experiments, subsequent ap- 
plication of forskolin caused a transient po- 
tentiation of mossy fiber EPSCs; however, 
this decayed back to baseline levels 30 min 
after washout (118 + 10%, n = 5 cells, P < 
0.01; as compared to control forskolin) (Fig. 
4, H and I). These data demonstrate that 
activation of presynaptic ephrins occludes 
further PKA-mediated potentiation of mossy 
fiber transmission, suggesting that ephrins 
and PKA are part of the same presynaptic 
signaling pathway that leads to mossy fiber 
potentiation. This hypothesis was further sup- 
ported by recordings with the EphB2 peptide 
in the recording electrode. Unlike tetanus- 
induced LTP, which was blocked by this 
peptide, forskolin-mediated potentiation was 
normal (209 + 20%, n = 3 cells, P > 0.05) 
(Fig. 41). 

As EphRs and ephrins interact promiscu- 
ously within their own subfamilies (26), our 
experiments did not allow us to identify a par- 
ticular member of the EphB family as critically 
relevant to mossy fiber LTP. We attempted to 
determine whether EphB2 receptors play an 
important role by carrying out recordings from 
gene-targeted mice lacking EphB2 protein and 
mice expressing a truncated form of EphB2 that 
lacked the carboxyl-terminal PDZ binding mo- 
tif (27). EphB2 null mutants, at the ages used in 
our recordings, had a diffuse CA3 pyramidal 
cell layer, with many pyramidal neurons locat- 
ed ectopically in the stratum radiatum. In re- 
cordings from neurons in the pyramidal cell 
layer, we could find mossy fiber inputs in only 
a subset of cells. Because of these clear devel- 
opmental abnormalities, these studies on null 
mutant mice did not shed light on the possible 
role of EphB2 receptors in mossy fiber LTP. 
We also made recordings from EphB2 carbox- 
yl-terminal truncation mutants. There were no 
obvious gross anatomical abnormalities in the 
CA3 region of these mice, and mossy fiber 
inputs were easily identifiable. Mossy fiber 
LTP in these mice was normal as compared to 
recordings from heterozygous or wild-type lit- 
termates [EphB2cterm'- LTP: 230 + 24%, 
n = 5 cells; wild-type/heterozygote LTP: 

p. 200 + 28%, n = 7 cells, P > 0.05 (K-S test)]. 
ie Other members of the EphB receptor family are 
ot expressed in the CA3 and are likely to compen- 
B) sate for the mutation in these mice. 
ot Recently, EphB receptors have been demon- 
nt strated to interact directly with NMDA receptors 
FP (28). Recordings from EphB24- receptor mice 
F) have revealed deficits in several forms of 
id NMDA receptor plasticity (29, 30) due to a 
a decrease in NMDA receptor expression at syn- 
) apses (29). Eph receptors also directly modulate 
d NMDA receptor function by inducing tyrosine 
er phosphorylation of NMDA receptors. This may 
ig directly modify NMDA receptor calcium influx 

and NMDA-dependent synaptic plasticity (31). 
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Our data now provide evidence for a function 
for Eph receptors and ephrins that establishes 
roles in NMDA-independent forms of synap- 
tic plasticity. 

Our results provide strong support for 
postsynaptic induction of mossy fiber LTP 
and are consistent with earlier reports in 
which tetanic stimulation elicited postsynap- 
tic rises in calcium, triggering induction of 
LTP (3, 5). Furthermore, we have identified a 
retrograde signaling pathway, EphB recep- 
tor-ephrin B ligand interaction, that links 
postsynaptic induction with presynaptic ex- 
pression of long-term changes in release 
probability. These results suggest a model for 
induction of mossy fiber LTP initiated by 
activation ofkainate and/or metabotropic glu- 
tamate receptors upon tetanic stimulation of 
mossy fibers (3, 32, 33) and subsequent 
postsynaptic intracellular signaling, resulting 
in the promotion of clustering of EphB recep- 
tors by GRIP or a similar molecule. This 
interaction allows EphRs to associate with 
and activate reverse signaling by presynaptic 
ephrin-B ligands, which may then regulate 
downstream events, including those mediated 
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roles in NMDA-independent forms of synap- 
tic plasticity. 

Our results provide strong support for 
postsynaptic induction of mossy fiber LTP 
and are consistent with earlier reports in 
which tetanic stimulation elicited postsynap- 
tic rises in calcium, triggering induction of 
LTP (3, 5). Furthermore, we have identified a 
retrograde signaling pathway, EphB recep- 
tor-ephrin B ligand interaction, that links 
postsynaptic induction with presynaptic ex- 
pression of long-term changes in release 
probability. These results suggest a model for 
induction of mossy fiber LTP initiated by 
activation ofkainate and/or metabotropic glu- 
tamate receptors upon tetanic stimulation of 
mossy fibers (3, 32, 33) and subsequent 
postsynaptic intracellular signaling, resulting 
in the promotion of clustering of EphB recep- 
tors by GRIP or a similar molecule. This 
interaction allows EphRs to associate with 
and activate reverse signaling by presynaptic 
ephrin-B ligands, which may then regulate 
downstream events, including those mediated 
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by PKA, and ultimately results in an increase 
in glutamate release in mossy fiber terminals. 
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The process by which lymphocytes transit 
through organized lymphoid tissues is crucial 
to the immune response, but it has not been 
amenable to direct experimental investigation 
and remains poorly understood (1). During 
transit, T lymphocytes can encounter antigen- 
presenting cells (APCs), take up residence in 
specific regions of lymphoid tissue, or reenter 
the circulation. In vivo studies at a macro- 
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scopic level with cannulated lymphatic ves- 
sels have provided population measurements 
of lymphocyte recirculation under physiolog- 
ical conditions (1). At the cellular and mo- 
lecular level, our understanding of the im- 
mune response has been greatly enhanced by 
studies of cultured lymphocytes in artificial 
two- and three-dimensional (3D) systems (2, 
3). In vitro systems, however, cannot repli- 
cate local environmental factors within intact 
lymphoid organs that shape the antigen rec- 
ognition process, the transit of lymphocytes 
through the tissue, and the development of 
subsequent effector functions (4). To bridge 
this gap between in vivo and in vitro ap- 
proaches, we used two-photon microscopy 
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(5, 6) to image individual living T and B 
lymphocytes deep within the intact lymph 
node. 

Purified T and B cells from donor BALB/c 
mice were labeled with green [5- (and 6-) car- 
boxyfluorescein diacetate succininyl ester 
(CFSE)] or red (5-(and-6)-(((4-chloromethyl) 
benzoyl)amino)tetramethylrhodamine) 
(CMTMR)] fluorescent dyes and injected 
into the tail vein of recipient mice (7). Sub- 
sequent two-photon imaging (8) of isolated, 
superfused lymph nodes showed the expected 
localization of B cells within primary folli- 
cles and of T cells predominantly in the 
interfollicular spaces of the diffuse cortex 
(Fig. 1, A and B). Individual cells could be 
resolved and tracked to depths of up to 350 
,Im beneath the capsular surface (Fig. 1, C 
and D), and their differing morphologies 
were readily distinguished (Fig. 1, E and F). 
In other experiments, lymph nodes were 
prestained with CMTMR to visualize the 
distribution of CFSE-stained T cells with 
respect to the reticular fiber network (Fig. 
1G) (3D rotation is shown in Movie S1). 

Dynamic changes in the locomotion of T 
and B cells were tracked with time-lapse 3D 
imaging. At room temperature, lymphocytes 
were nonmotile and spherical, but on warming 
they adopted polarized shapes and moved with 
velocities that were steeply dependent on tem- 
perature and were maximal near the physiolog- 
ical body temperature (Movie S2). Most T cells 
progressed by a series of repeated lunges, be- 
coming elongated while moving rapidly and 
balling up when paused (Fig. 2, A and C; 
Movie S3). In contrast, B cells followed mean- 
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Lymphocyte motility is vital for trafficking within lymphoid organs and for 
initiating contact with antigen-presenting cells. Visualization of these processes 
has previously been limited to in vitro systems. We describe the use of two- 
photon laser microscopy to image the dynamic behavior of individual living 
lymphocytes deep within intact lymph nodes. In their native environment, T 
cells achieved peak velocities of more than 25 micrometers per minute, dis- 
playing a motility coefficient that is five to six times that of B cells. Antigenic 
challenge changed T cell trajectories from random walks to "swarms" and stable 
clusters. Real-time two-photon imaging reveals lymphocyte behaviors that are 
fundamental to the initiation of the immune response. 
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