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Summary

Sensory experience plays an instructive role in the de-
velopment of the nervous system. Here we showed
that visual experience can induce persistent modifi-
cation of developing retinotectal circuits via spike
timing-dependent plasticity (STDP). Pairing light stim-
uli with spiking of the tectal cell induced persistent
enhancement or reduction of light-evoked responses,
with a dependence on the relative timing between light
stimulus and postsynaptic spiking similar to that for
STDP. Using precisely timed sequential three-bar
stimulation to mimic a moving bar, we showed that
spike timing-dependent LTP/LTD can account for the
asymmetric modification of the tectal cell receptive
field induced by moving bar. Furthermore, selective in-
hibition of signaling mediated by brain-derived neuro-
trophic factor and nitric oxide, which are respectively
required for light-induced LTP and LTD, interfered
with moving bar-induced temporally specific changes
in the tectal cell responses. Together, these findings
suggest that STDP can mediate sensory experience-
dependent circuit refinement in the developing ner-
vous system.

Introduction

Sensory experience is capable of shaping the connec-
tivity of developing neural circuits (Wiesel and Hubel,
1963; Katz and Shatz, 1996), through a process that
may be related to activity-dependent persistent synap-
tic modifications known as long-term potentiation
(LTP) and long-term depression (LTD) (Constantine-
Paton et al., 1990; Goodman and Shatz, 1993; Fregnac
et al., 1994; Zhang and Poo, 2001; Malenka and Bear,
2004). In the developing nervous system, LTP may be
causally related to synapse strengthening and stabiliza-
tion, whereas LTD is related to synapse weakening and
elimination. Based on an extended form of Hebb’s pos-
tulate (Stent, 1973), i.e., correlated pre- and postsynap-
tic activities strengthen the synapse whereas uncorre-
lated activities weaken the synapse, computational
analyses have successfully predicted experience-
dependent refinement of the retinotopic map in the optic
tectum and the formation of ocular dominance columns
in the primary visual cortex (Willshaw and von der Mals-
burg, 1976; Miller et al., 1989; Goodhill, 1993). However,
although correlated pre/post activities have been shown
toinduce LTP at many excitatory synapses, itis not clear
whether uncorrelated activities cause LTD. Further-

*Correspondence: mpoo@uclink.berkeley.edu

more, there are many forms of LTP/LTD, depending on
the stimulation protocol and synapse type, and which
forms are most relevant to developmental refinement
remains largely unknown.

Recent experimental and theoretical evidence has
pointed to the importance of specific temporal order of
pre/post spiking for synaptic modification in both devel-
oping and adult nervous systems (Dan and Poo, 2004).
The synaptic strength can be bidirectionally modified
by correlated pre/post spiking within a narrow time
window (in the order of tens of milliseconds): pre-
before-post (pre-post) spiking leads to LTP, whereas
post-pre spiking leads to LTD. This form of LTP/LTD,
now generally referred to as spike timing-dependent
plasticity (STDP, Abbott and Nelson, 2000), has been
found at excitatory synapses in many systems, includ-
ing cortical slices (Markram et al., 1997; Egger et al.,
1999; Feldman, 2000; Froemke and Dan, 2002), hippo-
campal slices (Debanne et al., 1998; Nishiyama et al.,
2000), cerebellum-like structures (Bell et al., 1997), hip-
pocampal cultures (Bi and Poo, 1998), and developing
retinotectal system (Zhang et al., 1998). Compared to
the correlation-based Hebb’s rule, STDP offers attrac-
tive features for neural computation, allowing for self-
adjustment of overall synaptic weight in a neuron (Song
et al., 2000; van Rossum et al., 2000) and the develop-
ment of asymmetric and direction-selective receptive
fields (Mehta et al., 2000; Rao and Sejnowski, 2001). Pre-
cisely timed sensory stimuli are known to drive functional
changes of mammalian visual cortex in a manner consis-
tent with STDP mechanisms (Schuett et al., 2001; Yao
and Dan, 2001). In Xenopus tadpoles, fast-moving bars
were observed to induce a persistent asymmetric modi-
fication of the tectal neuron’s receptive field (RF) along
the direction of the movement (Engert et al., 2002).
Although spiking of the tectal cell is required for this RF
modification, it is not clear whether STDP is involved in
this experience-dependent plasticity. In this study, we
have investigated specifically whether spike timing-
dependent LTP/LTD are induced at retinotectal synap-
ses by the moving bar stimuli and can account for the
refinement of the RF properties of the tectal cell by this
natural visual experience.

We first confirmed that conditioning with unidirec-
tional moving bar stimuli specifically enhances the tectal
cell response to the moving bar in the conditioned direc-
tion (Engert et al., 2002). Further analyses showed that
this direction selectivity was accompanied by a marked
enhancement of the early-phase and a slight reduction
of the late-phase compound synaptic currents (CSCs)
evoked by the bar stimulus in the tectal cell, suggesting
a temporally specific bidirectional modification of syn-
aptic efficacy. In addition, we found that sequential light
bar stimuli that mimicked the moving bar stimulus in-
duced LTP/LTD of the early excitatory CSCs with a tem-
poral specificity expected for STDP. We also elucidated
the cellular mechanisms underlying light-induced LTP/
LTD of tectal responses, in particular, its dependence
on NMDA receptor (NMDAR) activation, BDNF signaling,
and NO synthesis. Finally, we demonstrated that



https://core.ac.uk/display/82666749?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:mpoo@uclink.berkeley.edu

Neuron

Figure 1. Temporal Asymmetry in the Modifi-
cation of Compound Synaptic Currents by
Conditioning with Moving Bar

(A) Persistent changes of tectal responses
induced by conditioning with repetitive uni-
directional moving bar. The CSCs (V. ~
—45 mV) evoked by moving bar in each of
the four orthogonal directions (left) were
monitored (at 0.008 Hz) before and after the
cell was conditioned for 5 min by unidirec-
tional moving bar (0.2 Hz, 0°, black bar). The
total integrated charge of CSCs for the condi-
tioned direction was significantly enhanced,
as compared to the mean value before condi-
tioning (*p < 0.05, two-tailed t test). In con-
trast, no significant change was found for all
other three directions. Data from each exper-
iment were normalized to the average before
conditioning and are shown in 6 min bins
(n = 7 experiments; error bar, SEM).

(B) Moving bar-induced enhancement of early

CSCs and reduction of late CSCs. “Training”:
superimposed samples (ten sweeps) of tectal
cell spiking induced by the moving bar. “Sin-
gle”: sample traces of CSCs evoked by the
moving bar (in the conditioned direction) be-
fore (gray) and after (black) the conditioning.
“Average”: average of four traces. The
dashed line divides the CSCs into early and
late CSCs. Scales: 20 pA (or 10 mV), 50 ms.
Graph below shows integrated charge for
early and late CSCs, normalized to the pre-
conditioning average, from an example ex-

periment (same as that for the traces above).
(C) Asymmetric changes in early and late
CSCs. Data from the same set of experiments
as in (A). Data showing significant difference
in comparison to the pre-training value are
marked by asterisk (p < 0.05, two-tailed
t test; error = SEM).
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blocking the induction of spike timing-dependent LTP/
LTD at retinotectal synapses by inhibiting BDNF/NO sig-
naling selectively abolished the asymmetric modifica-
tion of the early- and late-phase CSCs and interfered
with direction-selective tectal cell responses induced
by moving bar conditioning. Thus, spike timing-depen-
dent LTP/LTD may indeed play a critical role in sensory
experience-driven refinement of neural circuits.

Results

Moving Bar-Induced Synaptic Modification Exhibits
Temporal Asymmetry

Repetitive application of moving bar stimuli potentiate
some retinotectal synapses while depressing others
(Engert et al., 2002; Zhou et al., 2003), but whether these
modifications resulted from spike timing-dependent
LTP/LTD of individual retinotectal synapses remains un-
clear. To address this issue, we focused our study on the
synaptic modification underlying moving bar-induced
direction selectivity of tectal cell responses (Engert
etal., 2002). In particular, we examined whether changes

in the tectal cell responses induced by the moving bar
conditioning can be accounted for by STDP of retinotec-
tal synapses.

In vivo perforated whole-cell recordings were made
from tectal neurons in stage 41-45 Xenopus tadpoles.
The retina was exposed to moving bars (20 um wide;
speed, 0.2 um/ms) in four orthogonal directions alter-
nately (frequency, 0.008 Hz; Figure 1A), and the tectal
cell was voltage clamped (v.c.) at the reversal potential
of CI™ currents (V. ~ —45 mV) to monitor excitatory
light-evoked compound synaptic currents (CSCs). For
conditioning, the retina was exposed to 60 sweeps of
moving bar (speed, 0.2 um/ms; frequency, 0.2 Hz) in
one randomly chosen direction (indicated as 0°, the
other three directions were assigned clockwise as 90°,
180°, and 270°, respectively) while the cell was current
clamped (c.c.) at —50 to —60 mV. During this stimulation,
the tectal cell exhibited a train of spikes, elicited either
by the moving bar itself or by periodic current injection
in case that the moving bar did not evoke spiking. Con-
sistent with the previous finding (Engert et al., 2002),
excitatory CSCs in response to the moving bar in the
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conditioned direction were significantly enhanced com-
pared to those for all other three directions (Figure 1A).

A key feature of STDP is the temporal specificity in
synaptic modification: inputs that arrive early with re-
spect to the postsynaptic spiking become potentiated,
whereas those that arrive later than the spiking become
depressed. Moving bar-evoked CSCs consist of many
retinal inputs arriving at different times. If spike timing-
dependent LTP/LTD underlies moving bar-induced
synaptic modification, these inputs will be modified in
different directions, depending on their timing relative
to the tectal neuron spiking. Based on the STDP rule,
we predicted that early synaptic inputs that contribute
to the early part of CSCs are more likely to fall into the
pre-post window for potentiation with respect to the
spike train triggered by the moving bar, whereas those
contributing to the later part of the response are more
likely to fall into the post-pre window for depression.
Therefore, to test this hypothesis, we further analyzed
the dependence of the changes in synaptic currents
on the timing of the input by dividing the evoked CSCs
into two halves of equal duration: the early and late
CSCs. As shown by the superimposed traces recorded
before (gray) and after (black) the conditioning (Figures
1B and 1C), moving bar conditioning resulted in a
marked enhancement of early CSCs but a slight reduc-
tion of late CSCs. In comparison with the marked en-
hancement of early CSCs, the reduction of late CSCs
was relatively small (Figure 1C). As discussed later, the
reduction of late CSCs may be masked by the increase
in early CSCs due to the partial overlap of potentiated
and depressed synaptic currents. A direct consequence
of this asymmetric modification is a “shift” of the recep-
tive field (RF) toward the potentiated direction, as ob-
served previously (Engert et al., 2002).

Bidirectional Synaptic Modification Induced
by Visual Stimuli
To directly test our hypothesis that STDP is involved in
visual stimuli-induced synaptic modification, we exam-
ined light-induced changes in the efficacy of retinotectal
synapses by controlling the timing of postsynaptic spik-
ing relative to the light bar stimulus located within the RF
of the tectal neuron. As shown in Figure 2A, each light
bar stimulus (duration 1.5 s) triggered both on and off re-
sponses, as reflected by CSCs recorded in the tectal
neuron (V. ~ —70 mV). Since off responses were usually
larger and more consistent than on responses, we have
thus used the off response to represent light-evoked re-
sponse in the tectal cell. To determine the plausibility of
the STDP mechanism, we first assessed the temporal
precision of visual stimuli-induced synaptic responses.
The onset latency of excitatory postsynaptic potentials
(EPSPs) evoked by the decrement of light stimulus
showed a relatively small variation over 100 trials (Fig-
ure 2B, left panel). Although the onset latency was
long (>100 ms), its standard deviation (SD) was relatively
small (6.0 = 1.9 ms, SEM; n = 74 cells; Figure 2B, right
panel). Thus for each visual stimulus, the timing of the
presynaptic spiking could be predicted with a precision
of about 5 ms, well within the critical window for STDP.
To monitor the strength of retinotectal synapses, we
estimated the light-elicited synaptic response by taking

the total integrated charge of CSCs associated with the
off response within a time window of 50 ms following the
onset of CSCs, in order to exclude contribution from
inhibitory synaptic currents (Tao and Poo, 2005). In
most recordings, a bar stimulus evoked subthreshold
depolarization of the tectal neuron (c.c., V,, = —45 ~
—50 mV). Repetitive subthreshold light stimulation alone
at 0.33 Hz had no significant effect on the synaptic effi-
cacy, as shown by the absence of any change in the CSC
charge (Figure 2C). However, when the subthreshold vi-
sual stimuli were repetitively paired with postsynaptic
current injections that initiated spiking of the tectal neu-
ron, we observed either potentiation or depression of
CSCs, depending on the time interval between the tectal
cell spiking and the onset of EPSPs (Figures 2D-2F).
When the interval was varied from —500 to +500 ms,
we found synaptic potentiation when the onset of EPSPs
was within about 20 ms before the tectal cell spiking, but
synaptic depression when spiking occurred within
20 ms before the EPSPs (Figures 2E-2H). This depen-
dence on the time interval of pre/post activation was
similar to that found for LTP/LTD of individual retinal in-
puts induced by direct electrical stimulation of RGCs
(Zhang et al., 1998). Thus, natural visual stimulation
can indeed trigger spike timing-dependent LTP/LTD at
retinotectal synapses.

Synaptic Modification Induced by Sequential

Visual Stimuli

To further examine whether STDP of retinotectal synap-
ses can account for the moving bar-induced changes in
tectal responses (Figure 1), we performed experiments
using three light bars of the same orientation applied se-
quentially to mimic the moving bar stimulation. Baseline
tectal responses to each bar stimulus were stable when
tested at afrequency of 0.017 Hz. In the first set of exper-
iments, three light bars (designated I, Il, and Ill) were re-
petitively applied (0.33 Hz, 5 min) for conditioning in the
sequence | — Il — lll with an interval of 16.7 ms between
adjacent bars (Figure 3A). This interval corresponds to
a speed (1.2 um/ms) of the moving bar faster than that
found to be required for inducing direction-selective
tectal responses (Engert et al., 2002; see also Figure 1).
For each sequence of stimulation, the luminance decre-
ment of bar Il was paired with one postsynaptic spike,
which was initiated by current injection into the tectal
neuron 10 ms after the average onset of EPSPs mea-
sured for each cell (see Figure 2B). At this timing, the
postsynaptic spiking largely followed and preceded
the EPSPs elicited by bar | and lll, respectively. Figure 3B
depicts off CSCs evoked by bar stimuli before and after
the conditioning in a typical experiment. We found per-
sistent enhancement of CSCs evoked by bar | and II,
but persistent reduction for bar lll-evoked CSCs (Fig-
ure 3C). Data from seven experiments are summarized
in Figure 3D. When the bar interval was increased
from 16.7 to 500 ms, which corresponds to a speed
(0.04 um/ms) of moving bar slower than that shown to
be insufficient for inducing direction-selective tectal re-
sponses (Engert et al., 2002), we found that CSCs
evoked by bar Il were potentiated, but those elicited
by bar | and Ill remained unchanged (Figures 3E and
3F), again consistent with the STDP window.
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Figure 2. Spike Timing-Dependent LTP/LTD
Induced by Repetitive Single-Bar Stimulation

(A) Sample traces of synaptic potentials (c.c.,
Vm ~ =50 mV) and CSCs (v.c., Vo ~ =70 mV;
inward currents downward) recorded in atec-
tal neuron in response to a light bar stimula-
tion (duration 1.5 s). The onset latency (“L”)
5 10 of the light response was defined as the
time interval between the light decrement
and the onset of synaptic responses. Scales:
12.5 pA, 150 ms.
(B) Temporal precision of light responses.
(Left) The distribution of the onset latency
for EPSPs recorded from a tectal neuron in
response to a single light bar over 100 trials.
(Right) The distribution of the standard devia-
tion (SD) of the onset latency for 74 tectal
cells.
(C) Repetitive conditioning with light stimuli
that induced subthreshold tectal responses
had no effect on CSCs. Data represent the
total CSC charge within the first 50 ms of
the CSCs evoked by a single light bar (1.5 s,
0.017 Hz) before and after conditioning (black
bar, 1.5 s duration, 100 stimuli at 0.33 Hz, cell
in c.c., Vi, = =45 ~ —50 mV), normalized by
the mean value (dotted line) before condition-
s ing. Shown above are sample CSCs (average
o % of 15; scales: 20 pA, 150 ms).
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50 ms.
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Under physiological conditions, both RGCs and tectal
neurons readily fire a train of spikes in response to nat-
ural visual stimuli (Zhang et al., 2000; Zhou et al., 2003;
Du and Poo, 2004). Therefore, it is important to know
whether pre- and postsynaptic spike trains can modify
developing retinotectal synapses in vivo. To address
this issue, we employed the same experimental design
for conditioning stimuli as described above (Figure 3A)
except that the bar Il stimulus was adjusted (by increas-
ing the width) to a level that reliably initiated a spike train
in the tectal cell (Figure 3G), while inputs from bar | and Il
remained subthreshold in firing the tectal cell. We found
that the sequential three-bar conditioning again induced
a persistent enhancement of CSCs evoked by bar | and

Time interval (ms)

(E-G) Three examples of spike timing-depen-
dent LTP/LTD. Data are presented as in (C).
During conditioning, each light stimulus was
paired with a postsynaptic AP, which was
initiated by somatic current injection, at At =
+10 ms (E), —8 ms (F), and +46 ms (G). Scales:
100 pA, 150 ms (E); 40 pA, 200 ms (F); 40 pA,
150 ms (G).

(H) Temporal window for spike timing-
dependent enhancement and reduction of
tectal responses. The conditioning protocol
as described in (D) was applied, and the per-
centage of change in the CSC charge was
plotted against At. Each point represents
the result from one experiment.

11, but depression of those evoked by bar Il (Figure 3H).
Therefore, visual stimuli that mimicked the moving bar
conditioning resulted in simultaneous potentiation and
depression of converging retinal inputs to the tectal
neuron in a manner fully consistent with STDP, and the
apparent effect of sequential three-bar conditioning on
tectal light responses resembled moving bar-induced
asymmetric modifications of early and late CSCs
(Figure 1).

Dependence on Postsynaptic Spiking

and NMDAR Activation

Consistent with the previous finding that the induction of
spike timing-dependent LTP/LTD atretinotectal synapses
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Figure 3. Bidirectional Changes of Tectal
Cell Responses Induced by Three-Bar Condi-
tioning

(A) Diagram of the experimental design. Se-
quential application of three light bars (I, II,
and lll) located within the RF of a tectal neu-
ron, each of which elicited a subthreshold de-
polarization in the tectal neuron, was used to
mimic the moving bar stimulus. Three bars
were applied (1.5 s duration) sequentially at
a low frequency (0.017 Hz) to monitor the
baseline responses. During the conditioning
session, bar |, Il, and 11l were applied repeat-
edly (1.5 s duration, 100 times at 0.33 Hz) in
(n=7) the sequence of | — Il > IIl with an interval
of At (in ms). The decrement of bar Il was
paired with somatic current injection in the
tectal neuron, which was set to be 10 ms after
the mean delay of the onset of light responses.
(B) Sample traces of CSCs evoked by each
light bar (I, 1l, or Ill) before and after three-

Average

Time (min)

bar conditioning with At = 16.7 ms. “Single”:

30 40 50 )
single test responses. “Average”: averages
of 15 consecutive responses. CSCs recorded
before and after conditioning were shown as
(n=6) gray and black traces, respectively. Scales:

50 pA, 50 ms.

(C and D) Three-bar conditioning with At =
16.7 ms. Data in (C) represent the integrated
CSC charge elicited by bar | (open circle), Il
(filled square), and Il (open triangle) in an ex-
ample tectal neuron, normalized by the mean

CSC charge before conditioning. The sum-
mary of all data from experiments similar to
(C) is shown in (D), with normalized CSC
charge averaged over 5 min bins for each ex-
periment. The changes in the mean CSC
charge in response to bar I, Il, and Il at 5-40
min after conditioning were 30.4% = 1.9%,
26.9% = 1.7%, and —28.9% = 0.7%, respec-
tively (error = SEM).

(E and F) Three-bar conditioning with At =
500 ms. Data are presented in the same manner
asin (C) and (D). After conditioning, the changes
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in the mean CSC charge in response to barl, Il,
and lll were —0.9% =+ 2.0%, 28.4% =+ 2.5%, and
—1.1% = 1.2%, respectively.

(G) Sample trace of the on and off responses
elicited by suprathreshold light stimulation
(c.c., V;m ~ —50 mV). Scales: 10 mV, 250 ms.

(H) Summary of all data obtained from cells conditioned by the standard three-bar conditioning (At = 16.7 ms; n = 5) similar to that in (D) except
that bar Il evoked suprathreshold tectal cell response, whereas bar | and Ill evoked subthreshold responses. The changes in the mean CSC
charge in response to bar I, Il, and 11l were 38.1% =+ 12.3%, 35.1% = 9.2%, and —15.8% = 6.7%, respectively.

by electrical stimulation of RGCs requires postsynaptic
spiking (Zhang et al., 1998), we found that when the post-
synaptic tectal cell showed no spiking during the stan-
dard three-bar conditioning, there was no change in
light-evoked CSCs following the conditioning (Figure 4A).
Similarly, voltage clamping the tectal cell at —90 mV,
which prevented spiking of the cell, also prevented
three-bar conditioning-induced modification of CSCs
(Figure 4B). Thus, postsynaptic tectal cell spiking is crit-
ical for light-induced modification of retinotectal synap-
ses, consistent with STDP.

Both homo- and heterosynaptic LTP/LTD induced by
neuronal activity at many synapses are known to require
postsynaptic NMDAR activation (Malenka and Bear,
2004). We found that local perfusion of the tectum with
NMDAR antagonist D-2-amino-5-phosphonopentanoic
acid (D-APV) completely prevented the effect of three-

bar conditioning on CSCs (Figure 4C). The dependence
on NMDAR activation was also shown for the induction
of direction selectivity of the tectal cell response by uni-
directional moving bar (Engert et al., 2002), consistent
with the notion that light-induced spike timing-depen-
dent LTP/LTD of retinotectal synapses underlies moving
bar-induced direction selectivity of the tectal neuron.
Furthermore, our results are in agreement with the pre-
vious evidence showing that activity-dependent refine-
ment of the topographic map in the optic tectum is
NMDAR dependent (Debski et al., 1990).

Separate Signaling Pathways Mediate Spike
Timing-Dependent LTP versus LTD

Neurotrophins (NTs) may play either a permissive or
instructive role in activity-dependent synaptic modifica-
tions (Poo, 2001). Several lines of evidence suggest that
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Figure 4. The Role of Postsynaptic Spiking and NMDARs

(A and B) Dependence on postsynaptic spiking. Experiments similar
to that in Figure 3D, except that the conditioning with subthreshold
three-bar stimuli was not paired with postsynaptic current injection
(A) or that the tectal cell was voltage clamped at —90 mV during con-
ditioning (B).

(C) Dependence on NMDARs. Experiments similar to that in Fig-
ure 3D, except that the tectum was perfused with APV (50 uM).

All of the error bars in this figure indicate SEM.

the secretion of NTs can be regulated by electrical activ-
ity (Blochl and Thoenen, 1995; Balkowiec and Katz,
2000; Aicardi et al., 2004). Furthermore, persistent mod-
ification of developing Xenopus retinotectal synapses
can be induced by local application of brain-derived
neurotrophic factor (BDNF) to the tectum (Du and Poo,
2004). To examine the role of BDNF in STDP, we first
used a low-frequency stimulation protocol (Zhang
et al., 1998) to induce LTP or LTD. When spiking of the
tectal neuron was initiated by injection of a depolarizing
current pulse within 10 ms after EPSPs were repetitively
elicited by extracellular stimulation of RGCs, LTP was in-
duced (Figures 5A and 5B). However, in the presence of
k252a, a tyrosine kinase inhibitor known to block BDNF-
trkB signaling, the same stimulation protocol failed to in-
duce significant LTP (Figure 5A). This dependence on
BDNF is also consistent with the finding that downregu-
lation of trkB expression in the retinotectal system by
injection of morpholino antisense oligonucleotides abol-
ished LTP of retinotectal synapses induced by the STDP

protocol (Zhou et al., 2003). In contrast, when the spiking
of the tectal neuron was initiated within 10 ms before the
onset of EPSPs, LTD could be consistently induced
either in the presence or in the absence of k252a (Fig-
ure 5A). Thus, the induction of spike timing-dependent
LTP, but not LTD, requires BDNF-trkB signaling.

In addition to BDNF, nitric oxide (NO) has been recog-
nized as a potential retrograde factor that mediates
communication between pre- and postsynaptic neurons
during topographic refinement of Xenopus retinotectal
projections (Debski and Cline, 2002). Furthermore, NO
synthesis is required for activity-induced LTD in cerebel-
lar Purkinje cells (Linden and Connor, 1995). We thus ex-
amined whether NO signaling is involved in spike timing-
dependent LTP/LTD, using the same STDP protocol
described above. As shown in Figure 5B, we found
that LTD was abolished in the presence of L-NAME, a
potent NO synthase (NOS) inhibitor, whereas LTP induc-
tion was unaffected (Figure 5B).

We next examined whether visual stimuli-induced
LTP/LTD also depends on similar BDNF/NO signaling
as that found above for STDP induced by electrical stim-
ulation of RGCs. When the standard three-bar condi-
tioning stimuli (Figure 3A) were applied in the presence
of k252a, we found that the enhancement of CSCs
induced by pre-post conditioning was completely abol-
ished, whereas the reduction of CSCs induced by post-
pre conditioning remained largely intact (Figures 5C and
5D). Treatment with k252b, a membrane-impermeant
analog of k252a, had no effect on either the enhance-
ment or the reduction of CSCs (data not shown). Thus,
light-induced LTP but not LTD of retinotectal synapses
required BDNF-trkB signaling, fully consistent with the
critical role of BDNF in spike timing-dependent LTP
(Figure 5A). Similarly, when the standard three-bar con-
ditioning stimuli were applied after bath perfusion of
L-NAME, the induction of LTD but not LTP was com-
pletely prevented (Figures 5E and 5F), again consistent
with the finding that NO signaling is required for LTD of
retinotectal synapses induced by the STDP protocol
(Figure 5B). Taken together, our results indicated that
BDNF and NO signaling were required for spike-timing
dependent LTP and LTD, respectively, induced by either
electrical stimulation of the retina or by natural visual
stimulation.

Blockade of LTP/LTD Affects Moving Bar-Induced
Direction Selectivity

If direction selectivity and the asymmetric modification
of tectal responses induced by repetitive unidirectional
moving bar were indeed mediated by STDP, they should
depend on the cellular signaling events similar to those
underlying light bar-induced LTP/LTD. To test this pre-
diction, conditioning with unidirectional moving bar, as
described in Figure 1, was performed after bath applica-
tion of either k252a or L-NAME, treatment that pre-
vented light bar-induced LTP and LTD, respectively.
We found that, in the presence of k252a, moving bar-
induced enhancement of early CSCs was completely
abolished, while the reduction of late CSCs became
more significant as compared to that found under nor-
mal conditions (Figure 6A). This is fully consistent with
the idea that the moving bar-induced enhancement of
early CSCs is due to spike timing-dependent LTP and
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(A) Bath application of k252a impaired spike
timing-dependent LTP but not LTD. LTP and
LTD were induced by spike-timing protocol
(arrow). Under normal conditions (gray, open
symbols), the average amplitude of EPSCs
was 127.2% = 3.6% (n = 4) and 67.0% =
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to 20 min after LTP and LTD induction, re-
spectively. In the presence of k252a (black,
filled symbols), the average amplitude of
EPSCs was 100.6% = 5.7% (n = 5) and
64.1% = 2.3% (n = 4) of baseline values after
LTP and LTD induction, respectively.

(B) Bath application of L-NAME abolished
spike timing-dependent LTD but not LTP.
The gray and open symbols represent the
same data as in (A). In the presence of
L-NAME (black, filled symbols), the average
amplitude of EPSCs was 138.6% = 3.4%
(n=4) and 105.4% =+ 4.8% (n = 4) of baseline
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values after LTP and LTD induction, respec-
tively.

(C and D) Dependence of light-induced LTP
on BDNF-trkB signaling. Experiments similar
to that in Figure 3D, except that the record-
ings were made in the presence of k252a
(200 nM). The changes in the charge of CSCs
in response to bar |, I, and Il were 94.0% =+
6.0%, 96.5% = 1.5%, and —32.7% = 5.8%,
respectively (n = 4).

(E and F) Dependence of light-induced LTD
on NO synthesis. Experiments similar to that
in Figure 3D, except that the recordings
were performed under the bath perfusion of

Time (min)

that part of moving bar-induced depression of late CSCs
was normally masked by the LTP of early CSCs. Further-
more, we found that blockade of BDNF-trkB signaling
led to no enhancement, but a significant reduction, of
moving bar-evoked total CSCs in the conditioned direc-
tion (Figure 6B). In contrast, when NO synthesis was
blocked, both the enhancement of early CSCs and total
CSCs induced by the moving bar in the conditioned di-
rection remained unaffected (Figures 6C and 6D). How-
ever, late CSCs exhibited significant enhancement
instead of reduction (Figure 6C), further supporting the
notion that moving bar conditioning led to asymmetric
synaptic modifications in the early- and late-phase
CSCs via spike timing-dependent LTP/LTD.

Discussion

Spike Timing-Dependent LTP/LTD

and Light-Induced RF Refinement

In the developing visual system of Xenopus tadpoles,
LTP/LTD can be induced at retinotectal synapses by di-
rect electrical stimulation of RGCs (Zhang et al., 1998),
and natural visual stimuli can produce LTP-like modifi-
cation of these synapses (Zhang et al., 2000; Engert
et al., 2002). Our present results further demonstrate

Time (min)

L-NAME (0.5-1 mM). The changes in the
mean integrated charge of CSCs in response
to bar I, I, and Ill were 23.9% =* 5.5%,
32.0% = 12.6%, and 1.4% = 3.1%, respec-
tively.

The error bars in all of the panels indicate
SEM.

that natural visual inputs can induce both LTP and LTD
at these retinotectal synapses by the STDP mechanism,
leading to an experience-dependent refinement of re-
ceptive field (RF) properties. The case in point is the
rapid development of persistent direction selectivity in
light-evoked tectal cell responses following repetitive
exposure to unidirectional moving bar (Engert et al.,
2002; Figure 1A).

Four lines of evidence support the notion that spike
timing-dependent LTP/LTD underlies moving bar-in-
duced refinement of the retinotectal circuit. First, condi-
tioning with the unidirectional moving bar caused a per-
sistent enhancement of early CSCs but a reduction of
late CSCs in the tectal neuron elicited by the moving
bar in the conditioned direction (Figure 1), a temporal
asymmetry consistent with the STDP rule. Second, re-
petitively pairing single light bar stimulation with the tec-
tal cell spiking induced LTP- and LTD-like modifications
of CSCs in atime interval-dependent manner, with a win-
dow similar to that found for STDP. Third, conditioning
with three-bar stimuli that mimicked the moving bar
stimulation led to LTP/LTD-like changes of CSCs, de-
pending on the timing of light bar stimulation and tectal
spiking (Figures 3D and 3H), and the overall effect
mirrored closely the moving bar conditioning-induced
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Figure 6. Moving Bar-Induced Synaptic Modification Depends on BDNF-TrkB and NO Signaling

(A) Enhancement of early CSCs was abolished by k252a. Experiments similar to that in Figure 1C except that k252a (200 nM) was present in the
bath. Unlike that shown in Figure 1C, the integrated charge of early CSCs for the conditioned direction remained unchanged in comparison to the
baseline value. In contrast, there was a significant reduction in the values for late CSCs (*p < 0.05, two-tailed t test).

(B) Data from the same set of experiments as in (A). In contrast to that shown in Figure 1A, the total CSC charge for the conditioned direction was

significantly reduced (*p < 0.05, two-tailed t test).

(C and D) Reduction of late CSCs was abolished by blocking NO synthesis. Experiments similar to that in (A) and (B), except that L-NAME (0.5-
1 mM) instead of k252a was present in the bath solution. The integrated charge of both early and late CSCs for the conditioned direction were
significantly enhanced (C) in comparison to the baseline value (*p < 0.04, two-tailed t test). The total CSC charge for the conditioned direction was
significantly enhanced (D), in comparison to its value before conditioning (*p < 0.05, two-tailed t test), whereas no significant change was found

for all three other directions.
All of the error bars in this figure indicate SEM.

asymmetric modification of early and late CSCs. Finally,
abolishing spike timing-dependent LTP and LTD of tec-
tal light responses selectively by inhibiting BDNF-trkB
and NO signaling, respectively, led to selective elimina-
tion of moving bar conditioning-induced enhancement/
reduction of early CSCs/late CSCs. An immediate phys-
iological consequence of this STDP-based synaptic
modification is that both strengthening and weakening
can be simultaneously induced among converging reti-
nal inputs to the same tectal neuron, allowing selective
synapse stabilization and elimination while keeping the
overall synaptic drive to the neuron relatively constant.
Importantly, this STDP also endows the retinotectal
system with the capacity for imprinting sensory experi-
ence of specific spatiotemporal patterns into synaptic
changes within the neural circuit.

STDP and the Development of Direction Selectivity

Frogs can respond to directional visual inputs by orient-
ing themselves according to the direction, and this
behavior may be evoked by electrical stimulation of
the optic tectum (Mcilwain, 1972). Neurons sensitive to
both the direction and speed of the movement of a visual
object distribute uniformly in various layers of the frog
optic tectum (Aleinikova and Gogoleva, 1981). A variety

of mechanisms have been postulated to explain how vi-
sual neurons acquire direction selectivity. One class of
models is based on feedforward excitation with a spa-
tially asymmetric arrangement of the weight of excit-
atory afferents. Modeling studies showed that direc-
tion-selective responses can emerge as a result of an
asymmetrically shaped RF generated by means of
STDP (Mehta et al., 2000; Wenisch et al., 2005). Direction
selectivity may also arise from short-term synaptic de-
pression (Chance et al., 1998), and STDP can determine
spatial distribution of depressing and nondepressing af-
ferents within the RF, adjust the degree of depression,
and thus help to develop direction selectivity (Buchs
and Senn, 2002). The classic model for direction selec-
tivity postulates the opposite timing of excitation and
delayed inhibition within the RF for of a neuron (Barlow
and Levick, 1965; Heeger, 1993). Recent studies showed
that modification of excitatory synapses alone through
STDP allows single cortical neurons to become direction
selective via the Barlow-Levick model, in both simple
feedforward-only and complex recurrent networks
(Shon et al., 2004). Taken together, there is strong sup-
port for the notion that STDP may play a pivotal role in
shaping cortical circuits responsible for direction-selec-
tive responses.
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LTP/LTD and Refinement of Retinotectal Projections
During the refinement of retinotopic maps in the tectum,
stabilization and elimination of synaptic connections are
likely to be essential for shaping the initial rough pattern
of connections into a more precise one (Tao and Poo,
2005). Real-time imaging of Xenopus RGC axons has
revealed that retinotectal synapses are continuously
formed and eliminated as the axons form topographic
projections in the optic tectum, and this reorganization
of synapses correlated directly to branching and remod-
eling of RGC axon arbors (Cohen-Cory, 2002). Further-
more, in vivo time-lapse imaging studies on Xenopus
tadpoles have demonstrated structural changes in
both axonal and dendritic arbors in response to visual
inputs, mediated by NMDAR-dependent signaling
events (Sin et al., 2002; Ruthazer et al., 2003). It is likely
that LTP and LTD of retinotectal synapses represent
functional prelude to structural changes—the stabiliza-
tion and elimination of retinotectal connections, respec-
tively. Studies of synapse elimination at developing neu-
romuscular junctions have suggested that synaptic
weakening may precede structural elimination of synap-
ses (Colman et al., 1997).

Specific Roles of BDNF and NO

Neurotrophins (NTs) are essential not only for the sur-
vival and differentiation of neurons, but also for the
development and plasticity of synapses (Poo, 2001).
Based on the findings that NTs can modulate synaptic
efficacy and their expression can be upregulated by
activity, it has been suggested that NTs may directly
mediate activity-dependent plasticity. Our finding on
the requirement of BDNF for LTP induction supports
the notion that BDNF serves as an activity-regulated fac-
tor for the refinement of developing visual circuits (Katz
and Shatz, 1996; Poo, 2001). Because exogenous appli-
cation of BDNF can potentiate retinotectal synapses (Du
and Poo, 2004), it is possible that light-induced BDNF
secretion in the tectum directly mediates LTP at these
synapses. However, we cannot rule out the alternative
hypothesis that endogenously secreted BDNF serves
merely a permissive role for LTP induction by facilitating
use-dependent potentiation of these retinotectal synap-
ses. The dependence of LTP but not LTD induction on
BDNF is also consistent with the previous finding that
BDNF promotes optic axonal arborization and formation
of retinotectal synapses in Xenopus (Cohen-Cory, 1999;
Alsina et al., 2001).

We found that light-induced LTD was selectively abol-
ished when NO synthesis was inhibited (Figures 5E and
5F). Although moving bar conditioning-induced direc-
tion selectivity of the tectal cell response remained
largely normal in the absence of NO synthesis (Fig-
ure 6D), the reduction of late CSCs evoked by moving
bar in the conditioned direction was converted to en-
hancement, which may impede activity-dependent
shrinkage of RFs. It is of interest to note that inhibition
of NO synthesis reduces the loss of ipsilateral retinotec-
tal connections and hinders the development of the
chick visual system (Wu et al., 1994). The refinement of
retinocollicular connections, a process accompanied
by LTP/LTD (Mize and Lo, 2000), is also significantly
delayed in the NOS gene knockout mice (Mize et al.,
1998). Our observation that light-induced LTD requires

NMDAR activation (Figure 4C) is consistent with the
previous finding that blocking NMDARs reduces NOS
activity and obstructs developmental elimination of in-
appropriate retinotectal projections (Ernst et al., 1998).
However, in the doubly innervated optic tectum of
three-eyed Xenopus tadpoles, NMDAR activation is re-
quired for the development of eye-specific segregation
of RGC axons (Cline et al., 1987), but NOS inhibition
does not abolish the eye-specific segregation (Renteria
and Constantine-Paton, 1999), despite the fact that NO
can cause collapse of RGC growth cones of retinal ex-
plants (Renteria and Constantine-Paton, 1996). These
results suggest that the modulation of RGC growth
cones by NO represents only a part of the cellular events
downstream of NMDAR activation during synaptic com-
petition. Our studies showed that light-induced LTD de-
pends on both NMDAR and NO. Although NMDAR acti-
vation elevates NO synthesis, other effectors besides
NO may be necessary for the induction of LTD and syn-
apse elimination.

Functional Implications of STDP

Visual stimuli of specific pattern could drive immediate
changes in intracortical connections and shifts in RFs
in a manner consistent with STDP (Yao and Dan, 2001;
Fu et al., 2002). Multi-whisker stimulation and princi-
pal-whisker deprivation caused rapid changes in spike
timing of layer 4 and layers 2/3 neurons in the somato-
sensory cortex, suggesting a potential role for STDP in
shaping the sensory cortical map (Celikel et al., 2004).
Our present results directly demonstrate that visual
stimulation can modify retinotectal synaptic efficacy in
a spike timing-dependent manner and this type of plas-
ticity can account for moving bar-induced functional
changes. Through STDP, temporal sequence of sensory
experience may be encoded in the neural circuit in a spa-
tially distributed manner that depends on specific timing
of pre/post spiking at individual synapses (Bi and Poo,
1999). Furthermore, the same spiking activity in the
postsynaptic neuron may cause simultaneous strength-
ening and weakening among converging inputs on the
same neuron, depending on the timing of pre/post spik-
ing, thereby allowing coordinated refinement and re-
modeling of neural circuits.

Experimental Procedures

Tadpole Preparation and Electrophysiology

Xenopus laevis staged 41-45 by the criteria of Nieuwkoop and Faber
(1967) were anesthetized with HEPES-buffered saline containing
0.02% MS222 (Sigma). The saline was composed of (in mM): NaCl,
135; KCl, 3; HEPES, 10; CaCl,, 3; MgCl,, 1.5; glucose, 10 (pH 7.4).
For recording from tectal neurons, the tadpole was secured to a syl-
gard-coated dish by insect pins. The skin on top of the head was re-
moved, and the brain was split open along the midline to expose the
inner surface of the tectum on one side. To prevent occasional mus-
cle contraction, we applied a low dose of a-bungarotoxin (1 mg/ml),
which does not affect the retinotectal response. The tadpole was
constantly perfused with fresh external solution, and all experiments
were performed at the room temperature.

Whole-cell perforated-patch recording was performed by meth-
ods described previously (Zhang et al., 1998). The micropipettes
were made from borosilicate glass capillaries (Kimax), with a resis-
tance in the range of 5-6 MQ. The pipette was tip-filled with internal
solution and then back-filled with internal solution containing
amphotericin B (200 pug/ml). The internal solution contained (in
mM): K-gluconate, 128; KCI, 17.5; NaCl, 9; MgCl,, 1; EGTA, 0.2;
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HEPES, 10 (pH 7.3). The same patch pipette was used for extracellu-
lar stimulation of retinal ganglion cells (RGCs), except that the tip
opening was increased to 3 um, and the filling solution was the
bath solution. Recordings were made using patch-clamp amplifiers
(Axopatch 1D and Axopatch 200B; Axon Instruments). Signals
were filtered at 2 kHz and sampled at 5 kHz. Input resistance (0.5-
1 GQ) and series resistance (20-40 MQ) were monitored continuously
during recordings. Data were accepted for analysis only if the series
resistance and input resistance remained relatively constant (<10%
change) throughout the experiment. Cells were held at a constant
potential of —70 mV unless otherwise indicated. In local perfusion
experiments, a glass pipette (opening 30-40 um) filled with the extra-
cellular solution containing either 50 M D-2-amino-5-phosphonova-
leric acid (D-APV) or 100 uM picrotoxin plus 60 1M strychnine hydro-
chloride, was used. In the latter case, the spontaneous CI™ currents
(with a characteristic slow time course) were completely abolished
and light-evoked CSCs were reversed at 1.9 = 1.6 mV (n = 10), con-
sistent with the blockade of inhibitory transmission. All drugs were
purchased from Sigma. For experiments using k252a (200 nM) and
L-NAME hydrochloride (0.5-1 mM), the drugs were purchased from
Tocris and applied at least 30 min before the recordings were made.

Visual Stimulation and Measurements of Evoked Responses

For light stimulation, the lens of the eye contralateral to the recorded
tectum was removed. The retina was then flattened and stabilized
with a glass coverslip. A small LCD screen (from a virtual reality gog-
gle, Sony, PLM-A35) was mounted on the camera port of the micro-
scope, which allowed projection of computer-generated images
onto the retina of the tadpole. The images for visual stimulation
were generated using custom software. For both single- and tri-
ple-bar experiments, white bars (duration 1.5 s) located within the
RF of the tectal neuron were applied at the frequency of 0.017 or
0.033 Hz for testing tectal responses and at 0.33 Hz for conditioning.
A total of 100 sets of light bar stimuli, each paired with current pulse
injection (100-200 pA\) in the tectal cell, were applied for conditioning
while the cell was current clamped at —45 to —50 mV. The total inte-
grated charge associated with the CSCs was analyzed by custom-
made Matlab programs, which read each single current trace, deter-
mined the onset of CSCs evoked by light stimulation, and calculated
the total charge within the first 50 ms time window of the CSCs. In
moving bar experiments, white bars (20 um in width) swept across
the screen at a speed of 0.2 ym/ms. To assay baseline tectal
responses, we made the recordings in voltage-clamp mode (V, ~
—45 mV). Each test session includes bars moving in four orthogonal
directions (in the sequence of right, down, left, and up) with 30 s in-
tervals. The test sessions (with 2 min interval) were repeated seven
to ten times during the control period. The conditioning session con-
sisted of 60 sweeps of moving bar in one randomly chosen direction
(at 0.2 Hz), during which the recordings were switched to current-
clamp mode (V,, = =50 ~ —60 mV). In case that the cell did not
fire action potentials reliably during the conditioning, each sweep
of moving bar was paired with a spike train elicited by somatic cur-
rent injection (one train included five pulses at 30 Hz). To test the pre-
diction based on STDP rules that the early and late part of moving
bar-evoked CSCs reflects LTP and LTD, respectively, the CSCs
was divided in half and the total charge associated the two halves
were integrated respectively.
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