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During development of the visual system, the pattern of visual
inputs may have an instructive role in refining developing neural
circuits1–4. How visual inputs of specific spatiotemporal patterns
shape the circuit development remains largely unknown. We
report here that, in the developing Xenopus retinotectal system,
the receptive field of tectal neurons can be ‘trained’ to become
direction-sensitive within minutes after repetitive exposure of
the retina to moving bars in a particular direction. The induction
of direction-sensitivity depends on the speed of the moving bar,
can not be induced by random visual stimuli, and is accompanied
by an asymmetric modification of the tectal neuron’s receptive
field. Furthermore, such training-induced changes require spik-
ing of the tectal neuron and activation of a NMDA (N-methyl-D-
aspartate) subtype of glutamate receptors during training, and
are attributable to an activity-induced enhancement of gluta-
mate-mediated inputs. Thus, developing neural circuits can be
modified rapidly and specifically by visual inputs of defined
spatiotemporal patterns, in a manner consistent with predictions
based on spike-time-dependent synaptic modification.

Spontaneous and experience-evoked activities in the developing
brain can influence the refinement of developing nerve connections
into mature neural circuits. In the visual system, rearing kittens with

an artificial squint leads to failure in the development of binocular
response properties of striate cortex neurons5. Blockade of spon-
taneous waves of retinal activity also disrupts eye-specific segre-
gation of retinal inputs to the lateral geniculate nucleus6,7.
Synchronizing retinal inputs by strobe light or electrical stimulation
affects formation of normal receptive field properties in various
systems8–10. Furthermore, an instructive role of visual inputs is
indicated by the appearance of visual modules in the auditory cortex
of the ferret after rewiring of retinal inputs11,12. In the present study,
we found a rapid and specific modification of receptive field
properties of tectal neurons by the visual input of a defined
spatiotemporal pattern, in a manner consistent with hebbian
synaptic modification as a mechanism for activity-dependent
changes in visual circuits13,14.

The effect of visual experience on the receptive field properties of
tectal neurons was examined in developing Xenopus tadpoles.
Patterned visual inputs were used to stimulate the retina, and tectal
cell responses were monitored with in vivo perforated whole-cell
recording methods (Fig. 1a). First, we mapped the receptive field of
the tectal neuron by random and sequential flashing of a white
square at various locations on the retina (see Methods). The
integrated charge of stimulus-evoked compound synaptic currents
(CSCs) was measured within a defined window for the more
prominent ‘off ’ responses (Fig. 1b). The measured value at each
location was represented in grey scale as one element of an 8 £ 7 grid
that covered the total area of the projected visual image on the retina
(Fig. 1c). This analysis based on CSCs reveals a large receptive field
(50–80% of the retina, n ¼ 12) of tectal neurons at these early stages
(42–45), consistent with a diffuse retinotectal connectivity during
early development15,16.

To examine the effect of patterned visual inputs on the receptive
field property of tectal neurons, we stimulated the retina with white
moving bars (20-mm wide, speed 0.3 mm ms21) in four orthogonal
directions (right, down, left and up, Fig. 2a) and recorded the
responses of tectal cells evoked by moving visual stimuli. In all tectal
cell responses (voltage-clamped at 270 mV, n ¼ 20), we found no
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Figure 1 Mapping the receptive field of developing Xenopus tectal neurons. a, Diagram of

the experimental set-up, depicting the recording of a tectal neuron in the exposed tectum.

b, Traces shown are samples of compound synaptic currents (CSCs) evoked by the

flashing of a white square (for 1.5 s, bar) within the receptive field at two locations (marked

1 and 2). Recording was made in voltage clamp at the reversal potential of Cl2 current

(245 mV) to reveal glutamate-mediated inputs. c, The receptive field was assayed by

measuring the integrated charge of the ‘off’ response of CSCs within a defined window

(dotted lines in b). The value of CSC charge is represented by linear grey scale

(black ¼ average basal activity without light stimulus) as a corresponding element in the

8 £ 7 grid covering the projection area. The dashed circle marks the approximate position

of the retina.
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apparent directional preference to moving bars in any of the four
directions, in terms of the total charge of CSCs evoked by each
moving stimulus (see Fig. 2b, green bars), although these CSCs
exhibited a distinct profile for each direction (Fig. 2a). As these
developing tectal neurons had no apparent directional preference,
we inquired whether repeated exposure of directional stimuli
can ‘train’ these neurons to acquire direction-sensitivity in their
responses. After the initial assay of tectal cell responses to moving-
bar stimuli in each of the four directions (voltage-clamped at
270 mV), the recording was switched to current clamp and the
retina was exposed to 60 sweeps of the moving bar (speed
0.3 mm ms21, frequency 0.2 Hz) in one specific, but randomly
chosen, direction (rightward in Fig. 2). In many neurons, each
sweep elicited reliably a train of spikes (Fig. 2b, inset). When the
tectal cell responses were assayed again after the training, we found
that the response to the training stimulus (bar to the right in Fig. 2a)
was enhanced to a level significantly larger than those for other
directions. In Fig. 2a, the effect is further illustrated by super-
imposing the current traces before and after training for each
direction. The enhancement of CSCs also led to an increased

spike rate of the tectal neuron in response to the training stimulus
(Fig. 2c). In most experiments, we monitored CSCs (in voltage
clamp) instead of spiking activities to avoid spiking-dependent
changes caused by testing. Figure 2d depicts the time course of
training-induced changes in seven experiments, for which the
training stimulus reliably induced spiking of the tectal cell. The
enhancement of tectal cell response to the test stimulus of the
trained direction was persistent for up to 50 min.

In many regions of the developing brain14,17–20, the timing of
spiking in pre- and postsynaptic neurons is critical for the induction
of long-term potentiation (LTP) and long-term depression (LTD).
Modelling studies indicate that such spike-time-dependent plas-
ticity may provide a mechanism for the development of direction-
selectivity of visual circuits for detecting moving stimuli21–24. Mov-
ing bars probably evoke consecutive spiking of neighbouring retinal
ganglion cells and of the tectal cells they innervate, with specific
temporal relationships. Such a spatiotemporal pattern of spiking
may be essential for triggering synaptic changes underlying the
development of direction-selectivity. We further tested this idea by
using bar stimuli that moved at slower speeds. As shown in Fig. 3a,

Figure 2 Selective enhancement of tectal cell responses by training with a moving bar.

a, Traces of CSCs evoked by test moving bars of four orthogonal directions before

(green) and after (red) repetitive exposure of the retina to rightward moving bars (coloured

arrow). Bright traces indicate CSCs evoked by a single test sweep; dim traces indicate

averages of three CSCs. Superimposed traces reveal the enhanced tectal response for

the trained direction (see red area). Scale bar: 50 pA (vertical), 500 ms (horizontal).

b, Average total CSC charge (^s.e.m., n ¼ 6) evoked by the moving stimulus before

(green) and after (red) training, for the experiment shown in a. The average CSC charge for

the trained direction was significantly enhanced, as compared with either its value before

training or after-training values for all three other directions (asterisk, P , 0.02, two

tailed t-test). Inset, sample trace of tectal cell response evoked by the training stimulus

(in current clamp, Vm ¼ 250 mV). Scale bar: 20 mV (vertical), 300 ms (horizontal).

c, Training-induced changes in the stimulus-evoked spiking activity of the tectal neuron.

Raster plots show spike trains evoked by ten consecutive test moving stimuli before (B)

and after (A) the training (as in a), with each white dot depicting a spike. Scale bar,

100 ms. d, Persistency of training-induced, direction-sensitive tectal responses (n ¼ 7).

Training was performed at 0–10 min (black bar). Data from each experiment were

normalized to the average pre-training control and pooled into five bins. Asterisk,

significantly different from the corresponding data for other directions (P , 0.05, paired

t-test).

letters to nature

NATURE | VOL 419 | 3 OCTOBER 2002 | www.nature.com/nature 471© 2002        Nature  Publishing Group



no significant direction-specific change was induced by training
with the slow-moving bar (0.1 mm ms21), whereas bars moving with
a medium speed (0.2 mm ms21) induced a slight increase in the
tectal response to the training stimulus. Comparing the patterns of
tectal spikes, we found that the fast bar generated spikes with
significantly shorter inter-spike intervals (Fig. 3d), although the
total number of spikes evoked by each sweep was the same
(5.4 ^ 0.8 and 5.6 ^ 0.7 for the fast and slow sweeps, respectively).
Thus the timing of sequential excitation of retinal cells seems to be
critical for inducing direction-specific changes in the tectal neurons.
In addition, we found that after training with the fast-moving bar,
the tectal response became enhanced only for the test bar that
moved at the fast but not the slow speed (Fig. 3b). Thus the circuit
modification depends on the speed of the training stimulus, and the
modified circuit is specific for the detection of the training stimulus.

The importance of the spatiotemporal pattern of retinal excit-
ation in the observed training effects was further examined by
exposing the retina to randomized training stimuli. We used non-
overlapping white squares that flashed in random sequence and
covered the same area of the visual field for the same amount of time
as the fast-moving bar stimulus (Fig. 3c). Each set of random flashes
evoked a similar total number of spikes (5.3 ^ 0.7) as that by a
sweep of the fast-moving bar, but the distribution of inter-spike
intervals was significantly different, with spikes dispersed over
longer intervals (Fig. 3d). After training with 120 sets of random
flash stimuli, we found no enhancement of tectal responses in any
direction (Fig. 3c). Thus the pattern of spiking, presumably in both
pre- and postsynaptic neurons, is critical in the observed induction
of direction-sensitive responses. Finally, we tested the effect of
training with bars of four orthogonal directions, with a random
sequence of occurrence but the same number (60) of sweeps for each
direction. We found that the tectal responses after the training were
enhanced in all four directions (Fig. 3c), although the level of
enhancement was lower than that induced by the unidirectional
training. Thus the tectal cell is not pre-determined to be direction-

selective in a particular direction. The appearance of direction-
selectivity in vivo presumably requires an imbalance of moving
visual stimuli and other mechanisms for consolidating the acquired
response properties of the tectum.

To explore cellular changes induced by the training stimuli, we
examined further the receptive fields of tectal cells before and after
training. To facilitate rapid mapping, we used a set of ten vertical
and ten horizontal flashing bars in random sequence to determine
the receptive field profiles of the tectal neuron in horizontal and
vertical directions, respectively (Fig. 4a). After training with fast
bars in one direction, an asymmetric change in the profile of the
tectal receptive field was revealed by the enhanced tectal cell
responses only for upstream test bar locations (Fig. 4a). As sum-

 

Figure 3 Effect of training with stimuli of different spatiotemporal patterns. a, Percentage

changes in the total CSC charge for responses to moving bars in four test directions after

training with three different speeds. Data (mean ^ s.e.m.) within 30 min after training

were averaged and normalized to the pre-training control. The same speed of the moving

bar was used for training and testing. Asterisk, significantly different from other test

directions (P , 0.01, t-test). b, Normalized responses to slow test bars after training with

the fast-(fast–slow) or the medium-speed (medium–slow) moving bar, respectively. 08,

test direction the same as the training direction. c, Results of training with random

flashing squares (white, see insets for two examples of the image) and with four

orthogonal moving bars in random sequence (grey). d, Cumulative distribution of inter-

spike intervals for tectal cell spikes during training in response to a sweep of the fast- or

slow-moving bar, or an equivalent set of random flashing squares.

  

  

 

Figure 4 Asymmetric modification of the tectal receptive field by training with moving

stimuli. a, Average CSC charge of tectal cell responses (eight repeats) to a set of ten

vertical flashing bars (labelled 1–10 along the training direction, each flashed for 1.5 s,

left inset) before and after training with fast (rightward, arrow) moving bars. Dashed curve,

receptive field profile before training. The receptive field profile was also determined for

the perpendicular dimension by measuring the tectal responses to horizontal bars

(numbered 1–10 along the direction that was 908 clockwise to the training direction, right

inset box; data not shown). Recordings were made at the reversal potential of Cl2

currents. b, Top panel, summary of four experiments similar to a. Histograms depict the

mean percentage changes after training in tectal responses to flashing bars of the same

(grey) and perpendicular (hatched) orientation with respect to the training direction. The

middle panel is the same as the top panel except that the tectal cell was hyperpolarized

constantly (at 280 mV in current clamp) and prevented from spiking during training. The

bottom panel is the same as the top panel except that the training stimulus was the slow-

moving bar. c, Post-stimulus spike-timing histogram for tectal responses during the

training for the experiment shown in a. The onset of the moving stimulus on the screen

was set as time 0, and it took about 700 ms for the bar to sweep across the visual field (bar

below). The left dashed line marks the onset of the stimulus-evoked synaptic potential

with respect to the onset of the stimulus. Inset, superimposed tectal potentials (six

samples) during training.
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marized in Fig. 4b (top panel), asymmetric receptive field modifi-
cation was induced by fast-moving bars along the direction of the
movement, whereas no apparent asymmetry was found for recep-
tive field in the perpendicular dimension. This is analogous to the
asymmetric change in hippocampal place field induced by uni-
directional movement of a rat in a closed track25, which is consistent
with the prediction by a computational model based on asymmetric
spike-time-dependent synaptic modification26. Spiking of tectal
neurons evoked by the fast-moving bar appears with a delay of a
few hundred ms after the onset of the stimulus sweep on the
projection screen (Fig. 4c), with most spikes clustered during the
early phase of the sweep, where modification of the receptive field
was most prominent. In addition, consistent with the involvement
of spike-time-dependent plasticity, no change in the receptive field
profile was observed when the tectal cell was hyperpolarized to be
prevented from spiking during training (Fig. 4b, middle panel), or

when the slow-moving bar was used for training (Fig. 4b, bottom
panel).

Direction-sensitive tectal responses induced by training may
result from changes in the tectum or in the retina. We found that
when unidirectional fast-bar training was performed under voltage
clamp (280 mV) of the tectal neuron, there was no significant
change in the responses of tectal neurons to stimuli in any of the
four directions (Fig. 5a). In three experiments, two training sessions
were given sequentially, with the tectal cell in voltage clamp
(280 mV) and then in current clamp. Post-training tests showed
no change in the tectal responses after training in voltage clamp
(210% ^ 10, s.e.m.), but a significant enhancement after training
in current clamp (48% ^ 11%). Thus the induction of direction-
sensitive responses required depolarization of the tectal cell.
Furthermore, training stimuli that consistently failed to elicit
spike trains in the tectal cell did not induce responses with

 

 

 

Figure 5 Synaptic mechanisms. a, Experiments similar to Fig. 2a except that during

training the tectal cell was voltage-clamped (v.c.) at 280 mV (white) or depolarized from

270 to 0 mV for 700 ms during each training sweep (grey). b, The top upper panel shows

sample traces of CSCs evoked by a moving bar before and after local perfusion of the

tectum with CNQX. The top lower panel shows NMDA receptor-mediated synaptic

currents (voltage-clamped atþ50 mV) induced by electrical stimulation of the retina (with

CNQX and bicuculline in the bath) before and after local perfusion with D-APV. The middle

panel shows sample traces of moving-bar-induced CSCs and spikes before and after local

perfusion with D-APV. The bottom left panel shows the average total CSC charge and

spike number evoked by the moving-bar stimulus after D-APV perfusion, normalized for

each cell to the pre-perfusion value. The bottom right panel shows the average

percentage changes (^s.e.m) in the CSC charge of responses to fast-moving bars after

training, with D-APV present during training. c, Fractional contribution of Naþ (excitatory

(E)) and Cl2 currents (inhibitory (I)) in the CSCs evoked by the moving-bar stimulus (left).

Training-induced changes in the ‘E’ and ‘I’ components of CSCs (asterisk, P , 0.01,

t-test) (right). d, Cumulative distribution of the amplitude of individual EPSCs associated

with the CSCs evoked by the moving bar of the trained direction before (light) and after

(dark) training. The two curves are significantly different (P , 0.01, Kolmogorov–Smirnov

test). Inset, the total number of EPSCs associated with the same CSCs before (grey) and

after (black) training. Lines connect data points from the same experiment. Two groups

are significantly different (P , 0.01, paired t-test). e, Temporal profile of CSCs evoked by

moving stimulus of the trained (left) and the opposite direction (right) before and after

training. Trace represents the average of CSCs from seven experiments, as in Fig. 2d.
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significant directional sensitivity (n ¼ 9, data not shown). The
requirement of postsynaptic depolarization is reminiscent of heb-
bian LTP observed at many central synapses27,28, including LTP of
these retinotectal synapses induced by direct electrical stimulation
of the retina18 or by dimming light stimuli29. However, step
depolarization of the tectal cell (voltage-clamped from 270 to
0 mV, 700 ms), when paired with each training stimulus, was not
sufficient to enhance the response to the training stimulus (Fig. 5a).
Thus postsynaptic spike-associated depolarization and perhaps
other factor(s) are essential for the observed training effect.

In many regions of the brain27,28, including the developing
tectum18, activity-induced LTP requires activation of NMDA recep-
tors. To test further whether the mechanism underlying changes to
the receptive field described here involves NMDA receptor-depen-
dent synaptic plasticity in the tectum, we perfused the tectum
locally with the NMDA receptor antagonist D-2-amino-5-phospho-
nopentanoic acid (APV). The effectiveness of the local perfusion of
drugs was shown by the finding that perfusion with CNQX (6-
cyano-7-nitroquinoxaline-2,3-dione) abolished fast transient cur-
rents associated with moving-bar-induced CSCs, and that perfusion
with APV blocked NMDA receptor-mediated synaptic currents
induced by electrical stimulation of retinal ganglion cells (Fig. 5b,
top panel). Perfusion of APV did not affect significantly the tectal
response to each sweep of the moving bar, in terms of either total
CSC charge or spiking activity (Fig. 5b, middle and bottom left
panels), but it abolished completely direction-specific change in the
tectal responses induced by training (Fig. 5b, bottom right panel).
Thus, activation of NMDA receptors is required for the induction of
direction-sensitive responses, consistent with the blocking effect of
APV on LTP of retinotectal synapses18.

Further analysis was carried out to determine the relative con-
tributions of excitatory and inhibitory inputs to the CSCs evoked by
each moving-bar stimulus. On the basis of measurements of the
average CSC charge at two different clamping voltages and the
reversal potentials for Naþ and Cl2 currents (see Methods), we
found that excitatory glutamate-mediated inputs contributed to
about 90% of the total CSC charge at 270 mV (Fig. 5c, left). After
training with fast bars, there was selective increase in these excit-
atory inputs in terms of the total charge of excitatory components of
the CSCs (Fig. 5c, right), as well as a significant increase in both the
size and the average frequency of excitatory postsynaptic currents
(EPSCs) associated with CSCs evoked by test bars of the training
direction (Fig. 5d). Taken together, these results suggest that the
training had induced a potentiation of glutamate-mediated inputs
on these tectal cells.

The observed induction of direction-sensitivity of tectal neurons
could result from a strengthening of retinotectal connections made
by direction-selective retinal ganglion cells at this early stage of
development. Alternatively, it may arise from a training-induced
circuit modification within the tectum. In principle, direction-
selectivity of a visual neuron can develop through an activity-
dependent asymmetric circuit modification that results in exci-
tation of the neuron only when the stimulus of the preferred
direction is presented21–24. We note that, after training with the
moving bar, the profiles of CSCs were asymmetrically altered for
responses elicited by stimuli in the trained and the opposite
directions (Fig. 5e), suggesting distinct circuit modifications for
detection of moving signals in preferred and non-preferred direc-
tions. The observed requirement of tectal-cell spiking is consistent
with a circuit modification that involves spike-time-dependent
modification of retinotectal and/or intra-tectal connections,
although training-induced changes in the retina may also occur.
Although the precise loci of circuit changes remain to be deter-
mined, the rapidity and persistence of receptive field modification
shown here illustrate the susceptibility of developing neural circuits
to the instructive influence by sensory inputs of specific spatiotem-
poral patterns. A

Methods
Tadpole preparation and electrophysiology
Xenopus laevis tadpoles of Nieuwkoop and Faber stage 42–45 were anaesthetized with
saline containing 0.02% MS222 (Sigma) and secured by insect pins to a sylgard-coated
dish, and incubated in HEPES-buffered saline containing (in mM): 115 NaCl, 2 KCl, 10
HEPES, 3 CaCl2, 10 glucose, 1.5 MgCl2, and 0.005 glycine (pH 7.4). For recording, the skin
was removed and the brain was split open along the midline to expose the inner surface of
the tectum. A low dose of a-bungarotoxin (2 mg ml21) was applied to the bath to prevent
muscle contraction. As shown previously18, this toxin treatment did not significantly affect
the retinotectal responses. The method of perforated-patch, whole-cell recording has been
described previously30. The micropipettes were made from borosilicate glass capillaries
(Kimax), had a resistance in the range of 3–4 MQ, and were tip-filled with internal solution
and then back-filled with internal solution containing 200 mg ml21 amphotericin B. The
internal solution contained (in mM): 110 K-gluconate, 10 KCl, 5 NaCl, 1.5 MgCl2, 20
HEPES, 0.5 EGTA (pH 7.3). Experiments were performed at room temperature (22 8C)
and the bath was constantly perfused with fresh recording medium at a slow rate
(1 ml min21). Recording was made with a patch-clamp amplifier (Axopatch 200A; Axon
Instruments). The whole-cell capacitance was fully compensated and the series resistance
(10–20 MQ) was compensated at 75–80% (lag 60 ms). Signals were filtered at 5 kHz and
sampled at 10 kHz using Axoscope software (Axon Instruments). Local perfusion of the
tectum was carried out with a glass pipette (opening 30–40 mm) placed near the tectum.
All drugs were from Sigma. Concentrations used were: 10 mM CNQX, 10 mM bicuculline,
50 mM D-APV.

For mapping of the receptive field, recordings were made under the reversal potential
for Cl2 current (E i ¼ 245 to 260 mV), which was determined by the disappearance and
the reversal of spontaneous GABA (g-aminobutyric acid)-mediated synaptic currents as
the holding potential was changed towards more depolarized values. To determine the
contribution of excitatory and inhibitory components of stimulus-evoked CSCs,
recordings were repeated at two holding potentials (290 and 270 mV). The Naþ and Cl2

conductances were determined by the formula IðtÞ ¼ ðGe þ geðtÞÞ*ðV 2 EeÞþ ðGiþ

g iðtÞÞ*ðV 2 EiÞ; where I(t) is the amplitude of CSCs at time t; g e(t) and g i(t) are Naþ and
Cl2 conductances; V is the clamping voltage; E e and E i are reversal potentials for Naþ and
Cl2 currents, respectively; and G e and G i are leakage conductances (which are negligible).
Measurements of I(t) at two voltages (averages of 20 repeats) yielded g e(t) and g i(t), and
the relative contribution of Naþ and Cl2 currents to CSCs were calculated. For estimates
of changes in EPSCs, fast transients of CSCs were identified by custom-made LabVIEW
(National Instruments) software to determine the peak amplitude of individual EPSCs
and their frequency. For analysis of spiking patterns, the peak of spikes observed in the
tectal responses was identified and the inter-spike intervals were calculated.

Visual stimulation
The tectal cell was patched under visual control and the retina was flattened and stabilized
with a glass coverslip after removal of the lens. A small LCD screen (from a virtual reality
goggle, Sony, PLM-A35) was mounted on the camera port of the microscope, allowing
projection of computer-generated images onto the retina (Fig. 1a). The diameter of the
retina was in the range of 250–300 mm and that of the tectal receptive field in the range of
100–200 mm. Visual stimulation and analysis software was custom-made. For receptive
field mapping, the entire field for image projection (200 £ 200 mm) was divided into a
8 £ 7 grid. White squares (corresponding to each element of the grid) were flashed for 1.5 s
in a random sequence, with 5-s intervals. For moving-bar stimuli, white bars (20 mm in
width at the retina) swept across the screen at a speed of 0.3, 0.2 or 0.1 mm ms21 (fast,
medium and slow speed, respectively). For testing tectal responses, bars moving in four
orthogonal directions (in the sequence of up, right, down and left) were presented with 10-
s intervals, with 3–5 repeats in each testing session. Two or three testing sessions (with 5-
min interval) were performed during the control period. In some experiments, responses
to two different speeds were tested. The training session consisted of 60 sweeps of a
randomly chosen direction (0.2 Hz), or 240 sweeps of four orthogonal directions with a
randomized order (0.5 Hz). For random flashing stimulus, white squares of the same
width as the moving bar were flashed at random at non-overlapping locations (see
example images in Fig. 3c, inset), exposing the retina to the same total amount of light at
any given moment, and covering the same total area as the fast-moving bar stimulus. A
total of 120 sets of stimuli (0.2 Hz) were applied for training. For rapid mapping of
training-induced changes in the receptive field, the image projection field was divided into
a set of ten horizontal and ten vertical bars. Each bar was flashed for 1.5 s (at 5-s interval)
and the sequence of flashing bars was randomized. After preliminary mapping of the
receptive field, the size of the image projection field was sometimes slightly re-adjusted to
cover the entire receptive field. The receptive field was then mapped in two sessions (four
repeats in each session) before and after training.
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Previous studies suggest that neuronal activity may guide the
development of synaptic connections in the central nervous
system through mechanisms involving glutamate receptors and
GTPase-dependent modulation of the actin cytoskeleton1–7. Here
we demonstrate by in vivo time-lapse imaging of optic tectal cells

in Xenopus laevis tadpoles that enhanced visual activity driven by
a light stimulus promotes dendritic arbor growth. The stimulus-
induced dendritic arbor growth requires glutamate-receptor-
mediated synaptic transmission, decreased RhoA activity and
increased Rac and Cdc42 activity. The results delineate a role for
Rho GTPases in the structural plasticity driven by visual stimu-
lation in vivo.

We used in vivo time-lapse imaging of single optic tectal neurons
in Xenopus tadpoles to test the function of visual activity in neuronal
development. We compared the dendritic arbor growth rates of
individual tectal neurons during a 4-h period with a visual stimulus
to a preceding 4-h period in the absence of light. This imaging
protocol allows the comparison of dendritic arbor structures of the
same neurons over time and therefore provides a sensitive measure
of structural plasticity. Visual stimulation significantly enhanced
dendritic arbor elaboration compared with growth rates in the
preceding 4-h period in the dark (Fig. 1a, b; see also Supplementary
Table 1). Neurons from animals exposed to visual stimulus through-
out the 8-h protocol maintained a constant rate of dendritic arbor
elaboration (Fig. 1b; see also Supplementary Fig. 1 and Table 1).
This indicates that growth rates do not change with longer periods
of stimulation. Another set of animals was exposed to visual
stimulus within the first 4-h period and then returned to the dark

Figure 1 Visual stimulation in vivo promotes dendritic arbor growth by a glutamate-

receptor-dependent mechanism. a, Drawings of neurons imaged three times at 4-h

intervals. Two examples are shown for each treatment. Animals were placed in a dark

chamber for 4 h (dark) or a chamber with a light stimulus for 4 h (light) in the presence

or absence of APV as depicted by the bar over the neurons. Arrowheads identify

efferent axons in this and subsequent figures. Scale bar, 100 mm. b, Quantification of

dendritic arbor growth rates during 4 h in the dark (D) or with visual stimulation (L).

c, Dendritic arbor growth rates normalized to the growth rate in the 0–4 h period in

the dark (D). d, Quantification of branch-tip additions. e, Contribution of new

branches or branch extension (hatched, top region) to increased branch length. Asterisk,

P , 0.05.
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