L T

/

D\

CrossMark
& click for updates

Optic flow instructs retinotopic map formation through
a spatial to temporal to spatial transformation of

visual information

Masaki Hiramoto and Hollis T. Cline’

Department of Molecular and Cellular Neuroscience, Dorris Neuroscience Center, The Scripps Research Institute, La Jolla, CA 92037

Edited by Carla J. Shatz, Stanford University, Stanford, CA, and approved October 15, 2014 (received for review September 2, 2014)

Retinotopic maps are plastic in response to changes in sensory
input; however, the experience-dependent instructive cues that
organize retinotopy are unclear. In animals with forward-directed
locomotion, the predominant anterior to posterior optic flow acti-
vates retinal ganglion cells in a stereotyped temporal to nasal
sequence. Here we imaged retinotectal axon arbor location and
structural plasticity to assess map refinement in vivo while expos-
ing Xenopus tadpoles to visual stimuli. We show that the temporal
sequence of retinal activity driven by natural optic flow organizes
retinotopy by regulating axon arbor branch dynamics, whereas
the opposite sequence of retinal activity prevents map refinement.
Our study demonstrates that a spatial to temporal to spatial trans-
formation of visual information controls experience-dependent
topographic map plasticity. This organizational principle is likely
to apply to other sensory modalities and projections in the brain.
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In the visual system, the sensory world is mapped onto the
planar array of retinal ganglion cells (RGCs), and this repre-
sentation of the visual world is then conveyed to the CNS via the
spatial distribution of retinal axons in the target area. It is widely
accepted that molecular cues guide retinal axons to approximate
regions along the rostrocaudal axis of the target and that activity-
dependent mechanisms refine this crude map (1-3). Moreover,
retinotopic maps show experience-dependent plasticity through-
out life, allowing them to accommodate changes in the sensory
periphery as well as the brain. Current models of activity-dependent
mechanisms of topographic map plasticity are based on coactivity
rules (4-7), however information in natural scenes may be encoded
in additional temporal properties of neuronal firing other than
coactivity (8-11). For instance, temporal features of RGC spiking
have been shown to encode information about the visual stimuli
(12). Movement of objects through the visual field activates RGCs
in a temporal sequence, which corresponds to a progression of
spatial locations of the object in the visual scene. This raises the
possibility that the temporal sequence of RGC activity might encode
spatial information that can be used to organize retinotopic maps.

A candidate visual input that shapes retinotopy is optic flow.
In most forward-moving animals, the direction of optic flow is
biased from anterior to posterior (A—P). For instance, tadpoles
always swim forward, and the predominant visual stimulus they
experience is A—P motion within the visual scene. This gen-
erates an overall correlation between the sequential order of
RGC activity from temporal to nasal retina and the retinotopic
distribution of axon projections along the rostrocaudal axis of the
tectal target (13). However, whether or how the relative se-
quence of activity induced by optic flow organizes retinotopy
is unclear.

We tested whether the spatial arrangement of sensory affer-
ents in the retinotopic map is encoded by the temporal sequence
of RGC activity evoked by A—P moving visual stimuli. Starting
in young tadpoles in which retinotectal inputs are highly over-
lapping and show no retinotopy, we used in vivo time-lapse im-
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aging of retinotectal axon arbor positions to show that exposure
to A—P motion stimulus produces an organized retinotopic map,
whereas P—A motion stimulus produces poor retinotopy. These
data suggest that sequential activation of RGCs along the tem-
poral to nasal retinal axis provides information that is critical for
organizing retinotopy. To gain more precise control over the
relative timing of convergent retinal inputs, we used tadpoles
with induced binocular input to the tectum, and we sequentially
stimulated the left and right eyes at interstimulus intervals from
15 to 100 ms. In vivo time-lapse imaging showed that the relative
timing of activity in convergent retinotectal inputs specifies axon
position along the rostrocaudal tectal axis: Axons stimulated 15—
50 ms earlier than convergent inputs from the other eye shift
their positions to terminate in relatively more rostral tectal
positions than the later stimulated axons. This study indicates
that the reliable temporal to nasal sequence of RGC activity
induced by predominant forward locomotion provides a tempo-
ral code that is transformed into the spatial order of axon pro-
jections of RGCs. Furthermore, analysis of branch dynamics
demonstrates that the plasticity mechanism operated by regu-
lating the location of branch retractions within the arbor. We
propose that the transformation of a temporal sequence of input
activity into the spatial organization of afferents in the retinotopic
map ensures the development and maintenance of a retinotopic
projection scaled across the available target space.

Results

Retinotopic Map Refinement Is Regulated by the Direction of Moving
Visual Stimuli. Natural A—P optic flow in free-swimming tadpoles
activates RGCs sequentially from temporal to nasal retina (Fig. 14).

Significance

Topographic maps of the sensory world are distributed
throughout the brain. Maps are important because they facil-
itate information transfer within and between brain regions.
We know that sensory experience is required for the de-
velopment and plasticity of sensory maps, but the elements of
natural sensory experience that instruct map formation have
not been identified. Here we show that natural optic flow
produces a temporal code of retinal activity that instructs the
spatial organization of retinotopic maps. Our study demon-
strates that visual information is transformed from a temporal
code to a spatial code in the brain. Such transformations of
information codes are likely to occur throughout the brain.
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Fig. 1. Retinotopic map refinement is regulated by the direction of optic flow. (A) Tadpoles swim forward, so they experience a predominant A—P optic
flow. (B) Schematic of experimental protocol. RGCs were labeled with TdTomato and Syn-GFP (Bottom Left). Animals were exposed to A—P or P—A moving
stimuli for 10 h/d for 4 d. Retinotectal axons were imaged before and after visual stimulation. Positions of labeled RGC somata and axon arbors were de-
termined. N and T mark the nasal and temporal retina; R and C mark the rostral and caudal tectum. (C) Representative images of axon arbors collected after
4 d of A-P (Top) or P-A (Bottom) motion stimulus superimposed on a DIC image of the tectum (Left). (Middle) Images of Syn-GFP puncta. (Right)
Reconstructions of axons (black lines) showing puncta (green) and centers of mass for axons (red squares) and synapses (blue triangles). Positions of somata as
percentiles along the temporo-nasal axis are 0, 87 (A—P), and 2, 88 (P—A) (from Left to Right). (Scale bar, 100 pm.) (D and E) Topographic maps before and
after A—P (D) or P=A (E) visual motion stimulus. Relative positions of RGC somata along the temporo-nasal retinal axis and the centers of mass of the
retinotectal axon arbors (magenta) and Syn-GFP puncta (green) along the rostrocaudal tectal axis are mapped. Bars indicate 25th and 75th percentiles of the
distribution of axon branches along the rostrocaudal tectal axis. Before visual experience, soma positions and axon projection sites are not significantly
correlated (D, axon arbors, R = 0.34, P > 0.2; synapses, R = 0.56, P > 0.09) or weakly correlated (E, axon arbors, R = 0.61, P = 0.013; synapses, R = 0.57, P =
0.022). Somata positions and axon projection sites were clearly correlated after 4 d of A—P motion stimulus (D, axon arbors, R = 0.89, P < 0.001; synapses, R >
0.9, P < 0.001), but not after 4 d of exposure to P—A stimulus (E, axon arbors, R = 0.45, P = 0.066; synapses, R = 0.43, P = 0.094). Retinotopy was sharpened
after 4 d of AP stimulus, not after P—A stimulus [ANCOVA (day 0, day 4), A—P, **P < 0.01 (axons, synapses), n = 13 (axons) and 11 (synapses); P-A, P> 0.4
(axons), P > 0.6 (synapses). n = 13]. Retinotopy was significantly different after 4 d of A—»P and P—A stimulus [ANCOVA (A—P, P-A), ***P < 0.001, n = 13
(A—P, synapse, 11) and 16 (P—A)], not before the stimulation [P > 0.3 (axons) and P = 0.9 (synapses)]. The rostrocaudal extents of the arbors are not sig-

nificantly different between A—P and P—A samples on day 4 (P = 0.36).

To test whether the temporal sequence of RGC activity evoked by
optic flow regulates the scaled topographic distribution of retino-
tectal axons along the rostrocaudal axis in the optic tectum, we
evaluated retinotopy in tadpoles exposed to A—P or P—A motion
stimulus. RGCs in young tadpoles (stage 41) were electroporated
with plasmids encoding cytosolic tdTomato and Synaptophysin-
GFP (Syn-GFP) to label axon arbors and presynaptic puncta, re-
spectively. Tadpoles were kept in the dark until imaging experi-
ments began 4 d later to prevent experience-dependent effects on
visual circuit development. Images of single retinotectal axons,
presynaptic boutons, and a differential interference contrast (DIC)
image of the tectum were collected in vivo. Tadpoles were then
divided into three groups and exposed to a visual stimulus of bars
moving from A—P or P—A for 10 h/d for 4 d, or kept in the dark.
The same retinotectal axons were imaged after the 4-d visual
stimulation protocol (Fig. 1 B and C). Topographic maps were
plotted as the positions of labeled RGC somata along the
nasotemporal axis of the eye versus the positions of the center of
mass of their retinotectal axons along the rostrocaudal axis of the
tectum (Fig. 1 B, D, and E). The correlation of the RGC soma
position to axon projection sites and the slope of the regression
lines on the maps were used to quantify retinotopy. Flatter slopes
indicate poor retinotopy, in which axons from temporal and
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nasal RGCs overlap in similar tectal locations, and steeper slopes
indicate more refined retinotopy. Time-lapse imaging showed
that retinotopy was poor at day 0 and was selectively sharpened
by 4 d of exposure to A—P visual motion stimulus, but not by
P—A motion stimulus (Fig. 1 D and E) or dark-rearing (Fig.
S1 A-D).

Tectal cells do not exhibit directional preference either in
responsiveness or in training-induced plasticity (14), and optic nerve
recordings showed no directional preference in the responses (Fig.
S1E). Therefore, preferential responses of retinal or tectal neurons
to A—P stimuli likely do not account for the selective effects of
A—P stimuli on retinotopy. These results indicate that the direction
of moving stimuli in the visual scene affects the refinement of
retinotopic maps.

Temporal Control of Convergent RGC Activity in Binocular Tecta.
A—P moving bars activate RGCs sequentially from temporal
to nasal retina. Therefore, temporal RGC axons, which innervate
rostral tectum fire before sequentially more nasal RGC axons,
innervate relatively more caudal positions in tectum. The ob-
servation that A—P stimuli preferentially organize the reti-
notopic map prompted us to investigate the hypothesis that the
temporal to nasal sequence of retinotectal axon activity resulting
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from A—P motion stimulus provides an instructive cue that directs
the distribution of axon position along the rostrocaudal axis of the
tectal neuropil. In particular, the hypothesis predicts that arbors of
RGC:s stimulated relatively earlier than convergent arbors shift their
positions toward rostral tectum, whereas arbors of RGCs stimulated
later shift their positions toward caudal tectum.

To test this hypothesis, we generated tadpoles with binocular
retinotectal innervation, by ablating one tectal lobe. Because
inputs from the two eyes are highly overlapping within the first
weeks after tectal ablation (15, 16), this preparation provides an
opportunity to gain precise temporal control over RGC activity
by visually stimulating the two eyes independently (Fig. 24). In
normal tadpoles, light stimulus delivered to one eye resulted in
RGC axon spiking in the optic nerve ipsilateral to the stimulated
eye (Fig. 2B, Top) but not in the contralateral optic nerve (Fig.
2B, Bottom), indicating that visual stimuli applied to one eye do
not activate the other eye. Similarly, visually evoked excitatory
postsynaptic currents (EPSCs) could be recorded only from
tectal cells contralateral to the stimulated eye in normal tadpoles
(Fig. 2C). By contrast, tectal cells are binocular in animals with
dually innervated tecta (Fig. 2D). When the left and right eyes
were stimulated with a specific interstimulus interval, EPSCs
with comparable intervals were recorded in the tectal neurons
(Fig. 2E). To test whether spiking can be controlled reliably with
our visual stimulation protocol, we measured first-spike latencies
recorded from tectal cells with the cell attached mode following
visual stimulation of the contralateral or ipsilateral eyes (Fig.
2F). More than 90% of first-spike latencies of individual trials
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m D binocular tecta
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occurred within 10 ms of the mean latency (Fig. 2G). These data
show that this preparation provides tight and reproducible
temporal control over the activity of convergent axons in tectum.

Temporal Sequence of RGC Activity Directs Retinotectal Arbor
Position. We then assayed whether axon arbors in binocular
tecta shift their positions in response to simultaneous or se-
quential visual stimulation to the eyes. We labeled RGCs with
tdTomato and Syn-GFP and collected an initial image of the
retinotectal axon (day 0). Then tadpoles were placed in a cham-
ber in which the left and right eyes were stimulated sequentially
with light-emitting diodes (LEDs) at interstimulus intervals of
15, 50, or 100 ms every 11 s for 10 h/d for 2 d. Stimulation of the
left and right eyes in this system mimics the relative sequence of
activity in overlapping axon arbors in response to A—P stimuli in
the normal circuit (Fig. 34, Top Left and Bottom Left). When an
axon arbor is stimulated earlier in the binocular circuit (Fig. 34,
Top Right), it corresponds to arbors from RGCs in more tem-
poral retinal positions in normal animals with the A—P visual
stimulation (Fig. 34, Top Left). When an arbor is stimulated later
(Fig. 34, Bottom Right), it corresponds to arbors from RGCs in
relatively more nasal retinal positions in normal animals with the
A—P visual stimulation (Fig. 34, Bottom Left). Axons were im-
aged each day after stimulation (Fig. 3 B-D). Retinotectal axons
gradually shift their retinotopic positions as a result of spatially
biased distribution of changes in branch positions (3, 16, 17). To
analyze movement of branches in response to visual stimulation,
we aligned reconstructions of the axon arbors from time-lapse
images and calculated the direction and magnitude of branch

tectal neurons

C monocular tecta

A4 h 4

ipsi

v

— contra

- contra
ipsi

-16 -8 0 8 16 24 32 ms
— +_1 OmS
— sd=4.6ms (ipsi), 3.5ms (contra)

Fig. 2. Temporal control of activity in convergent inputs in binocular tecta. (A) Schematic of tadpoles with binocular tectal innervation. The right tectal lobe
was ablated and both optic nerves crushed to produce highly overlapping retinotectal inputs from both eyes. Visual responses were recorded from tectal cells
or optic nerves by stimulating left or right eyes with dimming light. (B) Light-evoked responses recorded in the optic nerves ipsilateral and contralateral to the
stimulated eye. Focal LED stimulation to one eye only produces spikes in the optic nerve from the stimulated eye. (C) Visually evoked EPSCs recorded from
tectal cells. In normal animals, monocular tectal cells only respond to stimuli applied to the contralateral eye. (D) Tectal cells in binocular tecta respond to
stimuli applied to either eye, contralateral or ipsilateral to the optic tectum from which recordings were made, indicating that tectal cells receive binocular
inputs. The amplitudes of EPSCs evoked by visual stimulation of the ipsilateral and contralateral eyes were not significantly different [P = 0.32, n = 7; Mann-
Whitney, peak currents (mean + SEM) ipsilateral, -81.7 + 11.6 pA; contralateral, —102 +12.4 pA]. (E) When eyes contralateral and ipsilateral to the binocular
tectum are stimulated with an interval of 20 ms, tectal cell EPSCs exhibit two peaks matching the stimulus interval. (F and G) Analysis of variance of first-spike
latencies. (F) Recordings of 10 visually evoked spikes in a binocular tectal cell in response to visual stimuli to the eye ipsilateral or contralateral to the tectum.
The vertical line shows the mean first-spike latency for the two inputs. (G) Histogram of first-spike latencies relative to the mean latency. Ninety percent of
first-spike latencies occur within 10 ms of the mean latency. n = 267 (ipsi) and 270 (contra) spikes from 13 cells. Sweeps of 20 (B-E) trials, shown in gray, are
overlaid with the average, shown in black. [Scale bar, 200 ms (B-D), 50 ms (E), 5 ms (F), 200 pA (C), and 100 pA (D and E).]
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Fig. 3. The temporal sequence of activity in convergent inputs directs topographic shifts in axon arbor position. (A) Schematics showing the relation between
A—P motion stimulus in normal tadpoles (Left) and sequential stimulation of the eyes in animals with binocular tecta (Right). The positions of RGCs that were
labeled and imaged are shown in red. Numbers 1 and 2 correspond to the sequence of stimulation of the RGCs (Left) or eyes (Right). (Left) In normal tadpoles,
the sequential order of activity in overlapping axon arbors induced by A—P stimulus specifies arbor position. For two neighboring RGCs, numbered 1 and 2,
when the labeled arbor from the temporal RGC (red, Top) is activated before the arbor from a neighboring RGC positioned more nasally with the retina
(black), in vivo imaging shows that the earlier-stimulated arbor from the temporal RGC will eventually be located more rostrally than the later-activated arbor
from the nasal RGC. When the nasal RGC is labeled (red, Bottom), it is the later-stimulated axon with the A—P motion stimulus—that is, RGC 2—and it will be
located more caudally in the tectum than the earlier activated arbor from temporal retina. (Right) In tadpoles with binocular tecta, stimulating the labeled
(red) left eye earlier (1, Top Right) or later (2, Bottom Right) than the unlabeled right eye (black) mimics the sequential order of activity with A—P optic flow in
which temporal RGCs are activated earlier than nasal RGCs. (B) Schematic of experimental protocol. Images are collected once a day. Eyes are stimulated with
a 15-ms interstimulus interval once every 11 s for 10 h/d. (C and D) Images of representative axons from animals in which eyes were stimulated sequentially
with a 15-ms interstimuli interval. The eye with the labeled axon was stimulated earlier (C) or later (D) than the other eye. (Scale bar, 100 pm.) The axes under
D show the orientation of the images and drawings in C-E. C, caudal; L, lateral; M, medial; R, rostral. (E) Alignment of images shown in C, based on the
iterative closest point algorithm used to calculate changes in branch tip positions (magenta, day 0; green, day 1). Established axon branches are stable within
the optic tectum over the imaging period (17) (Fig. S2A), enabling alignment of time-lapse arbor images. Changes in branch tip positions were calculated by
subtracting the vectors from branch points to the branch tips for each branch at sequential time points (Middle, black arrows) and displayed on a Cartesian
coordinate (Right). (F-J") Plots of the movement in branch tip positions for earlier-stimulated and later-stimulated arbors (red and blue data points, re-
spectively). Each data point indicates the shift of individual axon branches. Lower panels show mean + SEM of the shift in branch tip positions (see Table S1 for
values). The branch displacements are significantly different between the earlier- and later-stimulated conditions for interstimulus intervals of 15 and 50 ms
(G-H") but not for 100 ms (/ and /’). MK801 (10 uM) eliminated the difference in branch tip shift normally seen when the eyes are stimulated with 15-ms
interstimuli intervals (J and J’). **P < 0.01, ***P < 0.001 (see Table S1 for values).

tip movements over the 2 d. A Wald-Wolfowitz runs test tip position at the first image (Fig. 3E). Branch tips that do not
indicates that the directions of movements of branches within  move over the imaging interval are plotted at the center (0, 0).
individual arbors are independent of one another (Table S2). Those that move rostrally or caudally are plotted to the right and
The movement of each branch tip was plotted on a coordinate  left of center, respectively, and those that move medially or laterally
map of the tectum, where the center (0, 0) represents the branch  are plotted to the left and right of center, respectively. Stimulating
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the eyes sequentially with interstimulus intervals of 15 and 50 ms
resulted in significant differences in branch tip movements
along the rostrocaudal tectal axis that were not seen with the
100-ms interstimulus interval (Fig. 3 G-I and G-I’ and Fig. S2
B and C). Branch tip movements were scattered along the
mediolateral axis, but did not shift consistently with the dif-
ferent stimulus conditions. Retinotectal axons from the eye that
was stimulated earlier than the other eye shifted toward rostral
tectum, and those that were stimulated later than the other eye
shifted toward caudal tectum for the 15-ms interstimulus in-
terval. The mean displacements in branch tip positions for
earlier- and later-stimulated axons over 2 d were 7.5 pm and
8 pm for interstimulus intervals of 15 and 50 ms, which corre-
sponds to about 11-12% of the average rostrocaudal length of
the arbors. This also corresponds to about 16% of the maximal
displacement of nasal axons toward caudal tectum seen after
4 d of exposure to A—P motion stimuli (Fig. 1D and Fig. S1C).
Axon arbor branch lengths and growth rates were not different
between the different groups (Fig. S3 A-E). Analysis of the
distribution of synaptic puncta in retinotectal axons indicate
that dynamic branches form synapses with tectal neurons and
suggest that synaptic mechanisms can contribute to a shift of
retinotectal axon arbors in the tectum (Fig. S4). Exposing
animals to the use-dependent N-methyl-D-aspartate receptor

A D stimulate earlier (day 0-1) D’

stimulate later (day 1-2)

(NMDAR) antagonist MK801 (10 pM), starting 12 h before and
continuing through the visual stimulation period, blocked the shift
in branch tip positions seen in control animals (Fig. 3 J and J').
These data indicate that axon arbor branches shift their topographic
positions in the tectal neuropil in response to the temporal se-
quence of afferent activity by an NMDAR-dependent mecha-
nism. The optimal temporal interval to produce directional shifts
in branch tip positions is 15-50 ms.

We then investigated whether changing the sequence of eye
stimulation could reverse the direction that individual axons shift
in tectum. Labeled retinotectal axons innervating binocular tecta
were imaged at days 0, 1, and 2. Between the first and second
images, we stimulated the eyes sequentially with an interstimulus
interval of 20 ms every 11 s for 10 h/d. The next day we reversed
the order of eye stimulation, and a third image of the axon was
collected after 10 h of stimulation (Fig. 44). We compared the
effects of sequential stimuli with simultaneous stimulation of the
two eyes (dT = 0 ms), which does not mimic the sequential order
of RGC activation by the motion stimulus. Images of axon arbors
from animals that received sequential or simultaneous eye
stimulation are shown in Fig. 4 B and C. Superimposing individual
images in the series from a representative animal illustrates the shift
of arbor position when the eyes are stimulated sequentially (Fig. 4B,
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Fig. 4. The temporal sequence of input activity regulates the direction of branch tip movements. (A) Schematic of experimental protocol. The left and right
eyes were stimulated simultaneously (dT = 0 ms) or sequentially with an interstimulus interval of 20 ms (dT = 20 ms) at 0.09 Hz for 10 h/d. The sequence of eye
stimulation was reversed after the first day of stimulation. Cartoons of tadpoles show that the left eye with the labeled axon (red) was stimulated earlier (1,
left cartoon) than the unlabeled right eye (black) during the first day of stimulation, and then the sequence of eye stimulation was switched so the left eye
with the labeled axon was stimulated later (2, right cartoon) than the right eye. Images were collected daily before stimulation, as marked with arrows. (B and C)
Images of representative axons from animals in which eyes were stimulated sequentially (B) or simultaneously (C). (B) Between the first 2 d, the eye with the
labeled axon was stimulated 20 ms earlier than the other eye. The next day the order of eye stimulation was reversed. Superimposed axon reconstructions (Right
panels in B and C) show axon rearrangements with sequential eye stimulation. (Scale bar, 100 um.) (D and E’) Plots (Top) of shifts in branch tip positions in axons
from animals stimulated with dT = 20 ms (D and D) or dT = 0 ms (E and E’). Shifts in branch tip positions when the labeled axon was stimulated earlier (red) or
later (blue) than convergent inputs from the other eye. (D’ and E’) Summary plots (Bottom) of the mean and SEM of the shift in branch tip position (see Table S3
for values). SEM is shown as the length of the bars in the symbols. The displacements in branch tip positions were significantly different between the two periods
when the eyes were stimulated sequentially (P < 0.001, paired t test, n = 612 from 16 axons) but not with simultaneous stimulation (P = 0.6, paired t test, n = 167
from eight axons). Effect sizes (d), which are independent of sample size, were also different between dT = 20 ms (0.4) and dT = 0 ms (0.06). (F and G’) Plots (Top)
of the shifts in branch tip positions in axons from RGCs from the nasal (F and F’) and temporal (G and G’) halves of retina. Summary plots (Bottom) show the
mean and SEM of the shift in branch tip position. Similar shifts in branch tip positions were observed for both groups (temporal RGCs, P < 0.001, 207 branches;
nasal RGCs, P < 0.001, 405 branches; Table S3). (H) Plot of the magnitude of branch tip shift along the rostrocaudal axis relative to the initial branch tip position
for axons stimulated 20 ms earlier (red) or later (blue) than inputs from the other eye. The branch tip movements toward rostral or caudal tectum in response to
the temporal order of stimulation were observed along the rostrocaudal extent of the tectum. See Fig. S5 for further analysis of branch movements. (/) Schematic
of observations. Axon arbors that are consistently stimulated earlier than converging inputs shift rostrally (Left). Conversely, axon arbors that are consistently
stimulated later than converging inputs shift caudally (Right). ***P < 0.001.
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Right) compared with the relative stability of arbor position when
the eyes are stimulated simultaneously (Fig. 4C, Right).

Axons changed the direction of movement of their branch tips
over a 10-h period when the temporal sequence of visual stim-
ulation was reversed. When the eye with the labeled axon was
stimulated 20 ms before the other eye, the axon branch tips
moved to more rostral tectal positions (Fig. 4 D and D’, red and
Fig. S5 4 and C, red), and when the order of eye stimulation was
reversed the following day, the same axon extended branches
toward caudal tectum (Fig. 4 D and D’, blue and Fig. S54 and C,
blue). Axon branch movements were not significantly different
between the two imaging intervals when both eyes were stimu-
lated simultaneously (Fig. 4 E and E’ and Fig. S5 B and D).
Branch tip shifts are comparable in RGC axons from nasal and
temporal halves of retina (Fig. 4 F, F’, G, and G’) and in axons
from eyes ipsilateral or contralateral to the binocular tectum
(Fig. S6). Shifts in branch tip positions are distributed along the
rostrocaudal tectal axis (Fig. 4H). The mean shift in branch tip

position is 6 pm/d, which corresponds to about 9% of the average
rostrocaudal length of the arbors. Axon arbor branch lengths and
growth rates over the two periods were not significantly different
(Fig. S3 F-J).

Temporal Sequence of Input Activity Regulates the Distribution of
Dynamic Branches. The results above suggest that the temporal
sequence of input activity shifts axon arbor branch positions.
Dynamic branch additions and retractions contribute to the net
shift in axon arbors (3, 16-24). Furthermore, a recent study
indicates that asynchronous stimulation of retinal inputs induces
branch dynamics (7). We next analyzed axon branch dynamics in
arbors imaged at daily intervals over 3 d with a 15-ms in-
terstimulus interval to compare the spatial distribution of dy-
namic branches in arbors stimulated earlier or later than
convergent inputs (Fig. 54). Dynamic branches were categorized
as added, transient, and lost, as shown in Fig. 5 B and C. Un-
stable branches include both lost and transient branches. We
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Fig. 5. The temporal sequence of input activity regulates the spatial distribution of dynamic branches. (A) Schematic of experimental protocol. Arbors were
imaged once a day. Animals received sequential eye stimulation (dT = 15 ms) for 10 h/d for 2.d. “1,” “2,” order of stimulation. (B) Schematic analysis of branch
dynamics. The morphology of axons imaged at different time points is compared to identify and classify dynamic branches. “Added” branches (red) emerged
during the imaging session and were maintained to the last image. “Transient” branches (green) emerged and were subsequently lost during the imaging
period. “Lost” branches (blue) were present at the first image and were retracted during the imaging period. (C) Percentage of each dynamic branch category
for earlier- and later-stimulated axons. (D) Shift in spatial distributions of dynamic branches in axons stimulated 15 ms earlier (Left) or later (Right) than
converging inputs from the other eye. The plots show the positions of the added, transient, and lost branches relative to the center of gravity of all new
(added + transient) branches. In earlier-stimulated axons, transient branches were located caudal to the mean of new branches (P = 0.012, n = 102 branches,
seven axons). In later-stimulated axons, lost branches are located rostral to the mean of new branches (P < 0.001, n = 146 branches, seven axons). (E)
Schematic of observations. The centers of mass of the earlier- and later-stimulated arbors displaced toward the rostral and caudal tectum, respectively,
because of the different distributions of unstable branches. In earlier-stimulated axons, transient branches retracted in the caudal region of the arbor, and in
later-stimulated axons, branches retracted from the rostral region of the arbor. (F) Schematic of the mechanism in which optic flow provides an antero-
posterior cue to refine retinotopy. (Left) With forward motion of the animal, an image projected from an object stimulates RGCs in a reproducible temporal
to nasal sequence (t1, t2, t3), resulting in the sequential activation of RGC axons (labeled 1, 2, 3). (Middle) The plasticity rule described here instructs axons to
project along the rostrocaudal tectal axis based on the sequence of activity according to a fixed relationship where earlier-activated axons are directed to
correspondingly more rostral locations in tectum compared to later-activated axons. (Right) This rule distributes axons along the rostrocaudal tectal axis.
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mapped the locations of all dynamic branches in each arbor and
plotted the distribution of transient, added, and lost branches
relative to the center of mass of all added branches for each
arbor (Fig. 5D). In arbors that were stimulated earlier than
convergent inputs from the other eye, transient branches were
located caudal to the mean of all new branches (Fig. 5D, Left,
green cross). In axons that were stimulated later than inputs from
the other eye, lost branches were located rostral to the mean of
all new branches (Fig. 5D, Right, blue cross). Together, these
branch dynamics produce a net displacement between earlier-
stimulated arbors and later-stimulated arbors. Axons from the
earlier- and later-stimulated conditions had comparable pro-
portions of stabilized, transient, and lost branches (Fig. 5C).
Therefore, it is unlikely that the differences in the spatial dis-
tributions of dynamic branches were caused by overall differ-
ences in the capacity for structural plasticity in the arbors. This
analysis demonstrated a spatial bias in the distribution of un-
stable branches within the arbor, which results in a displacement
in arbor position toward the rostral tectum in earlier-stimulated
RGCs or toward the caudal tectum in later-stimulated RGCs
(Fig. 5E). Analysis of branch dynamics in arbors imaged every
hour over 4 h revealed no significant difference in the spatial
distribution of transient and stable branches in earlier- or later-
stimulated axons (Fig. S7), although experience-dependent modi-
fication in branch stability can be seen over short time scales (7, 16,
22, 24-26). The data support a model in which the predominant
A—P motion stimulus resulting from natural optic flow produces
a reproducible sequence of RGC activity along the temporal to
nasal axis of the retina, and the temporal sequence of input activity
instructs the spatial distribution of retinotectal axons along the
rostrocaudal axis of the tectal neuropil.

Discussion

Our results demonstrate that the spatiotemporal information
provided by optic flow is encoded into the temporal sequence of
activity in neighboring RGCs, which in turn is transformed into
the spatial distribution of RGC arbors in the tectal retinotopic
map (Fig. 5F). The predominant optic flow that tadpoles expe-
rience is from A—P within the visual scene, which produces
a temporal to nasal sequence of activity in RGC somata. We
demonstrate that persistent A—P visual motion stimulus pro-
motes the refinement of a scaled distribution of axons along the
rostrocaudal axis of the retinotopic map by regulating the spatial
order of axon projections, whereas P—A visual motion stimulus
results in poor retinotopy. By providing pairs of stimuli se-
quentially to the left and right eyes in tadpoles with binocular
tectal input, we show that the temporal sequence of activity in
retinal inputs determines the spatial arrangement of retinotectal
axons along the rostrocaudal tectal axis. Specifically, we show that
retinotectal axons whose activity precedes that of convergent axons
from the other eye shift their positions toward rostral tectum,
whereas axons whose activity is relatively delayed shift their posi-
tions toward caudal tectum. This mechanism explains how A—P
visual motion stimulus selectively organizes retinotopy.

Previous studies in Xenopus tectum (14) and other circuits (27)
have shown that brief training protocols with unidirectional
motion stimulus induce a rapid and transient shift in visual re-
ceptive fields toward the direction of stimulus in the visual scene
through spike-timing—dependent plasticity (STDP). Unlike the
selective sharpening of retinotopy by A—P visual motion ob-
served here, STDP shifts receptive fields in response to any di-
rection of motion stimulus used in the training protocol. The
acute displacement in visual receptive fields is thought to de-
crease reaction times by predicting the location of objects mov-
ing in a consistent direction (28, 29). The mechanism observed
here may function homeostatically to ensure that proportion-
ately scaled retinotopic projections are maintained over longer
time spans despite repeated short-term modifications of neuro-
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nal response properties. Importantly this mechanism is flexible
and in principle can accommodate changes in peripheral or
central structures by reorganizing the projection according to an
updated temporal sequence of input activity (30-33).

The dually innervated tadpole retinotectal system has been
used extensively to investigate mechanisms of eye-specific seg-
regation and has provided valuable insight into the contributions
of activity-dependent and activity-independent mechanisms in
organizing visual projections (7, 16, 19, 21, 34-39). Here we used
this system to gain temporal control over activity in convergent
retinotectal axons before segregation of eye-specific inputs.
Electrophysiological recordings from binocular tectal cells
demonstrated that they resolve synaptic inputs from the left and
right eyes stimulated sequentially with a 15-ms interval. We took
advantage of the millisecond temporal control over visual input
activity and in vivo time-lapse imaging of experience-dependent
structural plasticity to test whether the temporal sequence of
afferent activity governs the relative position of retinotectal
axons in the tectum.

Studies in several systems indicate that synapse and branch
dynamics underlie experience-dependent plasticity in organized
sensory projections (3, 16, 24, 40-45). Here we show that the
transformation of temporal information in retinotectal axon
activity into spatial information of arbor position in the topo-
graphic map requires structural rearrangements of axon arbor
morphology and retinotectal synaptic connections. We first an-
alyzed shifts in retinotectal axon arbor position by determining
the changes in individual axon branch tip positions over the
period of visual experience. This measure incorporates branch
retractions and branch extensions, as they both result in changes
in branch tip positions. Changes in individual branch tip posi-
tions range from 0 to 40 pm, whether the eyes are stimulated
synchronously or sequentially, which is indicative of the capacity
for structural rearrangements in the arbors. The mean shifts in
branch tip positions seen in earlier- and later-stimulated axons
are consistent with the idea that the temporal order of activity
in retinotectal axons shifts the position of the arbor relative to
other convergent inputs. Shifts in arbor positions can result from
changes in a subset of branch tips. Because the mean changes
in branch tip positions are calculated from all of the branches
within the arbors, including those that appear stable over the
observation period, they may underestimate changes in arbor
position in the tectum.

Our subsequent analysis focused on the spatial distribution
of dynamic branches and provided additional insight into the
mechanism by which the temporal sequence of afferent activity
results in structural changes in arbor position. We find that
branch additions are widely distributed over the arbor area and
that the directional shift in arbor position occurs as a result of
spatial distribution in branch retractions. In arbors that are
stimulated earlier than convergent inputs from the other eye, the
net rostral shift in axon branches occurs as a result of the pre-
ponderance of transient branches in the caudal region of the
arbor. In arbors that are stimulated later than convergent inputs
from the other eye, the average location of lost branches in the
rostral tectum accounts for the caudal shift in the arbor position.
The shift in arbor position occurs gradually as a result of cumulative
changes in the positions of branch additions and retractions, as
reported in previous in vivo imaging studies (3, 16, 17, 20, 22, 24, 46,
47). These results indicate that the mechanism observed here
directs retinotopic map refinement in response to the natural pre-
dominant A—P visual motion stimulus by activity-dependent
mechanisms controlling axon branch and synapse lifetime.

In general, our data suggest that spatial information may be
encoded in the temporal order of afferent activity and that the
temporal order of afferent input activity can be decoded into a
spatial representation of the inputs. Although anamniotes, such
as tadpoles, use natural visual stimuli as the source of instructive
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experience-dependent signals that refine retinotopic maps,
comparable instructional cues in amniotes are provided by waves
of activity that sweep across the retinas before vision (5, 48, 49).
Recent work indicates that retinal waves in mammals are
directionally biased from temporal to nasal retina (50, 51) similar
to the activity evoked by optic flow with forward-directed loco-
motion, suggesting that the mechanism observed here may con-
tribute to retinotopic map organization in amniotes. In addition
to visual projections, afferents from whiskers (52) and lateral line
organs are stimulated in a consistent sequence. Topographic
projections are also present in nonsensory brain regions, including
the hippocampus (53), where temporal sequences of activity en-
code memories (54, 55). In conclusion, we present evidence for
a mechanism that translates temporal information in input ac-
tivity into spatial representations of information in the brain.
Such an organizational principle may operate to maintain order
across and between multiple projections in the CNS.

Methods

All experimental protocols were approved by The Scripps Research Institute
Institutional Animal Care and Use Committee and complied with the
guidelines established in the Public Health Service Guide for the Care and
Use of Laboratory Animals.

Tadpole Preparation. Albino Xenopus laevis tadpoles were obtained either by
matings of frogs from our colony, Nasco, or Xenopus Express Inc. All tad-
poles were reared in an incubator at 22 °C with a 12 h light/12 h dark cycle
until the experiments started. To analyze retinotopy, RGCs in stage 41 tad-
poles were sparsely transfected with plasmids encoding tdTomato and
Synaptophysin-GFP. Animals were anesthetized in 0.01% MS-222 solution and
placed on an electrically grounded moist kimwipe. Two plasmids, pCMV:GAL4/
UAS:TdTomato and pUAS:Synaptophysin-GFP (final concentrations, 0.5 pg/uL
and 0.25 pg/ulL, respectively), were mixed and pressure injected from a micro-
pipette inserted between the retina and lens, using a picospritzer (Picos-
pritzer Il, General Valve Corporation). Fast Green (0.01%) was added to the
DNA solution to monitor injection into the eye. The pipette tip was placed
close to the center of the retina, and cells were electroporated by applying
a single 37-V pulse of 1.6 ms. Animals were reared in the dark for 3 d until
stage 45-46 and screened for successful labeling. For each experimental
condition, ~1,000 animals were screened to identify those in which the soma
position and the axon arbor position could be determined. Binocular tectal
innervation was induced by ablating one tectal lobe (16), and the optic
nerves were cut to synchronize retinal innervation of the remaining tectal
lobe. For imaging experiments in dually innervated tecta, RGCs were
sparsely labeled as described above, and the next day the tectal lobe con-
tralateral to the labeled eye was ablated. Animals were screened 3 d after
surgery to identify those with single-labeled retinotectal axons. Tadpoles were
kept in the dark after tectal ablation until stage 48 to prevent visual experience-
dependent effects on retinal axon arbors.

Visual Stimulation Protocols. For experiments with the moving bar stimulus,
tadpoles were held in Sylgard chambers in transparent plastic containers and
provided with a moving bar stimulus previously shown to induce plasticity of
retinotectal responses (14). An liquid crystal display (LCD) displaying 10-mm-wide
black stripes and 86-mm-wide white stripes (82 cd/icm?) moving at 78 mm/s (0.8
Hz) was placed 15 mm from the eyes. This corresponds to a speed of ~300 um/s
on the retina. The LCD display covers more than 120 degrees of the field of view.
We presented the stimulus for 1 min with 5-min intervals for 10 h/d over 4 d.
Animals were kept in the dark for the remaining 14 h/d.

For experiments in animals with dually innervated tecta, light (343 cd/m?)
emitted from an LED (OptoSupply, OSHR5161A-QR, peak at 625 nm) was
delivered to the eyes with a fiber optic. The beam was diffused with white
silicon to reduce light that could indirectly stimulate the contralateral eye.

1. Feldheim DA, O’Leary DD (2010) Visual map development: Bidirectional signaling,
bifunctional guidance molecules, and competition. Cold Spring Harb Perspect Biol
2(11):a001768.

2. Flanagan JG (2006) Neural map specification by gradients. Curr Opin Neurobiol 16(1):
59-66.

3. Cline HT (1991) Activity-dependent plasticity in the visual systems of frogs and fish.
Trends Neurosci 14(3):104-111.

4. Feldman DE (2012) The spike-timing dependence of plasticity. Neuron 75(4):556-571.
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The stimulus was presented to both eyes synchronously or alternately to the
left and right eyes at 0.09 Hz for 10 h/d. Some animals were treated with the
NMDAR blocker MK801 (10 uM) in rearing solution throughout the stimu-
lation protocol.

Electrophysiology. Stage 47/48 tadpoles were anesthetized in 0.02%
MS222 and stabilized on Sylgard with dissecting pins. Electrophysiological
recordings were taken from the optic nerve to monitor RGC responses to visual
input, and from tectal neurons, using loose patch or whole-cell recordings, to
determine postsynaptic responses to convergent retinal input. To record
visually evoked field potentials, the skin over the tectum was removed, and
an extracellular recording electrode, consisting of a glass micropipette filled
with extracellular saline [115 mM NaCl, 4 mM KCl, 3 mM CacCl2, 3 mM MgCl2,
5 mM Hepes, 10 uM Glycine, 10 mM Glucose (pH 7.2)], was placed on the optic
nerve. Visually evoked EPSCs in whole-cell mode or action potentials using
loose patch recordings were recorded in animals as previously described (16).
Recordings were performed with an Axopatch-200B amplifier and digitized
using pClamp-8 software and a Digidata-1322A A/D-board (Axon Instru-
ments). Animals were provided with visual stimulation to the eyes with a
fiber optic as described above.

In Vivo Time-Lapse Confocal Imaging and Analysis. Confocal images of retino-
tectal axons, labeled with cytosolic tdTomato and Synaptophysin-GFP, were col-
lected with a PerkinElmer Ultraview Vox spinning disk confocal mounted on
a Nikon FN1 microscope with a 25x/N.A. 1.10 objective. For experiments with A—P
and P—A moving bar stimulus, images were collected on the first, second, and
sixth days before and after the visual stimulation sessions. The axon arbor mor-
phology was reconstructed in the Filament tracing mode using IMARIS software.
Branches longer than 2 pm were traced. To determine the center of mass of the
arbors within the tectal neuropil, the neuropil was divided into 100 equal com-
partments along the rostrocaudal extent. The reconstructions of the axons were
divided into 1-um fragments, and the center of mass and 25th percentiles were
calculated from the positions of the 1-um fragments within the tectal compart-
ments. For experiments in animals with dually innervated tecta, images were
collected once a day over 4 d before and after the visual stimulation sessions.
The axon arbor morphology was reconstructed using IMARIS software. For
analysis of the shift in branch tip positions, the filament information was
exported to MATLAB and analyzed. The traced filaments are aligned by an it-
erative closest point algorithm. Positional data from all corresponding branches
were used for the alignment of the two axons. The shift of the branch tip position
was calculated by subtracting the branch point to branch tip vectors before
stimulation from the vector after the stimulation. The bias in the branch shift was
analyzed by bootstrapping (1,000 repeats). Dynamic branches were catego-
rized as added, transient, or lost. Added branches are branches that
emerged and persisted to the end of the imaging period. Branches that were
added and subsequently lost were categorized as transient. Lost branches were
present initially and retracted completely during the imaging period. The spatial
bias of the dynamic branches was analyzed by comparing the mean change in
branch tip position with the center of mass of all added branches. The arbor size
(Figs. 2 and 3) is measured as the rostrocaudal extent that covers 90% of the total
length of branches at the second day.

To identify Synaptophysin-EGFP puncta, MATLAB programs for the fol-
lowing procedures were used. The 3D images of Synaptophysin-EGFP were
processed by a filter that averages over 2 um voxels. A background intensity
value, determined as two SDs above the average intensity of the entire image,
was subtracted from the image. The intensity of the Synaptophysin-EGFP signal
was determined by scanning along the traced filament. Puncta were identified
by a 10% rise and fall in intensity within 4 pm.
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