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The development of functional topography in the developing
brain follows a progression from initially coarse to more precisely
organized maps. To examine the emergence of topographically
organized maps in the retinotectal system, we performed longitu-
dinal visual receptive field mapping by calcium imaging in the
optic tectum of GCaMP6-expressing transgenic Xenopus laevis tad-
poles. At stage 42, just 1 d after retinal axons arrived in the optic
tectum, a clear retinotopic azimuth map was evident. Animals
were imaged over the following week at stages 45 and 48, over
which time the tectal neuropil nearly doubled in length and exhib-
ited more precise retinotopic organization. By microinjecting
GCaMP6s messenger ribonucleic acid (mRNA) into one blastomere
of two-cell stage embryos, we acquired bilateral mosaic tadpoles
with GCaMP6s expression in postsynaptic tectal neurons on one
side of the animal and in retinal ganglion cell axons crossing to the
tectum on the opposite side. Longitudinal observation of retino-
topic map emergence revealed the presence of orderly representa-
tions of azimuth and elevation as early as stage 42, although
presynaptic inputs exhibited relatively less topographic organiza-
tion than the postsynaptic component for the azimuth axis. Reti-
notopic gradients in the tectum became smoother between stages
42 and 45. Blocking N-methyl-D-aspartate (NMDA) receptor con-
ductance by rearing tadpoles in MK-801 did not prevent the emer-
gence of retinotopic maps, but it produced more discontinuous
topographic gradients and altered receptive field characteristics.
These results provide evidence that current through NMDA recep-
tors is dispensable for coarse topographic ordering of retinotectal
inputs but does contribute to the fine-scale organization of the
retinotectal projection.

Xenopus laevis | retinotectal | calcium imaging | activity dependent |
mRNA microinjection

opographic maps are a widespread phenomenon in verte-

brate sensory circuits, well documented across multiple
species and sensory modalities. Retinotopy in the visual system—
the organized projection of retinal ganglion cells (RGCs) from
the retina to the visual centers of the brain to form an orderly
representation of the visual environment—is among the most
well-studied examples of topographic sensory mapping (1-4), yet
much remains to be unraveled regarding the process and under-
lying mechanisms of its emergence in early development.

The retinotopic map is first established by molecular guid-
ance cues that direct RGC axons to topographically appro-
priate positions, establishing a coarse topographic gradient.
Neuronal projections are further refined by patterned neural
activity into more orderly and precise configurations (5-8). A
challenge for studying the activity-dependent refinement pro-
cess in higher vertebrate models is the difficulty of visualizing
and manipulating the visual system in these early stages. In
mammals, the refinement of the retinocollicular map is largely
completed before the onset of visual experience, instructed by
waves of spontaneous activity (9-11). In contrast, the retinotec-
tal projections of fish and frogs rely directly on patterned visual
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experience for refinement (5, 12), opening many possibilities
for experimental intervention. In particular, Xenopus develop
externally from large oocytes, easily subject to pharmacological
and genetic manipulation (13, 14). The transparent skin of
albino Xenopus tadpoles further permits noninvasive in vivo
imaging. These traits make Xenopus tadpoles an ideal model
for studying the early development of topographic maps.

In the developing tadpole tectum, directing neuronal arbors
to their appropriate topographic positions is not a static prob-
lem, as the tectum is continuously expanding and adding new
cells throughout this process. A further level of complexity
arises when considering the patterns by which new cells are
added. The tadpole eye adds neurons radially at the peripheral
margin of the retina (15), but the tadpole tectum adds new
neurons linearly from its caudo-medial edge (16). In order to
produce a uniform map, the connections between RGCs and
postsynaptic tectal cells need to shift partners continuously,
requiring a high degree of circuit plasticity.

The activity-dependent remodeling of the axonal and den-
dritic processes of individual neurons has been extensively
described in Xenopus (8). However, most of these studies were
performed on single neurons or small neuronal populations. To
date, characterizations of the evolution of the full retinotectal
map in Xenopus have only been done via anatomical tracing
(17) or coarse multiunit electrophysiology recordings (18, 19).
Therefore, in the present study, we aimed to take advantage
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of multiphoton microscopy and genetically encoded calcium
indicators to obtain a whole-circuit, fine-scale functional char-
acterization of the nascent retinotopic map in Xenopus tad-
poles. We further sought to repeatedly visualize presynaptic
and postsynaptic maps independently over the initial period of
map formation and development.

The N-methyl-D-aspartate (NMDA) receptor is considered
a key player in neural circuit refinement, its activity having
been shown to affect arbor morphology, branch stability, and
synaptic plasticity (20-24). The segregation of retinal afferents
into eye-specific bands in three-eyed frogs, thought to reflect
the influence of differential patterned activity on axonal arbori-
zation, is prevented by blockers of NMDA receptors (25, 26).
In both frog and mammalian systems, the retinotopic precision
of RGC input convergence has been found to be degraded by
tectal NMDA receptor blockade (27, 28). Given these results
based primarily on anatomical reconstructions of individual or
small groups of cells, we sought to assess the contributions of
NMDA receptors to the development of the map at the whole-
circuit level.

Results

Visualizing the Retinotopic Map in the Tadpole Tectum. The func-
tional retinotopic map in the optic tectum of developing Xeno-
pus tadpoles was studied by presenting visual mapping stimuli
to transgenic Xenopus tadpoles expressing the genetically
encoded calcium indicator GCaMP6s (29). Tadpoles were
immobilized in agarose in an imaging chamber with a side win-
dow to permit viewing of a small liquid crystal display (LCD)
video monitor placed next to the animal. The corresponding
calcium responses were recorded from the contralateral optic
tectum using a resonant scanning two-photon microscope (Fig.
1 A and B). GCaMP6s expression levels in the transgenic tad-
poles were sufficient to detect visually evoked responses in the
optic tectum in some animals as early as stage 42, as defined by
Nieuwkoop and Faber (30).

Animals maintained an adequate level of fluorescence for up
to a week after tadpoles had matured to stage 48. This provided
a suitable time window for functional characterization of the
initial emerging retinotopic map by calcium imaging.

Axonal inputs from RGCs ramify topographically in the
tectal neuropil where they synapse upon the dendritic arboriza-
tions of postsynaptic tectal neurons (Fig. 1C). Thus, the organi-
zation of inputs is best reflected by the activity in the neuropil
region of the tectum, where we carried out the majority of our
receptive field map analyses. We devised two independent
visual stimulation protocols to extract retinotopic maps: phase
mapping and grid mapping. We compared maps independently
extracted from the same animals using both methods, the results
of which served to validate each other (SI Appendix, Fig. S1).

For phase mapping, we placed an LCD monitor in front of
one eye of the tadpole and repeatedly presented a slow-moving
dark vertical or horizontal bar that swept across the full span of
the monitor every 20 s, with 10 s for the sweep, followed by 10 s
pause. The tectal response to this stimulus was a transient wave
of elevated GCaMP6s fluorescence intensity that swept across
the optic tectum, the response waves occurring with the same
periodicity as the sweeping bar (Fig. 1 D—F and Movie S1). We
generated Fourier power spectra for the fluorescence time
courses at each pixel and measured the phase of the response
at the stimulus frequency for bars swept in both directions of
the azimuth and elevation axes (31). This creates a phase map
that represents the visual field positions that evoked maximal
responses at each point in the tectum (Fig. 1G and SI
Appendix, Figs. S1 and S2). Phase mapping is a highly sensitive
method, which consistently and robustly revealed functional
retinotopy in both the cell body layer and the neuropil.
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For grid mapping, we randomly presented a stationary dark
vertical or horizontal bar at each of five positions evenly spaced
along either the azimuth or elevation axis of the visual field. At
these early stages, most locations in the tectum responded to
some extent for all five positions but with a preference for one
of the positions (SI Appendix, Fig. S1). Therefore, for each pixel
within the tectum, we calculated an “optimal stimulus position”
by weighting the responses of that pixel to bars at each stimulus
position. This value estimates the center of the visual field rep-
resentation for the responsive pixel (Fig. 1 H, Center). Like
phase maps, grid maps consistently revealed functional retino-
topy in both the cell body and the neuropil layers, albeit show-
ing an apparently smaller range of receptive field positions at
the periphery, compared with phase maps from the same ani-
mal at roughly the same imaging depth.

In general, phase mapping and grid mapping methods pro-
duced retinotopic maps in GCaMP6s transgenic Xenopus tad-
poles that broadly matched each other. We quantified pixelwise
differences between phase maps and grid maps extracted from
the neuropil zone of the same animals and found these differ-
ences to be significantly smaller on average than the mean differ-
ence between the phase map and its scrambled version, confirm-
ing that maps extracted through the two different methods were
consistent with each other (S Appendix, Fig. S1 F and G).

We also computed grid maps for the tectal cell somata by
calculating optimal stimulus position for cell body regions-of-
interest (ROIs) instead of single pixels, based on average AF/
Fy calcium signal over all pixels within each ROI (Fig. 1 H,
Right). The distribution of optimal stimulus positions in cell
body ROIs appeared consistent with the topographic gradient
of optimal stimulus positions in the corresponding neuropil
region of the pixelwise grid map.

Changes in Retinotopic Maps over Development. To observe how
the retinotopic map evolves during early development, we
imaged GCaMP6s transgenic tadpoles at different developmen-
tal stages from stage 42 to stage 48 (Fig. 24). We performed
retinotopic mapping by applying the phase mapping method to
multiple optical sections within a tectal volume to extract a
three-dimensional (3D) representation of functional retinotopy
(Fig. 2 and SI Appendix, Figs. S3 and S4). We were able to visu-
alize maps in tadpoles as young as stage 42, shortly after the first
arrival of RGC axons in the optic tectum, and then reimage the
same animals repeatedly at later stages. Fig. 2 shows maps
acquired from the same GCaMP6s transgenic animal at stages 42,
45, and 48 (Fig. 2 B, D, and F). When raised at 20 °C, tadpoles
reach stage 42 roughly a week after fertilization; stages 42, 45,
and 48 are separated by about 2 to 3 d each. We assembled 3D
maps of the emerging visual field representations in the tectal
neuropil at these stages (Fig. 2 E and G; SI Appendix, Figs. S3 B
and D and S4 B, D, and F; and Movies S2-S5).

In transgenic tadpoles at stage 42, the tectal map already dis-
played a striking topographic gradient in the azimuth axis, while
a gradient for elevation was less apparent (Fig. 2B and SI
Appendix, Fig. S4). Over the course of development from stage
42 to 48, the tectal neuropil roughly doubled in length (Fig.
2C), and the topographic gradients became increasingly
defined. At stage 45, a strong gradient in the azimuth map can
be seen along the rostral-caudal axis of the tectum (Fig. 2 D
and E), consistent with previous reports based on coarse multi-
unit electrophysiological and anatomical tracing (17, 19). At
this stage, a robust gradient for the elevation axis within the 3D
volume of the tadpole tectum is also evident. By stage 48, the azi-
muthal gradient within the 3D tectal volume has moved with
respect to the rostrocaudal axis of the animal (Fig. 2 F and G).
We projected the receptive field centers from the tectal neuropil
onto the visual field and found that, despite changes in the map
orientation within the tectum, the visual field represented in the
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Fig. 1. Experiment setup for visualizing retinotopic maps in the tadpole tectum. (A) Schematic of imaging setup. The tadpole was immobilized and
embedded in agarose in an imaging chamber under the microscope, with one eye viewing visual stimuli on an LCD screen through a glass slide on the
side of the imaging chamber. (B) Schematic of the tadpole retinotectal system. RGC axons innervate the contralateral tectum. (C) Imaging field in the tad-
pole tectum corresponding to the region indicated in B, showing discrete neuropil and cell body layers. RGC axons are in green, and postsynaptic tectal
neurons are in yellow. A, anterior; L, lateral. (Cross bars: 40 pm.) (D) Two-photon optical section in GCaMP6s transgenic tadpole tectum. (E) Mean
GCaMP6s AF/F, plots from the anterior and posterior tectal ROIs in D showing responses to an anterior to posterior drifting bar stimulus. Each cycle con-
sisted of a bar slowly traversing the monitor once over 10 s followed by 10 s blank, thus repeating every 20 s. Orange highlights indicate when the drift-
ing bar was visible. Signal in the anterior ROl peaked at an earlier time per sweep (phase) than in the posterior ROI. (F) Fourier power spectrum of the
first differential of a calcium response to 10 repeats of the drifting bar stimulus measured over the neuropil (single optical section, 6-Hz acquisition rate).
A peak in power (arrowhead) occurs at the stimulus frequency (0.05 Hz). (G) Examples of retinotopic maps extracted from a stage 48 transgenic animal color
coded by phase of response to drifting bar stimuli. Pixel brightness in phase maps indicates SNR. (H) “Grid maps” were obtained by flashing a bar at five loca-
tions across azimuth or elevation. (Center) Pixelwise grid maps obtained from the same animal in G color coded by optimal stimulus position. Pixel brightness
reflects the maximal evoked response (AF/Fq) divided by the mean of evoked responses to the dark bar stimuli. (Right) Cell body grid maps from the same ani-
mal. Cell body ROIs are color coded by optimal stimulus position and overlaid on a time-averaged image of the tectum. (Scale bars: 40 pm.)

tectum remained relatively consistent between stage 45 and stage  axes in three dimensions, we calculated the “global topographic

48, with lower-elevation receptive fields more densely represented
in the tecta at both stages (Fig. 2 H and ).

An interesting observation was that the orientation of the
retinotopic map appeared to undergo an axis rotation in Carte-
sian coordinates between stages 45 and 48. To estimate the map
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gradient” vectors for the azimuth and elevation maps by sum-
ming the local gradient vectors in the neuropil, calculated for
each pixel as the differences in topographic position (phase)
from adjacent pixels in the x, y, and z directions (SI Appendix,
Fig. S5). Both the azimuth and elevation gradient axes seemed
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Fig. 2. Retinotopic map over different developmental stages. (A) Sketches of an X. laevis tadpole at stages 42, 45, and 48. (B) Phase maps extracted from
a stage 42 GCaMP6s-expressing transgenic tadpole at three depths. (C) Comparison of tectal neuropil outlines traced from two-photon images of the
same animal at stages 42, 45, and 48 (depth is ~100 um from the top of tectum). (D) Phase maps extracted from the same tadpole at stage 45. For both
azimuth and elevation, a stack of 14 optical sections is shown (40 to 135.75 pm from the top surface of the tectum, 7.5 um between optical sections). Pixel
intensities indicate SNR. (E) 3D volume rendering of phase maps from D. D-V is dorsoventral. R-C is rostrocaudal. L-M is lateromedial. (F) Phase maps
extracted from the same tadpole at stage 48. Stack of 14 optical sections. (G) Phase maps from F rendered as a 3D volume. In E and G, only pixels in the
neuropil region with SNR > 1.5 are shown. (H and /) Tectal neuropil positions from an optical section at 100-um depth (Left) mapped onto the stimulus
display area (6.5 x 4 cm; Center) for the tadpole at (H) stage 45 and (/) stage 48. Colors represent tectal neuropil coordinates (Left and Center). Density
plots (Right) show the distribution of neuropil receptive fields from the whole tectum mapped onto the stimulus display area (summed from 14 optical
sections, 7.5 pm between slices). (Scale bars: A, 1 mm; B-/, 40 pm.)
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Fig. 3. GCaMP mosaic post- and presynaptic expression in tectum. (4) Schematic of mRNA injection of two-cell stage embryos. Injecting GCaMP6s and
mCherry mRNA into one blastomere of two-cell stage tadpole embryos results in mosaic expression of fluorescent protein restricted to one-half of the
body. (B) Epifluorescence image of mCherry expression restricted to the left half of the tadpole. mCherry was used to confirm half-animal mosaic expres-
sion of fluorescent proteins. (C) Schematic showing restriction of GCaMP expression to post- and presynaptic compartments in the left and right hemi-
spheres, respectively. Transmitted light image (Upper Right) and two-photon optical section (Lower Right) of post- and presynaptic GCaMP expression in
the two tectal hemispheres. (D) Phase maps (Upper Center) and grid maps (Lower Center) extracted from the left and right tectal hemispheres in the
same GCaMP6s mRNA hemi-mosaic animal. For phase maps, pixel brightness indicates SNR. For grid maps, pixel brightness reflects the maximal evoked
response (AF/Fy) divided by the mean of all evoked responses. Time-averaged images of post- and presynaptic GCaMP expression are shown in Left and

Right.

to undergo noticeable changes in orientation between stages 45
and 48. The azimuth gradient initially was nearly aligned with
the rostrocaudal axis of the tadpole but shifted toward a more
dorsoventral orientation at stage 48, while the elevation gradi-
ent shifted from a predominantly dorsoventral orientation
toward slightly greater mediolateral axis alignment (SI Appendix,
Table S1). This observed change may in part be a result of tectal
growth between the two stages, displacing previously imaged tec-
tal volumes into different planes of section. Furthermore, the
angle between the azimuth and elevation gradient axes became
slightly more orthogonal at stage 48 (SI Appendix, Fig. S5 B
and D).

Comparing the Retinotopic Maps in Presynaptic and Postsynaptic
Compartments of the Tectum. To observe the emergence of the
retinotopic map in the presynaptic (RGC axons) and postsyn-
aptic (tectal neurons) components of the retinotectal circuit, we
took advantage of the ability to drive GCaMP expression in
one-half of the tadpole (Fig. 3). Injecting GCaMP6s mRNA
into one blastomere of two cell-stage embryos creates animals
with mosaic fluorescent protein expression, which in some
cases, is restricted to exactly one lateral half of the animal
(Fig. 34). mCherry mRNA was coinjected with GCaMP6s
to aid in visualizing the distribution of fluorescent protein
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(Fig. 3B). Because the retinotectal projection is entirely crossed
at this developmental stage, these hemi-mosaic tadpoles will
have expression restricted exclusively to the postsynaptic tectal
cells on the labeled side and the presynaptic RGC axon termi-
nals within the opposite tectal hemisphere (Fig. 3C). In mRNA
animals, we obtained clear retinotopic maps with both phase
and grid mapping methods in both RGC axon terminals and
postsynaptic tectal cells (Fig. 3D). We found that overall
GCaMP6s signal strength and signal-to-noise ratio (SNR) were
significantly higher in postsynaptic compared with presynaptic
compartments (SI Appendix, Fig. S6). The period of GCaMP
expression was similar in transgenic and mRNA-injected ani-
mals, with GCaMP fluorescence persisting for up to a week
after tadpoles reached stage 48, before declining in both cases
to levels suboptimal for analysis.

Longitudinal Imaging of Post- and Presynaptic Topographic Map
Development. We followed the development of retinotopic maps
in both the axonal and dendritic compartments over time in
the same hemi-mosaic animals, reconstructing 3D functional
map volumes at stages 42, 45, and 48 (Fig. 44; SI Appendix,
Figs. S7-S9; and Movies S6-S9). Topographic maps were pre-
sent at all three stages imaged, and postsynaptic gradients for
the azimuthal visual axis in particular were strikingly evident in
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Fig. 4. Longitudinal imaging of post- and presynaptic topographic maps over development. (A) Post- and presynaptic phase maps extracted from the
same GCaMP6s mRNA hemi-mosaic tadpole at stages 42, 45, and 48. (B) Local discontinuity is a measure of map smoothness. Local discontinuity for a pixel
is low when the pixel is surrounded by neighboring pixels with similar phase values and high when neighboring pixels display more difference in phase.
A low local discontinuity value suggests a smooth map gradient. (C) Mean discontinuity in tadpoles at stages 42, 45, and 48. Each data point is the mean
local discontinuity for the neuropil in one animal from a single optical section ~100 um below the top of the tectum. Linked data points are from the
same animal (n = 6). Two-way mixed measures ANOVA for stage vs. pre/post compartment showed a significant main effect for compartment in both the
azimuth and elevation axes. The main effect for stages was significant in the elevation axis and trended toward significance in the azimuth axis. Azimuth:
Feompartment (1, 10) = 34.15 (***P = 0.0002); Ftages (1.394, 13.94) = 4.059 with Greenhouse-Geisser correction (*P = 0.0529). Elevation: Feompartment (1, 10) =
38.22 (***P = 0.0001); Fstages (1.146, 11.46) = 7.537 with Greenhouse-Geisser correction (*P = 0.0160). Post hoc Tukey tests showed significant differences
between stages 42 and 45 in both azimuth and elevation axes: azimuth q (11) = 4.723 (*P = 0.0167); elevation q (11) = 4.613 (*P = 0.0191). (D) Postsynap-
tic cell body grid maps and cell body receptive field sharpness at stages 42, 45, and 48 from the same animal as A. Cell body ROIs are color coded for opti-
mal stimulus position (left side) or RF sharpness (right side) and overlaid on an averaged postsynaptic GCaMP6s fluorescence image of the tectum. (E)
Receptive field sharpness is an approximate measure for receptive field size. Receptive field sharpness for a pixel is low when the pixel gives similar
responses to the five stimulus positions in grid mapping and high when the pixel exhibits a preference for one stimulus position. A higher receptive field
sharpness value suggests a more compact receptive field. (F) Cumulative distribution of cell body RF sharpness at stages 42, 45, and 48. Thin lines show
the cumulative distributions of tectal cell RF sharpness values from individual animals at each stage. Thick lines show the cumulative distribution of the
pooled RF values for each stage (azimuth: stage 42 nces = 337, stage 45 nes = 352, stage 48 ncis = 331; elevation: stage 42 nces = 337, stage 45 neeyis =
351, stage 48 nces = 301). Bonferroni corrected pairwise Kolmogorov-Smirnov tests were significant between the pooled results for all stages for both
azimuth and elevation. Azimuth stage 42 vs. 45: ***P =8.92 x 10 4 45 vs. 48: **P = 0.0083; 42 vs. 48: ****p = 1.07 x 10°. Elevation stage 42 vs. 45: *P =
0.049; stage 45 vs. 48: **P = 0.0085; stage 42 vs. 48: ****P = 2.49 x 10~°. (Scale bars: 40 pm.)
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stage 42 animals (SI Appendix, Fig. S10) less than 24 h after the
initial arrival of RGC axons in the tectum at stage 39 (19). At
all stages, presynaptic maps appeared to be less well organized
than the postsynaptic maps in the opposite hemisphere of the
same animal, although this may have been confounded by rela-
tively lower signal strengths in the RGC axons (SI Appendix,
Fig. S6 A and B).

The maturation of topographic organization in the retinotec-
tal circuit is expected to manifest both at the level of the circuit
by a progressive refinement of the retinotopic gradient and at
the level of individual cells through sharpening of visual recep-
tive fields. To assess the circuit-level organization, we character-
ized the smoothness of the topographic gradient by measuring
“local discontinuity,” defined as the mean difference in recep-
tive field (RF) position (phase) per pixel to all neighboring pix-
els within a 15-pixel (7.44-pm) radius. As schematized in Fig.
4B, a low local discontinuity value indicates a smooth local map
gradient. The local discontinuity values were calculated at indi-
vidual pixels (thresholded for SNR > 0.8) and then averaged
across the neuropil to obtain a mean discontinuity value for the
neuropil azimuth and elevation maps in each animal (S/
Appendix, Fig. S11 A-C). The topographic organization of post-
synaptic tectal maps as early as developmental stage 42 was
confirmed by the fact that mean local discontinuity in stage 42
postsynaptic maps was significantly lower than that observed
when the pixels were randomly scrambled within the neuropil
(SI Appendix, Fig. S11D). Interestingly, for stage 42 axonal
maps, only the elevation, but not azimuth, maps had lower local
discontinuity than a scrambled version, suggesting that at least
for the azimuthal axis, retinotectal axon arbors are initially less
topographically distributed within the tectal neuropil than the
synapses that they form onto their postsynaptic partners. Two-
way ANOVAs revealed an effect of developmental stage on
local discontinuity that was significant for elevation (P = 0.
0160) and exhibited a trend for azimuth (P = 0.0529) (Fig. 4C).
In particular, mean discontinuity was significantly lower for
maps at stage 45 compared with stage 42. One caveat is that
response strength and SNR also exhibited variability across
stages, although these did not necessarily correspond to the
changes in local discontinuity (S Appendix, Fig. S6 A and B).

For both azimuth and elevation, mean discontinuity was sig-
nificantly greater in presynaptic than in postsynaptic maps
across all ages (azimuth: P = 0.0002; elevation: P = 0.0001).
This difference in presynaptic and postsynaptic topography fur-
ther supports the idea that tectal neurons can integrate and
select inputs from diverse RGCs to transform responses into a
more ordered topographic map.

To control for the fact that the tectum changes in size over
this period of development (Fig. 2C), we additionally measured
a normalized mean discontinuity by reducing the size of the
neighborhood used to calculate local discontinuity in propor-
tion to the different tectal neuropil areas at different stages.
This normalized mean discontinuity measure also showed a
significant difference between stages 42 and 45 for elevation
and for pre- vs. postsynaptic maps in both axes (SI Appendix,
Fig. S11E).

As the circuit becomes more precisely organized, refinement
of the map is also expected to manifest at the single-cell level in
the form of decreased receptive field size (22).We, therefore,
evaluated “receptive field sharpness” as an approximate mea-
sure for the size of the receptive field unit (Fig. 4D). We
defined receptive field sharpness as the average response,
obtained by grid mapping, to the stimulus positions closest to
the optimal stimulus position divided by the average response
to the remaining stimulus positions in the periphery (Fig. 4E).
Cumulative probability distributions of single-cell receptive
field sharpness showed a progressive shift toward higher values
with increasing developmental stage for both azimuth and
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elevation, indicating that visual response fields become more
compact as the animals mature (Fig. 4F).

Elucidating the Effects of NMDA Receptor Blockade on Topographic
Map Development. NMDA receptors are believed to play an
important role in retinotectal circuit refinement (20-28). To
determine the contributions of NMDA receptors to Xenopus
retinotectal map refinement, tadpoles were raised with 10 pM
MK-801 added to the rearing solution starting from stage 39,
when RGC axons first innervate the tectum. We compared
properties of retinotopic maps in these animals with control
tadpoles at the same developmental stage.

Topographic maps in MK-801-treated animals imaged at
stage 48 appeared qualitatively similar to maps in control ani-
mals at the same stage (Fig. 54). We next quantified mean local
discontinuity between control and MK-801-treated animals.
For both the azimuth and elevation maps, significant main
effects, but no interaction, were found by two-way independent
measures ANOVA for both drug (MK-801 vs. control) and
compartment (presynaptic vs. postsynaptic) (Fig. 5B). More-
over, no significant differences were found in response power
or SNR between chronic MK-801-treated individuals and con-
trols (SI Appendix, Fig. S6 C and D). These results suggest that
MK-801 treatment results in coarser gradients in the topo-
graphic map. They also confirm our earlier observation in
untreated animals that postsynaptic maps exhibit smoother
topographic gradients than presynaptic maps (Fig. 4C).

Next, we evaluated receptive field sharpness for tectal cell
bodies in control and MK-801-reared tadpoles. The cumulative
distribution curve for azimuthal receptive field sharpness values
was significantly shifted to the left for MK-801-treated animals
compared with controls, indicating overall larger, less compact
receptive fields (Fig. 5C). This result is consistent with previous
reports of enlarged receptive fields resulting from chronic
NMDA receptor blockade measured electrophysiologically
(22). Interestingly, a comparable shift in receptive field sharp-
ness was not seen in the elevation maps of MK-801-reared ani-
mals, despite significant differences in map discontinuity for
both azimuth and elevation (Fig. 5B).

Because MK-801 does not wash out after binding, we per-
formed a control experiment to exclude the possible confound
of any acute effects of MK-801 on tectal calcium response and
the retinotopic map. We found that MK-801 bath perfusion on
stage 48 tadpoles significantly reduced the magnitude of cal-
cium responses to our phase mapping stimulus, confirming that
acutely applied MK-801 does permeate into the tadpole tectum
(SI Appendix, Fig. S12 A and B). However, extracted phase
maps did not change compared with those extracted prior to
drug application in overall phase distribution and mean disconti-
nuity (SI Appendix, Fig. S12 C-F). Thus, the presence of MK-801
in the medium during the imaging period alone does not affect
the extracted phase maps and subsequent quantifications.

Overall, MK-801-treated animals developed retinotectal
topographic maps with a coarser topographic gradient. As stage
42 maps are coarser than stage 48 maps, this result is consistent
with a role for NMDA receptors in the developmental fine-
tuning of topographic maps at the levels of circuit organization
and single-cell input selection.

Discussion

Activity-dependent refinement of retinotopic projections,
driven by patterned neuronal activity in the form of spontane-
ous retinal waves in amniotes (32-35) and visually evoked
correlated activity in anamniotes (36, 37), is crucial for the
establishment of an orderly and precise retinotopic map in the
visual system. Disruption or deprivation of patterned activity
has been shown to result in altered retinotopic maps in the

PNAS | 70f12
https://doi.org/10.1073/pnas.2107899119

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107899119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107899119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107899119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107899119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107899119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107899119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107899119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107899119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107899119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107899119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107899119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107899119/-/DCSupplemental

Downloaded at MCGILL UNIVERSITY LIBRARIES on February 24, 2022

A Azimuth Elevation
Postsynaptic Presynaptic Postsynaptic Presynaptic
—
e
|_
O
o
NA
X
=

* e CTRL e CTRL
B Azimuth MK-801 Elevation ** u MK-801
25— *kkk 20 *kkk
_— _—
> >
= - = [ )
£20 £ 5
£ & = £
§ 15 o oo e 5 e =
[&] (&) 104 [ ]
2 e K2
0 10 o M ) $ I
c c ! o
® T 5o | gt
()] 5-] ° [0
0~"CTRL MKB0T  CTRL MK801 O0=—CTRL Mk801 CTRL MK-801
Postsynaptic Presynaptic Postsynaptic Presynaptic
Azimuth «x  CIRL Elevation ns  CIRL
C (Cell Bodies) MK-801 (Cell Bodies) MK-801
1 1
2 =
5038 5 0.8
© ®
s e I
& 0.6 & 0.6
[} o
= 0.4 204
S ©
> >
£02 £0.2
3 / 3
0 bl 0l
0.6 1 1.4 1.8 0.6 1 1.4 1.8

Receptive Field Sharpness Receptive Field Sharpness

Fig. 5. GCaMP expression in post- and presynaptic compartments and effects of NMDA receptor blockade on topographic map development. (A) Exam-
ples of retinotopic phase maps from stage 48 animals. Starting at stage 39, animals were reared in either control medium (CTRL; Upper) or in medium
containing 10 pM MK-801 (Lower). (B) Mean discontinuity in control vs. MK-801-reared tadpoles: presynaptic vs. postsynaptic compartments. Two-way
independent measures ANOVA for drug vs. compartment shows significant main effects for both drug and compartment for both the azimuth and eleva-
tion axes. Postsynaptic: CTRL n = 17, MK-801 n = 14; presynaptic: CTRL n = 16, MK-801 n = 8. Azimuth: Fompartment (1, 51) = 43.94 (****P < 0.0001); Fyryq
(1, 51) = 5.618 (*P = 0.0216). Elevation: Fompartment (1, 51) = 24.29 (****P < 0.0001); Fgrug (1, 51) = 7.822 (**P = 0.0073). (C) Receptive field sharpness in
tectal cell bodies of control vs. MK-801-reared animals. In each plot, thin lines show the cumulative distribution of tectal cell RF sharpness values from
individual CTRL and MK-801-reared animals (azimuth: CTRL n = 8, MK-801 n = 10; elevation: CTRL n = 6, MK-801 n = 7). Thick lines show the cumulative
distribution of the pooled RF values for each group (azimuth CTRL nces = 552, MK-801 nceis = 594; elevation CTRL nces = 418, MK-801 nes = 518). not
significant (ns) for elevation, Kolmogorov-Smirnov test. **P = 0.0016 for azimuth.

mature animal, as demonstrated in mice with defects in sponta-
neous retinal waves (7, 10, 38—-41). NMDA receptors are a key
candidate in the processing of patterned visual activity due to
their function in detecting correlated activity in converging
afferents (23, 24, 26), and the disruption of NMDA receptor
activity has been shown to impact morphology and response
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properties of individual neurons forming the topographic map
(21, 22, 27, 42). Here, we pursued both a circuit- and cellular-
level characterization of this phenomenon in larval Xenopus,
which provides an insight into the emergence of functional reti-
notopic maps during the initial period of activity-dependent
refinement.
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In this study, we extended the previous literature of anatomi-
cal and coarse functional characterizations of topographic map
refinement in the Xenopus tadpole by establishing a method to
perform retinotopic mapping via in vivo two-photon calcium
imaging, which allowed us to systematically visualize the devel-
opmental emergence of topographic maps across the whole tec-
tal volume while maintaining subcellular resolution. We were
able to observe fine-scale retinotopic mapping in tecta of
tadpoles as young as Nieuwkoop and Faber stage 42. The non-
invasive nature of this imaging method also allowed us to
repeatedly image the same animals to follow the progression of
the map at several subsequent developmental stages. While
early electrophysiological characterizations reported large and
overlapping multiunit receptive fields with no clear topographic
organization before stage 46 (18), the improved spatial resolu-
tion of optical mapping methods allowed us to demonstrate
that the tadpole tectum in these early stages already displays a
functional topographic gradient. Receptive fields were large but
displayed clear preferences for discrete stimulus positions in
the visual field, consistent with later reports (19).

Comparing whole-tectum topographic gradients in the same
animals at stages 45 and 48, we observed what seemed to be a
Cartesian rotation in the representations of both the azimuth
and elevation visual axes. This change can likely be explained in
part by the growth of the tectum and addition of new tissue.
The tadpole tectum expands by adding cells from a caudo-
medial proliferative zone, displacing existing tissue laterally and
rostrally (16), which would reasonably cause a shift in the reti-
notopic map layout within the tectal volume. However, since
presynaptic RGCs are added radially at the peripheral margin
of the retina (15), one might expect the tectal map to grow
increasingly distorted. Instead, we found that the azimuth and
elevation axes became increasingly orthogonal to one another
compared with stage 45, indicative of a more isotropic map.
This observation provides evidence for the idea that presynaptic
RGCs and postsynaptic tectal cells may shift their connections
during development to minimize distortion of the developing
retinotopic map (17, 43, 44). As these maps occupy the full vol-
ume of the tectal neuropil, fine-scale 3D analysis of develop-
mental changes in local gradients could shed further light on
the mechanisms by which the retinotopic maps shift, but the
reduced axial resolution inherent in two-photon microscopy
limits its precision for extracting local, rather than global, gradi-
ent orientation. A question that could, nonetheless, be raised is
which circuit component leads the other in the refinement pro-
cess. Do RGC axons shift their terminals to occupy newly avail-
able target space, determining the visual field representation in
tectal cells, or do the receptive fields of postsynaptic tectal cells
change first, after which presynaptic RGC inputs are then
selected for via Hebbian plasticity? Axonal redistribution could
be caused by exploratory axonal branch dynamics driven by
interaxonal competition within the expanding tectum for a lim-
ited resource, such as a neurotrophic factor or postsynaptic
availability (6, 8, 26, 45, 46). Additionally, because postsynaptic
neurons integrate inputs from multiple converging RGCs, they
could use NMDA receptors to detect correlated synaptic inputs
and selectively stabilize axons that originate from neighboring
RGCs in the eye through Hebbian mechanisms (8, 23).

Using single-cell mRNA blastomere injection at the two-cell
stage, we were able to produce hemimorphant mosaic tadpoles
expressing GCaMP6s in only one lateral half of the animal.
This allowed us to separately image either the presynaptic
RGC:s or the postsynaptic tectal cells. We were able to visualize
retinotopic maps and observed topographic gradients in both
pre- and postsynaptic neuropil of stage 48 tadpoles. Applying a
measurement of local discontinuity in the retinotopic represen-
tation, we found the gradient in postsynaptic neuropil to be
smoother than that in the presynaptic inputs. This higher level

Li et al.
Topographic map formation and the effects of NMDA receptor
blockade in the developing visual system

of postsynaptic refinement preserves the possibility of a model
in which the postsynaptic circuit is the driving party in the
shifting projections phenomenon, first changing their retino-
topic representations toward the direction of a more refined
topographic gradient and then recruiting more presynaptic
partners to match their receptive fields.

We used the hemimosaic GCaMP animals to investigate the
effects of NMDA receptor blockade early in development on the
topographic organization of the map and whether there is a dif-
ferential effect in the pre- and postsynaptic circuit components.
We found greater discontinuity of the topographic gradient and
larger azimuthal receptive field sizes in MK-801-treated animals,
consistent with previous reports (22, 27, 47, 48), adding to the evi-
dence of NMDA receptors playing a role in activity-dependent
refinement of topographic maps. An important alternative possi-
bility, however, is that rather than freezing maps in an immature
crude form, NMDA receptor blockade might actively destabilize
connections and promote degradation of the map, consistent with
the desegregation of ocular dominance bands seen following tec-
tal NMDA receptor blockade in postmetamorphic three-eyed
frogs (25).

Although NMDA receptor blockade altered some fine-scale
properties of the topographic map, the coarse topographic gra-
dient in the functional map remained relatively intact. Com-
bined with our observation of map gradients at the earliest
stages of tectal circuit formation, this emphasizes the extent to
which the initial formation of the coarse gradient relies on
molecular guidance cues instead of patterned activity (49-52).
This stands in contrast with regenerating projections, which
rely to a much greater extent on activity-dependent mecha-
nisms (53). It would be interesting to apply our technique to
see how NMDA receptor blockade alters the restoration of
functional retinotopic gradients in regenerating projections.

The mRNA blastomere injection technique can be further
expanded by performing injections into the two blastomeres at
the two-cell stage, injecting GCaMP mRNA into one blastomere
and a different colored calcium indicator (e.g., JRGECO1a) into
the other. A coexpressed system would allow simultaneous visual-
ization of the pre- and postsynaptic components of the same tec-
tal circuit and not just in two hemispheres of the same animal as
we have done here, permitting questions about the degree of sim-
ilarity between the layout of pre- and postsynaptic map gradients
to be addressed in the same structure and about whether reorga-
nization or refinement of the topographic map in the pre- or post-
synaptic component leads changes in the other.

Several factors may have impacted our ability to accurately
compare receptive field properties and topographic gradients
across developmental stages in young tadpoles. On one hand, the
small size of the tectal neuropil at the youngest stages provides a
more limited substrate in which to construct a topographic gradi-
ent. For this reason, we also repeated our measurement of local
discontinuity using analysis kernels (pixel neighborhood sizes)
normalized to the different tectal neuropil areas at each stage. In
addition, the response strength and SNRs were considerably
reduced when imaging presynaptic axons, especially in younger
animals, which may have limited our sensitivity for detecting
topographic gradients in the presynaptic dataset (SI Appendix,
Fig. S6). Previous evidence has also shown that the tadpole eye is
not fully developed to resolve crisp images at these stages (54),
and consequently, our approach of using visually driven activity
to characterize functional map organization may be limited by
visual acuity of the eye, rather than fully reflecting the anatomical
order of the map itself. Nonetheless, the fact that we were able
to detect prominent postsynaptic azimuthal gradients in stage
42 tadpoles indicates that our assay was sufficiently sensitive to
reveal information about the organization of topographic maps
from the earliest stages we were able to image.
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The process of circuit refinement can be thought of as a
mechanism for increased wiring precision. At the single-cell
level, this may take the form of greater stimulus selectivity, and
in the case of retinotopy, of more compact visual receptive
fields to provide the network with greater visual acuity. At the
level of circuit anatomy, it often refers to spatial organization
of inputs, which for retinotopy means that RGC axons come to
closely recapitulate the relative layout of their somata in the
eye. We examined the development of receptive field sharpness
as a reflection of individual tectal cell fine-tuning. Receptive
field size measurements provide an assessment of functional
visual acuity at the single-cell level but offer little detail about
the anatomical organization of inputs to the network. For
example, it is hypothetically conceivable that a network consist-
ing of randomly distributed neurons, each having small, defined
receptive fields, might represent stimulus space precisely, but
such organization would be energetically inefficient with respect
to wiring conservation and not conducive to the input conver-
gence that is needed to generate smaller receptive fields in
individual cells. Therefore, we measured the degree of nearest-
neighbor similarity in topographic maps with the local disconti-
nuity measure and associated a high level of similarity with a
more anatomically refined topographic map. However, the
actual optimizing function used by sensory systems is yet a
matter of speculation (55-57). It may, therefore, be relevant to
inquire about additional properties, such as the information
content stored in the retinotopic map and its capacity for
decoding sensory information (58).

Overall, the present study provided an in-depth four-
dimensional characterization of the emergence of functional
retinotopic maps in the larval Xenopus retinotectal system and
utilized this model to investigate the role of NMDA receptors
in the activity-dependent refinement of the topographic map
structure. This approach should serve as a valuable basis for
future work on the mechanisms underlying functional retino-
topic map formation.

Materials and Methods

Animals. All procedures were approved by the Animal Care Committee of the
Montreal Neurological Institute at McGill University in accordance with Cana-
dian Council on Animal Care guidelines.

Female albino Xenopus laevis frogs (RRID: XEP_XIa300) from our in-house
breeding colony were injected with pregnant mare serum gonadotropin
(Prospec) and human chorionic gonadotropin (Sigma-Aldrich) to induce ovula-
tion, and eggs were collected for in vitro fertilization. To produce GCaMP6s
transgenic tadpoles, eggs were fertilized with sperm from Xla.Tg(tubb2b:
GCaMP6s)yxr transgenic frogs (National Xenopus Resource; RRID: NXR_0.0107).
To produce tadpoles with hemilateral mosaic GCaMP6s and mCherry expres-
sion, eggs were fertilized with sperm from male albino X. laevis frogs; then,
blastomere microinjection of GCaMP6s and mCherry mRNA to create bilateral
hemimorphant animals was performed as previously described (59, 60). Briefly,
a mixture of purified GCaMP6s (500 pg) and mCherry (250 pg) mRNA in 2 nL
RNase-free water was pressure injected into one blastomere of two cell-stage
embryos using a calibrated glass micropipette attached to a PLI-100 picoinjector
(Harvard Apparatus). GCaMP and mCherry mRNA were prepared by cloning the
coding sequence of GCaMP6s and mCherry into pCS2+, then linearizing plas-
mids with Notl, and transcribing the capped mRNA of GCaMP6s and mCherry
with the SP6 mMessage mMachine Kit (Ambion; Thermo Fisher). Developing
animals were screened to select individuals with hemilaterally restricted
mCherry expression and high levels of GCaMP fluorescence for use in calcium
imaging experiments.

All tadpoles were raised in 0.1x Modified Barth’s Solution with 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer on a 12/12-
h light/dark cycle. For transgenic tadpoles, 0.001% phenylthiourea (PTU) was
added to the rearing solution to reduce pigmentation. Tadpoles of both sexes
were used for all studies. Tadpoles were staged according to Nieuwkoop and
Faber (30).

Drugs. For NMDA receptor inhibition experiments, 10 uM MK-801 (Tocris Bio-

science) was added to the tadpoles’ rearing solution starting from stage 39.
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The rearing medium was changed, and fresh MK-801 was added every other
day. Tadpoles remained in MK-801 until they were imaged at stage 48.

In Vivo Imaging and Visual Stimulation. Tadpoles were immobilized by immer-
sion in 2 mM pancuronium bromide and immobilized in 1% low-melting
point agarose in a custom chamber with a glass coverslip window on one side,
through which the animal could view visual stimuli presented on an LCD
screen (Fig. 1A). The LCD display area measured 6.5 cm (width) x 4 cm (height).
The tadpole was positioned so the eye was 2.2 cm from the screen, aligned to
the center of the bottom edge of the display area. From this viewpoint, the
display area spans roughly 110° visual angle in azimuth and 80° in elevation.
Calcium fluorescence images were captured with a high-speed resonance
scanner-based two-photon microscope (Thorlabs) with piezoelectric focusing
(Physik Instrumente) of a 1.0-numerical aperture 20x water immersion Nikon
objective. An excitation wavelength of 910 nm was used for GCaMP6s, and
emission signal was collected through a 525/50-nm bandpass filter. A #29
Weratten filter (Kodak) was installed on the LCD screen to prevent light from
the display from interfering with the calcium signal. Custom MATLAB scripts
based on the Psychophysics Toolbox [(61-63); RRID: SCR_002881] were used to
generate the visual stimuli and synchronize stimulus presentation with image
capture. Visual stimuli were presented monocularly, and calcium signal was
imaged from the tectum contralateral to the stimulated eye (Fig. 1 B and ().
Images (512 x 512 pixels, 0.496 pm per pixel) were collected from a single opti-
cal section at 15 Hz or from three to four optical sections (with one to two fly-
back frames) at 6 Hz. For full-neuropil volume mapping, two sequential sets
of seven optical sections (with three flyback frames) were collected at 3 Hz
with 256 x 256 pixel resolution (0.993 um per pixel).

Receptive Field Mapping and Analysis. Processing and analyses of calcium imag-
ing data were performed with custom scripts in MATLAB (RRID: SCR_001622)
and Fiji (RRID: SCR_002285). For analyses comparing two separate recordings,
images were aligned using the MATLAB imregtform() library function or the
NoRMCorre algorithm for nonrigid motion correction (64).

Visual field representation in the tectum was then estimated with one of
two methods.
Phase mapping with drifting bars. Visual stimuli consist of repeated presen-
tations of a single vertical or horizontal 18°-wide black bar drifting at a cons-
tant rate along the full span of the anterior-posterior or superior-inferior
axis. The bar width was set as a fixed on-screen pixel width that spanned an
18° visual angle on the screen position perpendicular to the eye. In some cases
involving stage 42 animals, 36°-wide bar stimuli were used to produce more
robust visual responses, but these were not used for quantitative analysis. Typ-
ical stimulus-triggered response to a single drifting bar shows a near-Gaussian
profile, with slow onset and decay that lasts throughout the stimulus presen-
tation (Fig. 1 D and E). Recorded images were smoothed with a two-
dimensional Gaussian filter with ¢ = 1. The first differential was calculated for
pixelwise calcium traces; then, the following analysis was applied. A Fourier
transform [using MATLAB fft()] on a response trace converts the signal into a
sum of sine waves of different frequencies, and the stimulus-evoked response
can be extracted by evaluating the Fourier component at the frequency of
stimulus presentation (31) (Fig. 1F). The amplitude of this component gives
the strength of the peak stimulus-evoked response, and the phase corre-
sponds to the time of the peak response, which converts to the bar position
that evoked the response. A drifting bar continuously activates retinotectal
neurons as it moves across the tectum, which results in a delay between the
bar arriving at the optimal stimulus location and the time the peak response is
observed. This response latency is corrected for by conducting pairs of trials
where the stimulus bars sweep in opposite directions and then, taking the dif-
ference between the peak response phases to obtain an absolute response
phase. For an experiment with an interval of t,an between repeated drifting
bar presentations, absolute phase ¢* can be found by

0" = (@1 — @2 — tolark) /2,

where ¢, and ¢, are the relative phases in the two opposite directions. The
SNR of the response is defined as A/, where A, is amplitude of the Fourier
component at the stimulus frequency and ¢ is the SD of all amplitudes at fre-
quencies above the stimulus frequency (65). This approach is justifiable
because while pixels in the tectal neuropil exhibited a relatively high degree
of direction selectivity on average, preferences for any given direction were
homogeneously distributed across the tectum, and as a whole, the tectum did
not strongly favor any one direction (S/ Appendix, Fig. S1 B-D).

Grid mapping with flashing bars. Vertical or horizontal 18°-wide black bars
were presented randomly at one of five set positions along the azimuth
or elevation axis (numbered one to five). Each stimulus bar was flashed for
200 ms. Typical stimulus-triggered calcium signals feature a rapid (<1 s) onset
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to peak and a slow decay; 15-s intervals where only the background is dis-
played were placed between stimulus presentations to allow the GCaMP sig-
nal to return to baseline. To extract visual field representations, the pixelwise
AF/Fq response to each stimulus was calculated as the peak calcium signal over
1.5 s after the onset of the stimulus subtracted and divided by a baseline of
the average calcium signal over 3.3 s in the blank period before the stimulus.
Each pixel was then assigned an optimal stimulus position L as a weighted
average:

L=X(L x Fi)/ZF;,

where L; is the bar position (one to five) and F; is the AF/Fq response evoked by
the bar at position L;.

Comparing phase and grid maps from the same animal. To evaluate the
consistency between retinotopic maps extracted using the two different
methods, phase values from the neuropil area (thresholded for SNR > 1) were
scrambled; then, both phase map and grid map position values were normal-
ized to the mean of the scrambled phase value. We then compared phase vs.
grid and phase vs. scrambled position values by averaging the absolute differ-
ences per pixel over the neuropil.

Computing cell body grid maps. Cell body ROIs were automatically seg-
mented using Cellpose (66) and then manually processed to remove non-
neuronal elements, such as melanophores and radial glia somata. AF/F,
responses were averaged within each ROI; then, optimal stimulus position for
each ROl was calculated in same way as pixelwise optimal stimulus positions.
Global topographic gradient. The global topographic gradient was calcu-
lated from the phase maps within a volume as follows. For each pixel within
the neuropil area with SNR > 1.5, a local gradient vector was calculated as the
vector sum of differences in topographic position (phase) from adjacent pixels
in the x, y, and z directions using the MATLAB function gradient(). All local
gradient vectors within the volume were then summed and normalized to
acquire the global topographic gradient.

Discontinuity. Local discontinuity was defined for a given pixel as the mean
difference in receptive field position (phase) of the pixel to all neighboring
pixels within a 15-pixel (7.44-um) radius after applying an SNR > 0.8 threshold.
Local discontinuity was evaluated at all pixels in the neuropil with SNR > 0.8
and with more than 30% of the pixels in its neighborhood passing SNR > 0.8.
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