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SUMMARY

Visually guidedbehavior in three-dimensional environ-
ments entails handling immensely different sensory
andmotor conditions across retinotopic visual field lo-
cations: peri-personal (‘‘near’’) space ispredominantly
viewed through the lower retinotopic visual field (LVF),
whereas extra-personal (‘‘far’’) space encompasses
the upper visual field (UVF). Thus, when, say, driving
a car, orienting toward the instrument cluster below
eye level is different from scanning an upcoming inter-
section, even with similarly sized eye movements.
However, an overwhelming assumption about visuo-
motor circuits for eye-movement exploration, like
those in the primate superior colliculus (SC), is that
they represent visual space in a purely symmetric
fashion across the horizontal meridian. Motivated by
ecological constraints on visual exploration of far
space, containing small UVF retinal-image features,
here we found a large, multi-faceted difference in the
SC’s representation of the UVF versus LVF. Receptive
fields are smaller, more finely tuned to image spatial
structure, and more sensitive to image contrast for
neurons representing the UVF. Stronger UVF re-
sponses also occur faster. Analysis of putative synap-
tic activity revealed a particularly categorical change
when the horizontal meridian is crossed, and our ob-
servations correctly predicted novel eye-movement
effects. Despite its appearance as a continuous
layered sheet of neural tissue, the SC contains func-
tional discontinuities between UVF and LVF represen-
tations, paralleling a physical discontinuity present in
cortical visualareas.Our resultsmotivate the recasting
of structure-function relationships in the visual system
from an ecological perspective, and also exemplify
strong coherence between brain-circuit organization
for visually guided exploration and the nature of the
three-dimensional environment in which we function.

INTRODUCTION

The primate superior colliculus (SC) is a layered midbrain struc-

ture critical for visual-motor processing, target selection, and
Curre
attention [1–11], and it is particularly important for sensorimotor

transformations from retinal image features into gaze shift com-

mands [5–7, 12]. Superficial SC layers contain retinotopic maps

of the contralateral visual field, and deeper layers contain

spatially registered eye-movement maps [13–15]. Visual, vi-

sual-motor, and motor neurons possess response fields (RFs)

confined to a region of visual (afferent) or movement (efferent)

space, and RF sizes are often large. This means that the SC

may use coarse population coding to ensure accurate localiza-

tion [16–19].

Much like primary visual cortex, the SCmagnifies foveal repre-

sentations [13, 14]. Such magnification affords smaller and more

abundant RFs dedicated to processing small retinotopic eccen-

tricities [13], which increases spatial resolution [16]. Indeed, RFs

associated with microsaccades, which precisely relocate gaze

on a miniature scale [20, 21], are smaller than peripheral RFs

associated with large saccades [22, 23]. Observations like these

have led to a universally acceptedmodel [19] in which retinotopic

eccentricity morphs onto SC tissue using logarithmic warping. In

this model, more tissue represents central locations, and with

higher resolution, but upper (UVF) and lower (LVF) visual field

representations are identical.

However, our environment dictates different constraints on

eye-movement exploration between the UVF and LVFs [24].

For example, the LVF encompasses peri-personal ‘‘near’’ space,

in which objects project larger retinal images, whereas UVF ob-

jects are generally ‘‘far’’ and project small features (Figures 1A

and S1A) [24]. In this study, we hypothesized that SC organiza-

tion might be ‘‘in tune’’ with such ecological constraints on

eye-movement exploration [24]. We discovered a significant

asymmetry across the horizontal meridian, spanning both

anatomical mapping as well as physiological and behavioral

properties. This asymmetry is such that SC visual-motor pro-

cessing allows more accurate and lower-latency saccades to

UVF image features.

We will show, among other things, that UVF SC RFs are

smaller than LVF RFs. This suggests UVF magnification in neural

tissue, similar in principle to foveal magnification. We will thus

propose a revised model more accurately representing SC

topography than the universally accepted model [14, 19]. Our

revised understanding of SC topography is not only in line with

behavioral effects, but it may also be a critical missing link for

resolving some long-standing debates about SC saccade-

related dynamics [9, 25–27]. More broadly, our results motivate

recasting of structure-function relationships in the visual system

from an ecological perspective [24]. This sentiment is contrary to

common practice. For example, because dorsal cortex (primarily
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Figure 1. Sharper, Stronger, Faster UVF SC

Representation

(A) In retinotopic coordinates, UVF features are

generally farther and smaller than LVF features

[24]. In this example, a driver initially looks down

near the instrument cluster. A bird on a treetop

might attract his gaze, requiring an upward

saccade; a similarly sized saccade can be made to

the LVF (if, for example, something itches on his

hand). The spatial scales at the ends of the two,

otherwise identical, saccades differ (dashed cir-

cles). Also see Figure S1A.

(B) Visual RFs from two example visual neurons

(the depth from the SC surface is indicated in each

panel). Individual dots show sampled stimulus lo-

cations. The neurons were matched for animal,

side of space, depth, and hotspot eccentricity (i.e.,

eccentricity of peak response), but the UVFRFwas

smaller.

(C) Firing rates of the same neurons for a flashed

spot at the preferred RF hotspot. The UVF neuron

had a stronger response (measured as the peak

response within 30–150 ms after stimulus onset).

Note that the neurons showed a later ‘‘off’’

response because of the brief stimulus flash. Error

bars, which are indicated by thin dashed lines

around the data curves, indicate the SEM.

(D) The same visual responses but shown as spike

rasters. Each dot is a spike; each row is a trial. The

first stimulus-evoked spike is magenta, and green

vertical lines indicate the mean/SEM first-spike

latency. Visual responses occurred faster for the

UVF neuron. The arrow indicates the time differ-

ence between the mean latency of neuron 1 and

the mean latency of neuron 2

Also see Figure S1.
representing the LVF) is more readily accessible experimentally,

there exists a strong bias to study only the LVF. Such bias might

mask interesting UVF versus LVF dissociations [24].

RESULTS

We recorded from 419 neurons (157 visual, 251 visual-motor,

and 11 motor) in two monkeys performing visual and saccade-

related tasks (Experimental Procedures). We analyzed visual

and saccade-related activity as well as RF properties. Our data-

base spanned a range of eccentricities and directions (Figures
1648 Current Biology 26, 1647–1658, July 11, 2016
S1B–S1E) and was balanced, with

52.21% of neurons preferring UVF RF

locations and 47.79% preferring LVF

locations.

We observed a large change in visual

RF area as a function of visual field loca-

tion. Figure 1B shows RFs from two

example visual neurons recorded from

the same SC side, same animal, same

electrode depth from the SC surface,

and, most importantly, same RF hotspot

eccentricity (defined as the stimulus loca-

tion giving maximal visual response). In

each panel, we plotted visual burst
strength as a function of stimulus location from a delayed visually

guided saccade task used to map RFs (Experimental Proce-

dures). The figure shows locations with significant visual re-

sponses above each neuron’s no-stimulus baseline (Experi-

mental Procedures). The UVF RF (neuron 1) was �76% smaller

than the LVF RF (neuron 2) (60.43 degrees2 versus 251

degrees2).

This effect was accompanied by stronger and lower-latency

responses. For the same neurons, we analyzed visual res-

ponses when the monkeys fixated, and we presented a briefly

flashed spot at each neuron’s preferred hotspot (Experimental



Figure 2. Higher-Resolution UVF Spatial Representation

(A) Visual RF area (Experimental Procedures) increased with eccentricity [13], but more dramatically for LVF neurons.

(B) Same data as in (A), but as a function of RF direction from horizontal.

(C) Same data, but collapsing across directions or eccentricities.

(D) Example eccentricity-matchedmotor RFs showing a similar asymmetry. All conventions are similar to Figure 1B, but here wemeasured pre-saccadic (0–50ms

before saccade onset) firing rate.

(E) Like (A), but for motor RFs.

Error bars indicate the SEM. Also see Figures S2–S4.
Procedures). We measured peak response 30–150 ms after

stimulus onset and found that the UVF neuron had �1.66 times

the response of the LVF neuron (Figure 1C; p < 0.05, two-tailed

t test). Moreover, latency to first stimulus-induced spike was

lower (Figure 1D; p < 0.05, two-tailed t test). Thus, UVF SC rep-

resentations have smaller RFs and stronger, lower-latency visual

responses.

We next describe the robustness of these findings, their rela-

tion to motor RF properties, as well as their implications

for behavioral properties of saccades and SC topographic

representations.

Higher-Resolution Coverage of the Upper Visual Field
We plotted visual RF area (Experimental Procedures) as a func-

tion of hotspot eccentricity (Figure 2A). RF area increased with

eccentricity [13], but the increase was stronger for LVF RFs

(two-way ANOVA, p < 0.05 for both main effects of eccentricity

and UVF/LVF location). We also analyzed RF area as a function

of direction from horizontal (Figure 2B): both direction and ec-
centricity had an impact (two-way ANOVA, p < 0.05 for both

main effects of eccentricity and direction). The same conclusion

was reached when collapsing across directions (Figure 2C, left;

two-way ANOVA, p < 0.05); moreover, for individual eccentricity

bins, 2- to 5-degree and 5- to 10-degree eccentricities each had

larger LVF RFs than UVF RFs (p < 0.05, two-tailed t tests; Fig-

ure 2C, left). The effect was weakest for foveal eccentricities,

for which RF sizes are already small. Similar analyses when

collapsing across eccentricities (Figure 2C, right) also revealed

a main effect of UVF/LVF location (p < 0.05, two-way ANOVA).

However, this time, there was no main effect of direction (p >

0.05), suggestive of a categorical change across the horizon

(i.e., even directions <20 degrees showed an area difference be-

tween UVF and LVF).

Because RF area increases with depth from the SC surface

[28], we also confined analyses to the most superficial layers

(<1mmbelow the surface [8]) and still observed UVF/LVF differ-

ences (Figure S2A). Thus, Figures 2A–2C are not an artifact of

combining different depths. We also found similar UVF/LVF
Current Biology 26, 1647–1658, July 11, 2016 1649



asymmetries in either right or left SC individually (Figure S2B).

Moreover, for neurons with predominantly vertical RF hotspots,

LVF RFs were uncharacteristically elongated, almost forming

an edge-like representation (Figure S2C). Finally, for deeper

visual-motor and motor neurons, even UVF saccade-related

motor RFs were smaller. This is illustrated in Figure 2D for two

eccentricity-matched visual-motor neurons recorded during

the same delayed visually guided saccade task as that in Fig-

ure 1B. Pre-saccadic firing rate was plotted as a function of

saccade endpoint (Experimental Procedures), and the LVF

neuron still had a larger motor RF; this was also consistent

across the population (Figures 2E and S3; two-way ANOVA,

p < 0.05 for both main effects of eccentricity and UVF/LVF

location).

Therefore, even when separately analyzing different depths,

individual SCs, and saccade-related RFs, UVF/LVF RF area dif-

ferences persisted and extended to efferent representations.

With larger LVF RFs, a given stimulus or saccade endpoint

would activate neurons with RF hotspots at significantly more

retinotopic locations than a similarly eccentric UVF stimulus.

We confirmed this for visual (Figure S4A) and saccade-related

(Figure S4B) representations. Such a difference in spatial pooling

is reminiscent of psychophysical differences in illusory contour

integration between the UVF and LVFs [29].

Higher Spatial-Frequency Tuning and Contrast
Sensitivity in the Upper Visual Field
Another implication of a sharper UVF spatial representation (i.e.,

with smaller RFs) is that it might extend to other aspects of

spatial vision. We hypothesized that sensitivity to fine spatial

structure might be higher in the SC’s UVF representation. We

therefore characterized SC spatial-frequency tuning properties

(Experimental Procedures). The monkeys fixated while we pre-

sented a stationary grating within an RF. We observed individ-

ual preferences for individual spatial frequencies (Figure 3A).

Like in primary visual cortex [30, 31], individual eccentricities

had neurons representing multiple spatial frequencies, and tun-

ing curves became increasingly low pass eccentrically (Fig-

ure S5). Remarkably, beyond the parafovea, UVF neurons ex-

hibited more tuning to higher spatial frequencies (Figures 3A

and 3B). Thus, the existence ofmultiple spatial-frequency chan-

nels at a given eccentricity persists farther out in the periphery

for UVF representations. We statistically confirmed this by

testing for a larger UVF dispersion of preferred frequencies (Fig-

ure 3B; p < 0.05, median-subtracted Ansari-Bradley test for

dispersions).

We also tested contrast sensitivity using the task of [32]. Once

again, UVF neurons had higher sensitivity (i.e., lower semi-satu-

ration contrasts; p < 0.05, two-tailed t test) and larger dynamic

range (p < 0.05, two-tailed t test) (Figures 3C and 3D). Thus,

UVF SC visual RFs are smaller, more finely tuned to spatial struc-

ture, and more sensitive to image contrast.

Stronger, Lower-Latency Upper Visual Field Visual
Responses
We explored the increased sensitivity property further by

analyzing visual response strength for a briefly flashed spot at

the RF hotspot while the monkeys fixated (from the same task

used in Figure 1C; Experimental Procedures). Peak UVF re-
1650 Current Biology 26, 1647–1658, July 11, 2016
sponses were �1.33 times stronger than peak LVF responses

(Figure 4A; p < 0.05, two-tailed t test), and this effect persisted

for different directions from horizontal (Figures 4B and 4C; p <

0.05, one-way ANOVA with direction as the main factor). Like

in the example neurons (Figure 1), we also confirmed that UVF

neurons also exhibited lower visual response latencies (Figures

4D and 4E; p < 0.05, two-tailed t test; also demonstrated in

Figure 4F; p < 0.05, one-way ANOVA with direction as the

main factor). Given that SC visual bursts strongly correlate with

saccadic reaction times (RTs) [33–35], these observations (Fig-

ures 4A–4F) help explain previously reported decreases in UVF

visually guided saccade RTs [36, 37]. Such effects, which we

replicated (Figure S6A, left panel; Figure S6B, leftmost panel),

have eluded a neurobiologically plausible mechanism for several

decades [24].

Interestingly, stronger UVF activity was specific for visual re-

sponses. Saccade-related activity showed the opposite effect:

across directions, pre-saccadic activity was weaker in the UVF

(Figure 4G; p < 0.05, two-tailed t test), and there was a direction

main effect (Figures 4H and 4I; p < 0.05, one-way ANOVA).

Thus, in the UVF, it is visual SCmodulations that are particularly

strong.

Given that the SC receives inputs from several cortical visual

areas [38], in which there is a physical discontinuity between

UVF and LVF representations [39, 40], we hypothesized that an

SC functional discontinuity in visual representations might paral-

lel a cortical structural discontinuity. We analyzed visually

evoked local field potentials (LFPs) as a proxy for aggregate syn-

aptic activity after stimulus onset (Experimental Procedures). We

did this for the same task for which we analyzed visually evoked

spiking (Figures 1C, 1D, and 4A–4F). An even stronger UVF

asymmetry emerged: across eccentricities, stimulus-evoked

LFPmodulation was�2.5 times stronger for UVF RFs compared

to LVF RFs (Figure 5A; p < 0.05, two-tailed t test). Additionally,

there was a categorical change in response strength across

the horizontal meridian (Figure 5B): for all UVF direction bins,

LFP response was much stronger than for all LVF bins, and the

effect was approximately equal for different directions (Figures

5B–5D) and eccentricities (Figures 5D and 5E). We confirmed

this statistically: two-way ANOVAs with UVF/LVF location as

one factor and eccentricity or direction as the other revealed a

main effect of only UVF/LVF location (p < 0.05). This suggests

a categorical change, or functional discontinuity, across the hor-

izontal meridian.

Lower-Latency, More Accurate Upper Visual Field
Saccades
Using visually guided saccades (Experimental Procedures),

we confirmed that UVF saccades are not only lower latency

(as stated above) but also more accurate (Figure S6A; Fig-

ure S6B, two leftmost panels). The RT effect is likely a conse-

quence of visual response effects (Figures 4 and 5), and the

accuracy effect probably reflects smaller UVF motor RFs (Fig-

ures 2D, 2E, and S3).

Using visually guided saccades, we also discovered that ex-

press saccades (with RTs <100 ms) [41] were 9–14 times more

likely for UVF rather than LVF targets (Figure S6B, rightmost

panel). This large effect is surprising given that express saccades

should be rare (if not absent) in this task [41].



Figure 3. Higher UVF Spatial-Frequency Tuning and Contrast Sensitivity

(A) Sample spatial-frequency tuning curves for three eccentricity-matched pairs of UVF/LVF neurons. Each column shows one eccentricity, and the top and

bottom rows showUVF and LVF neurons, respectively. UVF eccentric neurons (6 and 10 degrees) had higher preferred spatial frequency (magenta lines) than LVF

neurons. The insets show neuron locations.

(B) Normalized tuning curves for all eccentric neurons (>5 degrees; inset). The range of preferred spatial frequencies was higher for UVF neurons. Saturated colors

show the mean/SEM of the individual curves. Also see Figure S5.

(C) Contrast sensitivity curves for three eccentricity-matched pairs of UVF/LVF neurons. Vertical lines indicate semi-saturation contrasts. UVF neurons had higher

sensitivity.

(D) Summary of all contrast sensitivity curves. UVF neurons had lower semi-saturation contrasts and larger dynamic ranges.

Error bars indicate the SEM.
We also hypothesized that for memory-guided saccades

(Experimental Procedures), RTs should not be affected by

UVF/LVF location, because of stimulus absence and the delib-

erate task nature. However, UVF landing error should still

decrease because of smaller motor RFs. We confirmed this (Fig-

ures S6C and S6D). Thus, our neural results have direct conse-

quences for visual-motor behavior.

Anatomical Over-Representation of the Upper Visual
Field
Finally, if UVF RFs are smaller than LVF RFs, then ensuring

coverage of the UVF in a topographic map should recruit more

neural tissue, analogous to foveal magnification. This suggests
that the UVF should be over-represented. We found evidence

for this by analyzing eccentricities and directions preferred by

multi-unit visual activity first encountered at the SC surface

(Experimental Procedures). We were noticeably more likely to

encounter UVF than LVF locations. For example, Figure 6A

shows a continuous run of daily recordings from one monkey,

in which we systematically moved our recording electrode (later-

ally within a chamber) by 100-mm steps (or small multiples

thereof). The figure shows electrode track locations along with

directions and eccentricities encoded by multi-unit activity at

the SC surface. A larger area of sites was dedicated to the

UVF (Figure 6A, right panel), at least within the SC region that

we could map given our display-system limits. Meta-analysis
Current Biology 26, 1647–1658, July 11, 2016 1651



Figure 4. Stronger, Lower-Latency UVF Visual Responses

(A) Stimulus-evoked firing rate for UVF (blue) or LVF (red) neurons. In each neuron, the stimulus was a briefly flashed spot at the preferred RF hotspot. Peak firing

rate was stronger in the UVF.

(B) Same data, but neurons were separated according to RF direction from horizontal (indicated by the color-coded legend). UVF responses were systematically

higher.

(C) Same data, now summarized as a plot of peak stimulus-evoked firing rate versus RF direction from horizontal (similar binning to Figure 2B).

(D) Cumulative histograms of UVF or LVF first-spike latency (as computed in Figure 1D, and from the same task).

(E) Raw histograms of the data in (D). UVF responses occurred systematically sooner than LVF responses.

(F) Summary of first-spike latency as a function of RF direction from horizontal, as in (C).

(G–I) Same analyses as in (A)–(C), but for saccade-aligned firing rates during the delayed visually guided saccade task. Saccade-related activity showed the

opposite patterns from visual activity (A–C).

Error bars indicate the SEM. Also see Figures 5, S4, and S6.
of electrode locations from an earlier study [13] revealed very

similar results (Figure 6B). Thus, our observations are robust,

even though they are very different from the universally accepted

model of SCmapping [19], having identical UVF/LVF representa-

tions (Figure 6C). We therefore revised (Experimental Proce-
1652 Current Biology 26, 1647–1658, July 11, 2016
dures) the model (Figure 6D) by including a functional disconti-

nuity across the horizontal meridian.

An interesting consequence of our revised model is that it al-

lows ‘‘equalizing’’ the size of the active SC population in anatom-

ical coordinates, despite large changes in RF area as a function



Figure 5. Stronger UVF Visually Evoked LFP Modulations

(A–C) Same analyses as in Figures 4A–4C, but for LFPs (Experimental Procedures). Peak LFP amplitude deflection (a negative-going deflection) was stronger in

the UVF.

(D) We also separated electrode tracks according to their visual RF hotspot eccentricity and direction (x axis in each panel). Stronger negative deflections

occurred in the UVF, regardless of eccentricity or direction. The LFP effect was much stronger than the firing rate effect (Figures 4A–4C).

(E) LFP visually evoked amplitude as a function of two-dimensional electrode location in the SCmap (Experimental Procedures). The LFP response was stronger

above the horizontal meridian.

Error bars indicate the SEM.
of either eccentricity or UVF/LVF location (e.g., Figure 2A). Spe-

cifically, in visual coordinates, UVF RFs are smaller than LVF RFs

(Figures 7A and 7D), but our model suggests that there may be

UVF magnification in SC coordinates, which compensates for

this. We confirmed this in Figure 7. We projected visual RFs

from retinotopic coordinates (Figures 7A and 7D) into SC

anatomical coordinates using either the Ottes et al. model [19]

(Figures 7B and 7E) or our revisedmodel (Figures 7C and 7F). Ac-

cording to the original model, eccentricity is warped using loga-

rithmic mapping. Thus, for either the UVF or LVF individually, RF

sizes across eccentricities are equalized [9, 19] (compare eccen-

tricities in each row individually in Figure 7B). However, because

the original model is symmetric across the horizontal meridian,

UVF RFs (upper row) are still smaller than the LVF RFs (bottom

row). With our revised model (Figure 7C), over-representation

of the UVF means that smaller UVF RFs in visual coordinates

become ‘‘magnified’’ in SC coordinates. Thus, the SC can still

equalize RF area both in terms of eccentricity (compare neurons

in either the UVF or LVF individually in Figure 7C) and in terms of

UVF or LVF location (compare neurons within a given column).

Thus, even with UVF/LVF asymmetries, it may still be true that

the same SC population size would be activated for different

stimulus locations or saccade endpoints (Figure 7F), as was hy-
pothesized earlier using horizontal saccades [9, 19]. Moreover,

because motor RFs show similar effects to visual RFs (Figure 2),

this also applies for the SC’s motor map (Figure S7).

DISCUSSION

We observed a sharper, stronger, and lower-latency UVF repre-

sentation in the primate SC, and also explored the behavioral

and neuroanatomical consequences of these observations.

Our results, showing an over-representation of the UVF (Fig-

ure 6), highlight the importance of analyzing structure-function

relationships in the visual system.

Our results alsomotivate revisiting classic controversies about

SC saccade-related dynamics. Specifically, peri-saccadic

spreading of SC activity was hypothesized [9], but these results

were hard to interpret and/or replicate [25]. These difficulties

may have arisen exactly because of visual field locations. For

example, muchwork on this issue used only horizontal saccades

[9] or has used analyses assuming UVF/LVF symmetry [25].

However, if there are different UVF and LVF spatial pooling pat-

terns (Figures 2, S3, and S4) and dynamics (Figures 4 and 5),

then different ‘‘spreading’’ patterns (a hallmark of spatial pooling

and lateral interaction [26]) may be expected to occur for UVF
Current Biology 26, 1647–1658, July 11, 2016 1653



Figure 6. Over-Representation of the UVF in the Primate SC

(A) The left panel shows eccentricity and direction at the SC surface from one contiguous set of electrode penetrations. We mapped the rostral (foveal) SC with

100-mm resolution and a significant chunk of the caudal (peripheral) region. Each diamond indicates an electrode location; each colored line indicates eccentricity

(length of line) and direction (direction of line, starting from the filled circle) encoded at the SC surface. Eccentricity is scaled according to the 5-degree diagonal

line in the inset. Colors delineate UVF and LVF. The UVF representation was larger: the right panel summarizes the area within contours delineating UVF and LVF

electrode tracks. Note that due to foveal magnification, neighboring locations in the rostral sites of the left panel appear to have similar directions and eccen-

tricities to each other. However, we confirmed that preferred direction still consistently changes as a function of medio-lateral SC location across eccentricities

(data not shown). In fact, in the most caudal sites of the left panel, where there is less foveal magnification, clearer medio-lateral changes in preferred directions

can be seen [14].

(B) Meta-analysis of Cynader and Berman [13]. Shown are electrode locations, which we color coded according to the UVF and LVF (left). Because foveal neurons

(gray color) were not described in [13], we excluded them from the meta-analysis. The UVF region is larger, and the area ratio of blue and red contours (right) is

consistent with (A). Modified with permission from [13].

(C) A popular model of SC mapping, from Ottes et al. [19] and based on Robinson [14], having identical UVF/LVF representations.

(D) Our proposed revised model (Experimental Procedures).

Also see Figures 7 and S7.
versus LVF saccades. In fact, even though we did not explicitly

sample deep ‘‘buildup’’ neurons showing the most convincing

spreading [9], we nonetheless identified differences in UVF/

LVF saccade-related spreading (Figure S4B). This result is

further supported by a theoretical hypothesis on the effect of

asymmetries in internal SC connections on population dynamics

[26]. Thus, the UVF/LVF asymmetry that we uncovered can have

a substantial impact on our understanding of saccade control by

the SC.
1654 Current Biology 26, 1647–1658, July 11, 2016
Our results may also help identify functional sources of resid-

ual visual capabilities after brain lesions. For example, subjects

without primary visual cortex lose conscious perception but still

exhibit ‘‘blindsight’’ [42]. Blindsight, a residual visual capability,

could primarily arise through a retino-tectal pathway [43]

traversing the SC or an extra-striate retino-geniculate pathway

through LGN [44]. Given that the SC UVF asymmetry may be

the exact opposite [24] (see below) of potential asymmetries

that are present in at least some cortical visual areas, like MT



Figure 7. Implications of UVF Over-Representation on the Active SC Population Size for a Given Stimulus Location

(A) Example visual RFs from three eccentricity-matched pairs of UVF (top row) or LVF (bottom row) neurons. RF area increased with eccentricity and was larger in

the LVF (Figure 2).

(B) The same RFs projected onto anatomical SC tissue using the Ottes et al. model [19] of the Robinson SC topographic map [9, 14, 19]. In each row (i.e., for either

UVF or LVF neurons individually), RF sizes across the three eccentricities were roughly equalized (the most eccentric RF was decreased in size and the most

central RF was magnified due to logarithmic warping). This is consistent with observations [9] made for horizontal saccades, and suggests that the size of the

active SC population for a given saccade may be equalized in tissue coordinates [9, 19]. However, when different directions are considered, RFs cannot be

equalized (compare the two rows).

(C) With our revised model (Figure 6D), the UVF is magnified. Thus, RF area can be equalized both in terms of eccentricity (compare neurons in either the UVF or

LVF individually) and UVF/LVF location (compare neurons in a given eccentricity across the UVF or LVF).

(D) Population analysis similar to [9], showing dependence of RF area (in visual coordinates) on eccentricity and UVF/LVF location.

(E) The same data as in (D) plotted in SC coordinates using the original Ottes et al. model [19]. RF areawas roughly equalized [9] in either the UVF or LVF (horizontal

regression lines), but there was still a UVF/LVF asymmetry (the two regression lines are apart).

(F) The same data as in (D) and (E) plotted in revised SC coordinates. RF area was now roughly equalized not just for eccentricity but also for UVF/LVF location.

Note that if the UVF magnification factor of the revised model is optimized further, the UVF/LVF differences that remain in this panel can be further reduced.

Error bars indicate the SEM. Also see Figure S7.
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[45], it could be the case that patterns of UVF versus LVF visual

abilities/deficits exhibited in blindsight may help clarify on which

alternative pathways blindsight subjects rely. For example, in-

specting published saccade data from blindsight monkeys

[46], we found that their patterns of landing errors were strongly

consistent with what our results predict if the SC were a primary

determinant of their performance. Thus, our results could resolve

historical debates about the functional importance of the SC’s vi-

sual analysis properties, some of which, like spatial-frequency

tuning, are yet to be fully investigated.

Related to the above, it is not yet entirely clear which (or

whether) early visual cortical areas would exhibit strong UVF/

LVF asymmetries. It is sometimes assumed that V1 is symmetric

[47], although there is variability among studies. It was also

shown that MT over-represents the LVF [45]. However, because

of an experimental bias to record from dorsal cortical tissue, and

because work investigating detailed cortical topographies is

quite old [45], much still remains to be learned about detailed

UVF/LVF asymmetries in different visual and motor areas. Given

Previc’s hypotheses about ecological constraints on functional

specialization in the visual system [24], one might make predic-

tions. Specifically, Previc has hypothesized that areas analyzing

properties of retinal images that typically occupy near space

(e.g., having motion and stereo disparity patterns associated

with near objects) might over-represent the LVF, and that areas

needed for exploration of far space might over-represent the

UVF [24]. Given this, the frontal eye field (FEF), implicated in

eye-movement exploration, might exhibit UVF over-representa-

tion like the SC. Interestingly, in a recent study characterizing

FEF RFs [48],�70% of neurons were UVF neurons (51/73 in Fig-

ure 2D of [48]). Likewise, saccade-direction cells in entorhinal

cortex exhibit a strong bias toward upward saccades [49].

Thus, UVF over-representation may emerge in a variety of areas

implicated in visual exploration.

More generally, our results demonstrate that even for simple

two-dimensional image maps, there exists remarkable optimiza-

tion that goes well beyond foveal magnification. This idea is in

line with emerging evidence that the visual system is well adapted

to its environment. For example, mouse retinal photoreceptor dis-

tributions and spectral responses provide near-optimal sampling

of the environment above and below the horizon [50]. Similarly,

somemouse retinal ganglioncells havenon-uniform topographies

allowing themtopreferentially enhancesamplingof, say, frontal vi-

sual fields [51]. Finally, the mouse SC itself over-represents the

UVF [52]. Thus, detailed specialization patterns within individual

brain regions may be more pervasive than previously thought.

Finally, our results run contrary to a universally acceptedmodel

of SC topography [14, 19], which is used heavily to document,

analyze, and interpret results. However, such interpretation might

bemisguided by pure symmetry assumptions. Our revisedmodel

(Figures 6D and 7) provides what we hope is amore useful tool for

future studies of this important brain structure.
EXPERIMENTAL PROCEDURES

Animal Preparation

Ethics committees at the Tuebingen regional governmental offices approved

the experiments. Monkeys P and N (male, Macaca mulatta, aged 7 years)

were prepared earlier [32, 53, 54].
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Behavioral Tasks

Visually Guided Saccade Task

A spot [32, 53, 54] was presented for 300–3,600 ms (monkey N) or 420–

3,150 ms (monkey P). A white saccade target (1-degree-diameter circle)

then appeared (5-degree eccentricity) in one of eight directions, and fixation

was released. This task was used for behavioral tests (Figures S6A and

S6B). We analyzed 24,396 (monkey N) and 17,446 (monkey P) trials.

Delayed Visually Guided Saccade Task

A spot was presented for 300–1,000 ms. An eccentric spot was then pre-

sented. The fixation spot was removed 500–1,000 ms later. Monkeys oriented

to the eccentric spot. We collected >100 trials per neuron and varied target

location to map visual and saccade-related RFs.

Memory-Guided Saccade Task

A spot was presented for 300–1,000 ms. An eccentric spot was flashed for

�50 ms. The fixation spot remained on for 300–1,100 ms before disappearing.

Monkeys oriented toward the remembered flash location (within <2.5 de-

grees). We collected >45 trials per neuron, and placed the flash at the RF hot-

spot (assessed from the delayed visually guided saccade task or the fixation

visual RF mapping task).

We used this task for classifying neurons as visual, visual-motor, or motor

[32]. We also used it to study visual response strength and first-spike latency

(Figures 1C, 1D, 4A–4F, and 5) because we had a well-controlled, repeatable

stimulus location across trials (we also confirmed the observations with other

tasks). Finally, we also analyzed additional saccade properties (see Figures

S6C and S6D). We collected this task in 277 neurons.

Fixation Visual RF Mapping Task

In 78 neurons, we confirmed visual RF maps from the delayed visually guided

saccade task by using a similar task involving fixation. The same sequence of

events happened, except that the fixation spot was not removed at trial end. In

a minority of neurons, we used this task instead of the saccade version for vi-

sual RF mapping. However, the two tasks were identical in the stimulus-

induced phase.

Spatial-Frequency Tuning

Monkeys fixated a spot while we flashed a stationary vertical Gabor grating

(80% contrast) filling the RF. Grating frequency was 0.56, 1.11, 2.22, 4.44, or

11.11 cycles/degree. Grating phase was randomized. We collected data

from 106 neurons in this task.

Contrast Sensitivity

We analyzed data anew from [32], plus seven newly recorded neurons (total

110 neurons).

Data Analysis

When analyzing visual responses, we combined data from visual and visual-

motor neurons because they showed similar results. Similarly, when analyzing

motor responses, we combined motor and visual-motor neurons.

RF Areas

From the delayed visually guided saccade task or the fixation visual RF map-

ping task, we measured peak firing rate 30–150 ms after stimulus onset. We

classified stimulus locations with activity >3 SDs from baseline (0–200 ms

before stimulus onset) as being within the visual RF (e.g., dots in Figure 1B).

We also Delaunay triangulated locations and linearly interpolated to generate

three-dimensional surfaces (e.g., Figure 1B). We measured the area of all sig-

nificant locations. The RF hotspot was the location with maximal activity. For

motor RFs, we repeated the same procedure but measured mean pre-

saccadic (within 50 ms) firing rate.

For Figures 2A and 2E, we binned eccentricities into 1.5-degree bins (with

running windows of 0.5-degree step size and a minimum of seven neurons

per bin). We could not map RF area at very large eccentricities because of

display-system constraints. For a given eccentricity range (Figure 2B), we

also binned RF directions into 20-degree bins (in steps of 10 degrees and a

minimum of ten neurons per bin).

Spatial-Frequency Tuning

We only analyzed trials without microsaccades <100 ms from stimulus onset.

We measured peak visual response 20–150 ms after grating onset. We con-

structed tuning curves according to

f :r:ðsfÞ= a1e
�

�
sf�b1
c1

�2

� a2e
�

�
sf�b2
c2

�2

+B; (Equation 1)



where f.r. is firing rate, sf is spatial frequency, B is baseline firing rate, and a1,

b1, c1, a2,b2, and c2 are parameters. The spatial frequency for which Equation 1

peaked was the preferred spatial frequency. To facilitate visualizing prefer-

ences across neurons (e.g., Figure 3B), we normalized curves by their

maximum.

Contrast Sensitivity

We fit mean visual response 50–150 ms after grating onset using [32]

f :r:ðcÞ=R
cn

cn
50 + cn

+B; (Equation 2)

where c is contrast. For dynamic range, we calculated the difference between

maximum and minimum in a fitted curve. We also only analyzed no-microsac-

cade trials.

First-Spike Latency

We analyzed neurons with zero baseline activity (i.e., the majority). We manu-

ally defined time ranges after stimulus onset and searched for first spikes. Fig-

ure 4F binning was like in Figure 2B.

LFP analyses, population reconstruction, SC surface topography estimates,

and modeling are described in detail in the Supplemental Experimental

Procedures.
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Figure S1, Related to Figure 1. (A) A situation similar to that shown in Fig. 1A, but using an example of a 
monkey in its natural habitat (modified with permission from [S1]). Relative to the line of sight (dashed 
black line), the apple in the LVF is closer to the monkey than the apple in the UVF. The LVF apple would 
thus project a larger retinal image. (B-E) Locations of SC visual and motor (saccade-related) RF’s recorded 
for the current study. (B, D) RF hotspot eccentricities across neurons. (C, E) RF hotspot directions from 
horizontal. Note that we sampled neurons in both the right and left SC in both monkeys. However, in (C, 
E), we show directions collapsed together into one side of space, in order to facilitate presentation of the 
range of UVF/LVF directions that we sampled. Fig. S2 shows controls when only the right or left SC was 
analyzed. Also, note that we collected samples in many directions (from predominantly pure down to 
predominantly pure up). However, we had relatively fewer samples beyond +/- 60 deg from horizontal. 
Thus, even though we still showed individual examples from beyond +/- 60 deg (e.g. Fig. S2C), our 
summary plots were primarily restricted to the directions with maximal support in our population (and 
similarly for eccentricity summaries). 
 
  



 

 
 
Figure S2, Related to Figure 2. (A, B) Analyses similar to those in Fig. 2A, but restricted to only 
superficial SC layers (A) or one side of space (B). (A) indicates that even the most superficial layer neurons 
show an UVF/LVF asymmetry in RF area. A 2-way ANOVA revealed statistically significant main effects 
of both eccentricity and UVF/LVF location (p<0.05 for each main factor). Similar analyses for deeper 
neurons (>1 mm) also revealed significant main effects of eccentricity and UVF/LVF location. Thus, the 
effect in Fig. 2A is not an artifact of sampling deeper neurons with larger RF’s. Also, note that our 
behavioral effects (Fig. S6), as well as motor RF area effects (Figs. 2D,E, S3), support the conclusion that 



the asymmetry seen in Fig. 2A is a functional property of SC architecture and not an analysis artifact. The 
sample neurons presented in Fig. 1 (having similar depth and RF hotspot eccentricity) also support this 
conclusion. (B) indicates that a similar UVF/LVF asymmetry in RF area existed in either the left or right 
SC, representing either the right or left visual hemifield, respectively. We confirmed this statistically: for 
either the right or left hemifield individually, a 2-way ANOVA confirmed that RF area depended on both 
main factors of eccentricity and UVF/LVF location (p<0.05 for each main effect). (C) Example visual RF’s 
for predominantly vertical neurons in the LVF. We noticed elongated RF shapes for such neurons, and the 
RF’s had a relatively large extent even for the top-most central neuron (notice the eccentricity scale bar for 
each neuron). In our experiments, predominantly vertical UVF neurons did not seem to exhibit such 
elongation and size increase, at least not in our recorded sample of neurons. 
 
 
  



 
 
Figure S3, Related to Figure 2. Example saccade-related motor RF’s for UVF and LVF SC neurons. Each 
row shows 3 example neurons from a given RF hotspot eccentricity. In each row, the leftmost neuron is an 
UVF neuron, and the rightmost two neurons are LVF neurons closely matched in eccentricity. As can be 
seen, the UVF neurons had motor RF’s that were consistently smaller than the motor RF’s of LVF neurons. 
Thus, higher-resolution UVF spatial representation in the primate SC extends to the efferent saccade-
related maps of this structure (also see Fig. 2E). This is consistent with behavioral properties of saccades, 
even in the absence of a visual stimulus (Fig. S6). Note that in the top row, the leftmost two example 
neurons shown here are the same as those shown in Fig. 2D. They are included here to facilitate 
comparison to the rightmost neuron having a closely matched motor RF hotspot eccentricity. 
 
 



 
 
Figure S4, Related to Figures 2, 4, 5. Population reconstruction of SC activity following the presentation 
of a visual stimulus at a single location (A) or during the generation of a saccade to a specific endpoint (B). 
(A) In the left column, we asked how different SC neurons would be activated for a stimulus presented at 
10 deg eccentricity and +45 deg above the horizontal meridian (from the delayed visually-guided saccade 
task, Experimental Procedures). For all presentations of this stimulus, we measured the activity of all 
neurons regardless of their visual RF hotspot location. We then plotted the responses of neurons with RF 
hotspots either close to the stimulus location (upper row, saturated blue) or of neurons with more central RF 
hotspot locations (bottom row, faint blue). We repeated the same analysis in the right column, but for a 
stimulus (and neurons) in the LVF. As can be seen, in the UVF, the more central neurons were much less 
active than the neurons with hotspot location near the stimulus location (compare the bottom and top panels 
in the left column). This is expected since more central neurons prefer more central locations than 10 deg, 
and UVF RF’s are small (Figs. 1-2). However, for the LVF condition (right column), the change in firing 
rate between the top and bottom panels is smaller. This indicates that, because of their larger RF’s, neurons 
whose RF hotspot locations are farther away from the stimulus would be more likely to still “see” the 



stimulus in the LVF than in the UVF. Thus, our results of UVF/LVF differences in visual RF area have 
implications on population coding schemes in the SC (also see Figs. 7, S7). Also note that neurons at the 
preferred stimulus location were more active in the UVF than in the LVF (compare the top two panels), 
consistent with Figs. 1, 4A-C, 5. (B) Potential implication of saccade-related firing rate and RF area 
asymmetries on historically contentious debates about the SC’s role in saccade generation. We performed a 
similar reconstruction of population activity to that performed in (A). However, this time, we reconstructed 
saccade-related activity (instead of visually-evoked activity) for two example saccades (from the delayed 
visually-guided saccade task, Experimental Procedures): one to the UVF (left column) and one to the LVF 
(right column). The solid vertical lines show the times of peak saccade-related discharge in each panel. 
Besides the fact that the more central neurons (compare the bottom two panels, noting the difference in 
scale bars) were more active in the LVF condition than in the UVF condition (confirming A), we also 
found an additional asymmetry in the motor responses. Specifically, in the LVF condition (right column), 
more central neurons show a later peak discharge than more peripheral neurons encoding the actual saccade 
endpoint (compare vertical saturated and faint red lines). This effect means that central neurons become 
activated later than peripheral neurons (akin to a spread of activity during the saccade) [S2]. This effect was 
absent for a similarly sized saccade in the UVF (left column). We also replicated the effect for other large 
saccade amplitudes (>10 deg). We should emphasize here that we did not explicitly sample “buildup” SC 
neurons, for which the spread has been most robustly reported in the literature [S2]. Nonetheless, we still 
see evidence of an effect even in our more superficial visual-motor neurons, and, more importantly, we also 
see evidence that this phenomenon might critically depend on UVF/LVF asymmetries. This makes sense in 
retrospect, because such spreading of activity is expected to depend on lateral interactions [S3], which our 
results suggest might be very different in the UVF and LVF. Also, note that the effect in the right column is 
small, which is consistent with evidence that saccade-related spreading occurs most robustly for saccades 
>20-30 deg [S4], which are larger than those we investigated here. Error bars in all panels denote s.e.m. 
 
  



 

 
 
Figure S5, Related to Figure 3. Preferred spatial frequencies of individual SC neurons at different 
retinotopic eccentricities. Each circle represents a neuron (note that we jittered the horizontal position of the 
circles within a column in order to avoid multiple neurons from masking each other). Consistent with 
cortical visual areas, neurons at a given eccentricity exhibited a range of preferred spatial frequencies 
(square brackets highlight the ranges of spatial-frequency channels observed in each eccentricity range). 
Thus, multiple spatial-frequency channels are represented within a given eccentricity in the SC. Moreover, 
and again consistent with cortical visual areas, spatial-frequency preferences consistently decreased with 
increasing retinotopic eccentricity (p<0.05, 1-way ANOVA with eccentricity as the main factor). Thus, the 
SC becomes increasingly low-pass in the periphery. The main text shows that in addition to the properties 
shown in this figure, there are also UVF/LVF asymmetries in spatial-frequency channels in the SC (Fig. 
3A, B). 
 
  



 

 
 
Figure S6, Related to Figures 2, 4, 5. Lower-latency, more accurate UVF saccades. (A) Saccadic RT (left) 
and landing error (right) as a function of target location during immediate, visually-guided saccades from 
one monkey. Right/left target locations were collapsed onto one side to facilitate viewing of UVF/LVF 
effects. Both RT and landing error decreased in the UVF (p<0.05, two-tailed t-test between UVF and LVF 
locations for each of RT and landing error). The RT effect likely reflects stronger and lower-latency UVF 
SC visual bursts, and the landing error effect likely reflects smaller UVF visual and motor RF areas. (B) 
The leftmost two columns summarize the results in (A) for each of the two monkeys. In both monkeys, RT 
and landing error were smaller in the UVF (p<0.05, two-tailed t-test). In the rightmost column, we plotted 
the likelihood of express saccades in the same data. There was a 9-fold to 14-fold increase in express 
saccade probability in the UVF (error bars in this column show 95% confidence intervals and demonstrate 
the statistical significance of the result). This is a strong effect given that express saccades are expected to 
be rare or completely absent in this kind of immediate, visually-guided saccade task. (C) For memory-
guided saccades, RT’s were not affected by visual field location (left panel; p>0.05, two-tailed t-test 
between UVF and LVF locations), but landing error decreased in the UVF (right panel; p<0.05, two-tailed 
t-test). The lack of RT effect is expected because of the prior knowledge about target location provided in 
this memory-guided saccade task (Experimental Procedures), but there was still a landing error effect likely 
reflecting smaller UVF motor RF areas. (D) This effect was consistent across the two monkeys: RT was not 
shorter in the UVF (p>0.05, two-tailed t-test) but landing error was still smaller (p<0.05, two-tailed t-test). 
Note that for memory-guided saccade data, we restricted analyses to eye movements <8 deg in amplitude, 
to be in line with (A, B). Error bars, when visible, denote s.e.m., except for express saccade proportions (in 
which case they denote 95% confidence intervals as stated above). 
 
  



 
 
Figure S7, Related to Figure 7. Implications of an over-representation of the UVF on the size of the active 
SC population for a given saccade endpoint. This figure is identical in format to that in Fig. 7. However, in 
the current analysis, we plotted motor RF’s as opposed to visual RF’s. Similar conclusions to those made in 
Fig. 7 were reached. Specifically, in retinotopic coordinates, motor RF’s increased in area with increasing 
eccentricity, and the UVF RF’s were smaller than the LVF RF’s (A, D). This is consistent with Fig. 2D, E 
and Fig. S3. When converted to SC coordinates using the Ottes et al. model [S5] of the Robinson (1972) SC 
topographic map [S6], RF area was equalized in eccentricity (consistent with [S2, S5]), but the UVF/LVF 
asymmetry persisted (B, E). However, this UVF/LVF asymmetry was reduced using our amended model of 
Fig. 6D (C, F). Thus, as with visual RF’s (Fig. 7), our amended model suggests that the size of the active 
population in the SC for a given saccade vector may be equalized in neural tissue despite changes in RF 
area (in retinotopic coordinates) as a function of eccentricity and UVF/LVF location. Error bars denote 
s.e.m. 
 
 
  



Supplemental Experimental Procedures 
 
LFP analyses 
We sampled data at 40 KHz. The signal was first filtered in hardware (0.7-6 KHz bandwidth). We further 
filtered in software: we removed 50, 100, and 150 Hz line noise using an IIR notch filter and then applied a 
zero-phase-lag low-pass filter (300 Hz cutoff). We finally down-sampled to 1 KHz. 
 
We analyzed filtered LFP traces like firing rates. To investigate stimulus-induced response strength, we 
measured peak LFP deflection 30-100 ms after stimulus onset, and we plotted it versus RF location (e.g. 
Fig. 5). LFP RF locations were estimated from those of nearby isolated neurons [S7]. For Fig. 5E, we 
binned RF locations by eccentricity (2 deg bins, with 2 deg steps) and direction (10 deg bins, with 10 deg 
steps). Within each bin, we plotted average stimulus-induced LFP response, after normalizing 
measurements within a given eccentricity bin (i.e. across all directions) by the maximum absolute value 
within this eccentricity bin. 
 
Population reconstruction 
We picked a stimulus location and asked how different neurons, regardless of their RF locations, responded 
when this stimulus was presented. This provided an estimate (in visual coordinates) of how large an SC 
population would be activated simultaneously for the stimulus. Naturally, neurons with RF hotspots at 
stimulus location were more active than other neurons. However, the breadth of the active population 
would depend on UVF or LVF RF areas (Fig. S4A). To include as many neurons as possible in analysis, we 
considered all stimuli within <3 deg from the analyzed location (e.g. from each of the locations in Fig. 
S4A). 
 
For saccade-related activity (Fig. S4B), population reconstruction also allowed assessing times of peak 
discharge. For example, if peak saccade-related discharge for rostral neurons (i.e. neurons more foveal than 
the saccade endpoint) is later than peak discharge for caudal neurons (i.e. neurons representing the saccade 
endpoint), then this is evidence of a rostrally-directed activity spread [S2]. We should emphasize, however, 
that we did not explicitly record from “buildup” neurons, which show spreading most reliably [S2]. Thus, 
our goal was simply to demonstrate that even without explicitly searching for these neurons, our results 
have implications on such spreading as a function of visual field location (Fig. S4B). 
 
SC surface topography estimates 
We measured our electrode location (laterally within a recording chamber) and related it to the preferred 
eccentricity and direction encountered at SC surface (i.e. when the electrode tip first encountered the SC). 
The maximum resolution for lateral movement within a chamber was 100 µm. In depth, the electrode was 
movable to within 1 µm resolution as we detail below. Our recording chambers were oriented to allow 
orthogonal electrode penetrations of the SC for the regions that we recorded from in this structure [S8], and 
we confirmed this using structural MRI’s. We also used guide tubes to maintain electrode straightness. 
 
We identified SC surface using several criteria. First, we collected structural MRI’s prior to implanting the 
monkeys, and we therefore had detailed knowledge of anatomical landmarks along the SC tracks, as well as 
the depth of the SC from skull surface. We used physiological correlates of anatomical landmarks, as well 
as electrode depth from the skull surface, to develop an estimate of where the SC should be encountered. 
Second, we defined SC surface as the point at which clear multi-unit activity was available, and the multi-
unit activity additionally had to fit the criteria of spatially-specific visual and eye-movement related 
modulations. These were generally easy to see even with monkeys spontaneously scanning their 
environment without a specific task. Third, we had to isolate individual neurons in the same session for the 
session to be acceptable, and these isolated neurons had to meet all the well-known characteristics of 
superficial SC neurons. The average depth of the first isolated visual neuron after SC surface was 496 µm 
+/- 66 µm s.e.m. for monkey P and 634 µm +/- 72 µm s.e.m. for monkey N, consistent with known SC 
anatomy. Fourth, we confirmed (e.g. Fig. 6A), that medial electrode tracks represented upper visual field 
locations, lateral tracks represented lower visual field locations, rostral tracks represented central locations, 
and caudal tracks represented peripheral locations [S6, S9]. Finally, we confirmed that there was a known 
depth ordering of visual, visual-motor, and motor neurons across our penetrations. The average depth of 



pure visual neurons from SC surface was 813.7 µm +/- 47.8 µm s.e.m., and the average depth of visual-
motor neurons was 1290.1 µm +/- 37.5 µm s.e.m. For motor-only neurons, the average depth was 1626.1 
µm +/- 227.5 µm s.e.m. These values (as well as their distributions) were remarkably similar to those 
reported in the literature (e.g. [S10]). 
 
We ensured that our depth estimates reported above were accurate and repeatable by using an electrode 
micro-manipulator having 1 µm resolution, and we moved the electrode slowly at a speed of 1 µm/s using a 
computer-controlled stepper motor. We also minimized variance in our estimates of SC surface across 
experiments by using the following measures: 
 

1) We fixed the electrode and manipulator to the skull of the monkey, such that the reference frame 
was controllable and repeatable across days. 

2) We “zeroed” our electrode position in depth before every experiment (by aligning it to our skull-
based reference). We did so not by hand, but by slowly moving it with 1 µm resolution using our 
computer-controlled micro-manipulator. The variance of our electrode “zero” position across 
sessions was 336 µm std. dev. for one monkey (P) and 211 µm std. dev. for the second monkey 
(N). As s.e.m. values, the variance values were 39.6 µm for monkey P and 30.8 µm for monkey N. 

3) We regularly calibrated our micro-manipulator system, and we maintained the reference frame 
relative to the skull (even for guide tubes, which were mounted together with the electrodes using 
the same holder). This gave us consistent results in finding the SC at the depth that we expected to 
find it at. 

4) We used structural MRI’s and physiological characteristics during each penetration to predict 
when the SC surface should be reached relative to the skull surface. This gave us highly reliable 
points at which we were confident that we had hit the SC surface. To quantify this, we took all SC 
locations in which we visited the same SC location for two consecutive days. We had a total of 24 
such unique SC locations. The mean difference in the depth of SC surface between the second and 
first attempts was 239.9 µm with a std. dev. of 172.4 µm.  

 
 
 
After establishing SC surface, we instructed the monkeys to perform one of our mapping tasks described in 
Experimental Procedures (delayed visually-guided saccade task or fixation visual RF mapping task), and 
we searched for the RF hotspot. We used online (i.e. real-time) measurement and display of multi-unit 
activity, along with audio feedback of this activity, to find RF hotspot, and we later confirmed offline that 
this hotspot was similar to that obtained from the first isolated single neuron. As stated above, we 
sometimes visited the same electrode track location more than once. Thus, we averaged the obtained RF 
hotspot eccentricity and direction across the multiple visits in analyses (e.g. Fig. 6A). 
 
 
Modeling 
In [S5], a mapping function converts polar visual coordinates of eccentricity (R) and direction (θ) onto 
Cartesian coordinates (X, Y) of SC neural tissue (in mm). Neurons at X, Y are “tuned” for visual angles of R, 
θ according to: 
 

X = Bx loge
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Parameter values of A = 3 deg, Bx = 1.4 mm, and By = 1.8 mm provide good fits to Robinson’s electrical 
stimulation data [S5, S6]. 
 



However, the SC contains a functional discontinuity (e.g. Figs. 2, 4, 5) across the horizontal meridian. This 
necessitates an over-representation of the UVF, which we confirmed (Fig. 6A, B). We thus revised the 
model to include a functional discontinuity: 
 

X = Bx loge
R2 + 2ARcos(θ )+ A2

A

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟    (Equation S3) 

Y =
AF ⋅By arctan

Rsin(θ )
Rcos(θ )+ A
⎛

⎝
⎜

⎞

⎠
⎟ θ > 0

1
AF

⋅By arctan
Rsin(θ )

Rcos(θ )+ A
⎛

⎝
⎜

⎞

⎠
⎟ θ ≤ 0

⎧

⎨

⎪
⎪

⎩

⎪
⎪

 (Equation S4) 

 
where the parameter AF (area factor) dictates how much the UVF representation is bigger compared to the 
LVF. We selected AF = 1.6, which seems to be in line with our experimental observations (Figs. 2, 6). This 
value is sufficient to roughly “equalize” the size of the active population in the SC regardless of 
eccentricity or UVF/LVF location (Figs. 7, S7). 
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